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Hydroxylamino aromatic compounds are converted to either the corresponding aminophenols or protocat-
echuate during the bacterial degradation of nitroaromatic compounds. The origin of the hydroxyl group of the
products could be the substrate itself (intramolecular transfer mechanism) or the solvent water (intermolec-
ular transfer mechanism). The conversion of hydroxylaminobenzene to 2-aminophenol catalyzed by a mutase
from Pseudomonas pseudoalcaligenes JS45 proceeds by an intramolecular hydroxyl transfer. The conversions of
hydroxylaminobenzene to 2- and 4-aminophenol by a mutase from Ralstonia eutropha JMP134 and to 4-hy-
droxylaminobenzoate to protocatechuate by a lyase from Comamonas acidovorans NBA-10 and Pseudomonas sp.
strain 4NT were proposed, but not experimentally proved, to proceed by the intermolecular transfer mecha-
nism. GC-MS analysis of the reaction products formed in H,'®0 did not indicate any '*O-label incorporation
during the conversion of hydroxylaminobenzene to 2- and 4-aminophenols catalyzed by the mutase from R.
eutropha JMP134. During the conversion of 4-hydroxylaminobenzoate catalyzed by the hydroxylaminolyase
from Pseudomonas sp. strain 4NT, only one of the two hydroxyl groups in the product, protocatechuate, was 30
labeled. The other hydroxyl group in the product must have come from the substrate. The mutase in strain
JS45 converted 4-hydroxylaminobenzoate to 4-amino-3-hydroxybenzoate, and the lyase in Pseudomonas strain
4NT converted hydroxylaminobenzene to aniline and 2-aminophenol but not to catechol. The results indicate
that all three types of enzyme-catalyzed rearrangements of hydroxylamino aromatic compounds proceed via

intramolecular transfer of hydroxyl groups.

Nitroaromatic compounds can be degraded either oxida-
tively or reductively by microorganisms (25). Hydroxylamino
intermediates are produced from nitroaromatic compounds in
reactions catalyzed by nitroreductases in a number of bacteria
(25). The hydroxylamino intermediates are then degraded via
one of three different routes. In compounds with more than
one nitro group, the intermediate is often reduced to the
amine, as in the transformation of 2,4,6-trinitrotoluene (16,
28). In a second strategy, used during degradation of 4-nitro-
benzoate (4-NBA) by a variety of isolates (6, 9, 27, 29, 35), the
hydroxylamino compound is converted to protocatechuate in a
reaction catalyzed by a lyase enzyme. A third strategy used by
bacteria is the rearrangement of the hydroxylamino interme-
diates to the corresponding aminophenols (APs) as in the
degradation of nitrobenzene (24, 26), 3-nitrophenol (30), chlo-
ronitrobenzene (17), 4-nitrotoluene (33), 2,4,6-trinitrotoluene
(5, 14), and 2-NBA (10). Most of the APs can be further
metabolized by an extradiol-like ring cleavage pathway, as ob-
served in the degradation of nitrobenzene by Pseudomonas
pseudoalcaligenes JS45 (19) and Pseudomonas putida HS12
(26), the degradation of 4-nitrotoluene by Mycobacterium sp.
strain HL 4-NT-1 (13, 33), and by 3-hydroxyanthranilate 3,4-
dioxygenase in Pseudomonas fluorescens strain KU-7 (T. Mu-
raki, T. M., Y. Hasegawa, H. Iwaki, and P. C. K. Lau, Abstr.
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There are various possibilities for the transfer of the hy-
droxyl groups during conversion of hydroxylamino aromatic
intermediates (Table 1). The origin of the hydroxyl group of
the products could be the substrate (intramolecular transfer
mechanism) or the solvent water (intermolecular transfer
mechanism). The acid-catalyzed Bamberger rearrangement of
hydroxylaminobenzene (HAB) to 4-AP proceeds via the inter-
molecular transfer mechanism (18) (Table 1). Recombinant
Escherichia coli strains carrying the HAB mutase gene (habB)
cloned from P. pseudoalcaligenes JS45 catalyze an intramolec-
ular transfer of the hydroxyl group of HAB to form 2-AP (11).
HAB mutase is potentially useful as a biocatalyst for the syn-
thesis of 0-APs (23). A second mutase gene, habA, was cloned
from strain JS45, and subsequent genetic and biochemical ex-
periments revealed that only habA is expressed in the wild
type, but it is not known whether the enzyme catalyzes a similar
intramolecular reaction (4). The mutase from Ralstonia eutro-
pha JMP134 catalyzes the transformation of HAB to a mixture
of 2- and 4-AP (31). It has been proposed that the reaction
mechanism from the mutase from strain JMP134 is analogous
to the acid-catalyzed Bamberger rearrangement because the
enzyme requires no oxygen or added cofactors for its reaction
(31). Considering the fact that the products in the reactions
catalyzed by the JMP134 mutase are not limited to the one
produced by either the Bamberger rearrangement or by the
JS45 mutase (Table 1), the hypothesis must be tested experi-
mentally.
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TABLE 1. Mechanisms of the conversion of hydroxylamino aromatic compounds

Catalyst Substrate Product(s) [%] Proposed mechanism Evidence Reference
Acid HAB 2-AP (Trace), 4-AP (100) Intermolecular Labeled product when the 11,18
reaction is in H,'%O
Mutase from strain JMP134 HAB 2-AP (37), 4-AP (63) Intermolecular? Hypothetical 30, 31
HabB mutase from strain JS45 HAB 2-AP (100) Intramolecular Nonlabeled product when 11
the reaction is in H,'%0
Lyase from strains NBA-10 and 4NT ~ 4-HABA  Protocatechuate (100) Intermolecular? Hypothetical 9,22

4-Hydroxylaminobenzoate (4-HABA) lyase catalyzes the
transformation of 4-HABA to protocatechuate in Pseudomo-
nas strain 4NT and several other isolates (6, 9, 29, 35). In the
protocatechuate product, one of the hydroxyl groups must
originate from water, but the other could be either from water
or from the substrate, 4-HABA. Meulenberg and de Bont (22)
proposed that the hydroxyl group of 4-HABA is first released
and then two hydroxyl groups from water are added to the
benzene ring with the release of ammonia to form the product,
protocatechuate (Table 1).

We sought to determine here whether the intramolecular
mechanism observed in the conversion of HAB by HabB mu-
tase in strain JS45 enzyme also applies to the two types of
enzyme-catalyzed reactions that were previously thought to in-
volve intermolecular transfer of hydroxyl groups. We have de-
termined unequivocally the origin of the hydroxyl groups in the
reaction products to provide insight into the reaction mecha-
nism.

MATERIALS AND METHODS

Organisms and culture conditions. P. pseudoalcaligenes JS45 was grown in
nitrogen-free mineral medium containing nitrobenzene (2.5 mM) as described
previously (24). Pseudomonas sp. strain 4NT was grown on either 4-NBA (1 g
liter ') or on glucose (2 g liter™") (9). R. eutropha JMP134, kindly supplied by
Alan R. Harker (Brigham Young University, Provo, Utah), was grown on suc-
cinate (10 mM) with 3-nitrophenol (0.5 mM) as the nitrogen source (30). My-
cobacterium strain HL 4-NT-1 was grown on 4-nitrotoluene (0.5 mM) and suc-
cinate (10 mM) as reported previously (33).

Preparation of cell extract. Cells were harvested by centrifugation, suspended
in phosphate buffer (20 mM), and disrupted by two to four passages through a
French pressure cell at 20,000 1b in~2. The cell extracts for the mutase assays
were clarified by centrifugation at 16,000 X g for 20 min at 4°C. The pellet was
discarded, and the supernatant fluids were stored at —80°C. The extracts from
strain Pseudomonas sp. strain 4NT were prepared as described above, centri-
fuged 36,000 X g for 45 min at 4°C, and the supernatant fluids were used as the
source of the hydroxylaminolyase (9). In some experiments cell extract contain-
ing hydroxylaminolyase was treated to remove NADPH by following the desalt-
ing-solvent exchange method according to the manufacturer’s instructions (three
times) in a Centriprep-3 filter (Amicon; Millipore, Bedford, Mass.) at 4°C prior
to storage at —80°C.

Transformations. The H,'®O enzymatic transformation reactions were per-
formed in an anaerobic chamber (Coy Laboratory Products, Inc., Grass Lake,
Mich.) because hydroxylaminoarenes are readily oxidized (3). The mutase reac-
tions were carried out in 0.5 ml of phosphate buffer (20 mM, pH 7.0) containing
33% H,'%0 (nominal) and 20 pl of extract from cells of strains JS45 (0.656 mg
of protein), JMP134 (0.36 mg of protein), and HL 4-NT-1 (0.23 mg of protein).
The reaction was initiated by adding HAB (4.6 pmol) to the reaction mixture.
The formation of AP was monitored by high-pressure liquid chromatography
(HPLC). After the reaction was complete the products were extracted with ethyl
acetate, concentrated under nitrogen, and analyzed by gas chromatography-mass
spectrometry (GC-MS).

The reaction mixture (0.5 ml) for transformations catalyzed by HABA lyase in
Pseudomonas strain 4NT was prepared with either normal water or with 33%
H,'%0 (nominal) and contained phosphate buffer (20 mM, pH 7.0), NADPH (0.5
mM), crude extract (4.2 mg of protein per ml), and 4-HABA (1.1 pmol). After
2.5 h the reaction was stopped by the addition of 2 M HCI (final concentration,

0.6 mM). The product, protocatechuate (0.6 mM), was extracted into ethyl
acetate (four times with equal volumes). Extracts were dried over sodium sulfate
and concentrated under nitrogen. The ratio of '°O to '®O in the product was
measured by GC-MS analysis as described above. The experiment described
above was also carried out with reaction mixtures containing a higher percentage
of labeled water to determine rigorously whether an intramolecular reaction
mechanism results in the production of protocatechuate. The test and control
reactions were carried out in duplicate as described above except that 92%
180-labeled water (nominal) in 1 mM 4-HABA (final concentration) was used in
the reaction mixtures. The reaction mixtures were analyzed by HPLC-MS as
described below.

The lyase activity in reactions containing extracts (Centriprep treated) from
induced or uninduced cells was determined in 500 wl of phosphate buffer (pH
7.0, 20 mM) containing 0.5 mM concentrations of 4-HABA, HAB, 4-amino-3-
hydroxybenzoate, and 2-AP without the addition of NADPH.

Analytical methods. Protein concentrations were measured by the Pierce BCA
protein assay kit (Rockford, Ill.) by using bovine serum albumin as the standard.
Substrate transformations and metabolites of HAB were monitored by HPLC
with a model 1050 HPLC apparatus (Hewlett-Packard [HP], Palo Alto, Calif.)
equipped with an HP model 1040 diode array detector. HAB and related prod-
ucts were separated by using an ABZ column (Supelco, Bellefonte, Pa.) and a
mobile phase consisting of acetonitrile-water (30:70 to 65:35 in 8 min, which was
then held for 2 min at the final ratio) at a flow rate of 1.2 ml min~'. 4-HABA and
protocatechuate were measured by using a previously described method (35).
4-HABA, protocatechuate, and 4-amino-3-hydroxybenzoate were separated on a
phenyl column (Alltima C,g; Alltech, Deerfield, I1l.) by using an isocratic mobile
phase consisting of 20% methanol and 80% water (2% glacial acetic acid; pH
2.5); alternatively, 4-HABA and 4-amino-3-hydroxybenzoate were separated
with an isocratic mobile phase consisting of 70% aqueous trifluoroacetic acid
(0.1%) and 30% acetonitrile.

GC-MS was performed with an HP model 5890 GC coupled to an HP model
5970 mass selective detector. The injection mode was splitless and the injection
inlet temperature was 280°C. The column was a DB-5MS (30 m by 0.25 mm by
0.25 mm; Agilent, Palo Alto, Calif.). The carrier gas was helium at a flow rate of
0.8 ml min~!. The GC oven temperature increased from 55 to 130°C at a rate of
30°C min~"'. 4-HABA products were separated by using the same method except
that the injection inlet temperature was 250°C, and the column temperature was
initially 55°C for 1 min and then increased to 280°C at a rate of 20°C min~".
Metabolites were identified by full-scan electron impact MS with an ionizing volt-
age of 70 €V. GC-MS analyses of the H,'®O reagent and reaction mixtures were
performed with a splitless injection and a constant GC oven temperature of 100°C.

HPLC-MS separation and analysis was done with a reversed-phase column
(Polar; Phenomenex, Torrence, Calif.) and a mobile phase of 95:5 (H,O with
0.1% acetic acid-acetonitrile with 0.1% acetic acid) at a flow rate of 0.5 ml min~".
MS was performed with a ThermoFinnigan Advantage (Schaumburg, IIL.)
equipped with electrospray ionization in the negative ionization mode.

Materials. '®O-labeled water (95%) was purchased from Fluka (Milwaukee,
Wis.). HAB was provided by S. Nishino (24), and 4-HABA was synthesized by
reducing 4-NBA with zinc as previously reported (1). 4-NBA, 2-AP, 4-AP, 4-ami-
no-3-hydroxybenzoate, 3-amino-4-hydroxybenzoate, catechol, aniline, nitroben-
zene, 4-nitrotoluene, and 3-nitrophenol were of the highest purity available from
Sigma-Aldrich Chemical Company (Milwaukee, Wis.). Protocatechuate was
from Pfaltz and Bauer (Waterbury Conn.), and NADPH was from Roche (In-
dianapolis, Ind.).

RESULTS AND DISCUSSION

Conversion of HAB to APs catalyzed by mutase enzymes.
Previous work indicated that ca. 40% 2-AP and 60% 4-AP
were formed from HAB in the reaction catalyzed by the mu-
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FIG. 1. GC-MS identification of the products of conversion of HAB catalyzed by strain JMP134 mutase in 33% H,'®O. (A) Mass spectrum of
the transformation product (4-AP) with an R, of 13.8 min; (B) mass spectrum of the product (2-AP) with an R, of 11.7 min; (C) control, i.e., the
mass spectrum of 4-AP obtained in an acid-catalyzed reaction in 33% H,'®O (these data are from the previous study [11]).

tase from R. eutropha JMP134 (30). When the experiment was
conducted in H,'®*0, GC-MS analysis of 2-AP and 4-AP from
the enzymatic reaction revealed the molecular ion peaks at m/z
109 (Fig. 1), which indicated that the products contained only
160, so neither AP isomer contained a hydroxyl group from the
solvent water. In the acid-catalyzed reaction, the apparent mo-
lecular ion peaks of 4-AP were at m/z 109 and 111 in a ratio
(68:32) matching the ratio of H,'°O to H,'"®0 (67:33) in the
reaction mixture (11) (Fig. 1). The results indicate that the
mutase in R. eutropha JMP134 catalyzes an intramolecular
transfer of the hydroxyl group of HAB even when the hydroxyl
group is transferred to the 4 position.

We also examined the conversion of HAB catalyzed by the
mutases from Mycobacterium strain HL 4-NT-1 (33) and from
P. pseudoalcaligenes JS45 (data not shown). The predominant
product in both cases was unlabeled 2-AP with a trace of
unlabeled 4-AP. The results presented here clearly indicate
that HabA, the mutase expressed in strain JS45 (4), also cat-

alyzes an intramolecular reaction. The observations indicate
that the intramolecular transfer of the hydroxyl group is a
general mechanism for the mutase-catalyzed conversion of
HAB regardless of whether the product is 2- or 4-AP.
Conversion of 4-HABA to protocatechuate catalyzed by the
lyase. Meulenberg and de Bont (22) suggested a hypothetical
mechanism involving two hydrolysis reactions for the conver-
sion of 4-HABA to protocatechuate by Comamonas acido-
vorans NBA-10 (22). We tested the hypothesis by incubating
the extracts from cells of Pseudomonas strain 4NT with 4-
HABA in reaction mixtures containing '®O-labeled water
(33% H,'®0). The protocatechuate formed in the reaction was
identified by HPLC. When the extract of the reaction mixture
made with unlabeled water was analyzed by GC-MS, the prod-
uct eluted at the same time (8.9 min) and showed the same
mass spectrum as catechol. Protocatechuate decomposes at ca.
200°C (34), and when authentic protocatechuate was injected
in the GC analysis, a compound with a molecular ion at m/z
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FIG. 2. HPLC-MS analysis of protocatechuate (M-1) enzymatically
produced from 4-HABA. (A) Reaction mixture containing normal
water; (B) reaction mixture containing 92% H,'®0.

110 eluted at 8.9 min. The result indicated that protocat-
echuate underwent a decarboxylation, probably in the injector.
Authentic catechol gave the same retention time and mass
spectrum. The catechol produced by decarboxylation of pro-
tocatechuate formed during the reaction in the '®O-labeled
water gave molecular ions at m/z 110 and 112 (68:32), and a
molecular ion at m/z 114 was not detected. The relative inten-
sity matched the ratio of H,'®O to H,'°O in the reaction
mixture. If both hydroxyl groups had been from water, the
molecular ions would have been at m/z 110, 112, and 114
(45:44:11). The results indicated that only one hydroxyl group
was labeled. Therefore, one hydroxyl group in the product
resulted from rearrangement of the hydroxylamine, and the
second was introduced during a hydrolysis reaction.

To avoid decarboxylation during the GC-MS analysis and to
eliminate the introduction of unlabeled water associated with
crude extracts, we used HPLC-MS to analyze for protocat-
echuate and used lyophilized extracts of Pseudomonas strain
4NT (0.52 mg of protein) to catalyze the reactions (500 pl of
phosphate buffer [pH 7.0]). The lyophilized enzyme was less
active than the crude extract, so the reactions were carried out
for 180 min. Protocatechuate produced in duplicate reactions
gave ions at m/z 153, 155, and 157 with mean intensity ratios of
5.5, 94.1, and 0.4, respectively, in the reactions with '¥O-la-
beled water (92%) and with mean ratios of 98.9, 1.1, and 0,
respectively, in the control reactions (Fig. 2). If both hydroxyl
groups in the product were derived from water, the expected
ratios in the reactions containing the '®O-labeled water would
be 0.64:14.72:84.64. If sequential intra- and intermolecular re-
actions are involved the ratio between the intensities of the
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ions at m/z 153 and 155 should be 8:92, which agrees well with
the observed ratio. The absence of an M+4 ion indicates
clearly that there was no insertion of two hydroxyl groups from
water. The observation that only one labeled hydroxyl group
was incorporated in the molecule provides clear evidence that
the lyase catalyzes an intramolecular transfer of the hydroxyl
group from the hydroxylamino moiety.

When cell extracts of Pseudomonas sp. strain 4NT were
incubated with 4-HABA (0.54 mM), the major product was
protocatechuate (0.4 mM) and a minor amount of 4-amino-3-
hydroxybenzoate (0.016 mM) also accumulated. Peres et al.
(27) also detected trace amounts of 4-amino-3-hydroxybenzo-
ate in the culture medium of Ralstonia paucula strain SB4
grown on 4-NBA. They concluded that a mutase was respon-
sible for the minor dead-end product. P. putida TW3 growing
in the presence of 4-NBA also appears to produce minor
amounts of the 4-amino-3-hydroxybenzoate (15). Based on
the '®0-labeled H,O experiments that we performed with
4-HABA as a substrate, it appears that the lyase can catalyze a
reaction analogous to the one catalyzed by the mutase and
could be involved in the production of 4-amino-3-hydroxyben-
zoate. Experiments by Hughes et al. with a cloned lyase ex-
pressed in a heterologous host have shown that the lyase is
responsible for the conversion of 4-HABA to 4-amino-3-hy-
droxybenzoate (15).

Conversion of HAB by lyase. In oxygen uptake experiments,
Meulenberg and de Bont (22) demonstrated that the lyase
from Pseudomonas sp. strain 4NT has high activity for HABA
and low activity for HAB. These authors hypothesized that the
low oxygen uptake rate was due to the production of either an
AP or a catechol that could not be further oxidized, and the
product of HAB transformation remained to be identified. We
hypothesized that identification of the product formed from
HAB by the lyase could provide evidence for the mechanism of
the reaction with HABA. To reduce the possibility of nonspe-
cific reduction of the substrate by flavoproteins (20), we sub-
jected the cell extract to ultrafiltration. We then compared the
enzyme activity with or without NADPH and found activity
levels of 1.3 and 0.24 pmol min~' mg of protein™1), respec-
tively. This result suggests that NADPH is not a coenzyme but
serves to lower the redox potential of the reaction as proposed
by Groenewegen and de Bont (7). The lyase was active under
the conditions provided, therefore, the ultrafiltered cell extract
of Pseudomonas strain 4NT (0.19 mg of protein) was incubated
anaerobically in 0.5 ml of phosphate buffer (pH 7.0, 20 mM)
with HAB (0.5 mM). HPLC analysis of the reaction mixture
revealed that 2-AP and aniline accumulated, whereas catechol
and 4-AP were not detected (Fig. 3A).

Similar results were obtained with untreated cell extracts
and the ultrafiltered extracts with NADPH present. The ability
of the lyase to catalyze a mutase reaction provides strong
circumstantial evidence that the initial step in the reaction with
4-HABA is the transfer of the hydroxyl group to the adjacent
carbon (Fig. 4). Peres et al. (27) have previously observed that
a minor amount of p-aminobenzoate was produced by Burk-
holderia cepacia strain PB4 during the conversion of 4-HABA
to protocatechuate. Production of a substituted aniline has also
been observed during the enzymatic conversion of hydroxy-
laminofluorene by alcohol dehydrogenase and during the con-
version of 4-hydroxylaminochlorobenzene to the correspond-
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FIG. 3. HPLC analysis of the conversion of HAB by cell lysate of
Pseudomonas strain 4-NT (A) and of 4-HABA by P. pseudoalcaligenes
JS45 (B). Symbols: m, HAB; A, 2-AP; V, aniline; [J, 4-HABA; O,
4-amino-3-hydroxybenzoate. Each datum point is the mean of dupli-
cate reactions, and the bars indicate the mean standard errors.

ing AP by a-ketoglutarate dehydrogenase (3, 21). Corbett (3)
suggest that the enzyme-bound Zn*" or enzyme-bound Mg”*,
respectively, in the active sites served as Lewis acids to reduce
the hydroxylamine substituent to an amine.

Experiments were performed to determine whether the mu-
tase from P. pseudoalcaligenes JS45 catalyzed the transforma-

P. pseudoalcaligenes strain JS45

NHOH
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tion of 4-HABA. HPLC analysis of the reaction mixtures re-
vealed that 4-amino-3-hydroxybenzoate accumulated and that
protocatechuate was not produced (Fig. 3B). The observation
expands the known substrate range for the mutase from strain
JS45. The mutase in R. eutropha did not transform 4-HABA
(31). A different isomer, 2-HABA, is converted to 3-hydroxy-
anthranilate by P. fluorescens strain KU-7 (10). Our results
taken with other published results indicate that all mutases
studied to date convert the hydroxylaminoarenes to APs. The
lyase can convert hydroxylaminoarenes to either catechols or
APs depending on the starting compound (Fig. 4). The factors
that determine whether the catechols or APs are formed are
unknown. Recently, 4-HABA lyase genes have been sequenced
from three bacteria (accession numbers AF187879, AF187880,
and AF292094). The deduced amino acid sequences of the
lyases show no similarity to the deduced amino acid sequences
of two JS45 mutases (4). More mechanistic and structural
information is needed to reveal the relationships between the
two types of enzymes.

Deamination reaction by the lyase. The catalytic mecha-
nisms of the reactions catalyzed by the hydroxylaminolyases
and -mutases have not been investigated in detail. Intermolec-
ular mechanisms were previously proposed for enzymatic hy-
droxyl transfer reactions (22, 31, 32). However, all of the con-
versions we examined involve an intramolecular transfer of
hydroxyl groups. The results from reactions containing H,"*O
clearly support the proposed intramolecular mechanism for
N-hydroxy-2-fluorenylacetamide conversion to o-amidophe-
nols (8). We have previously proposed a mechanism to account
for the intramolecular transfer of the hydroxyl group of HAB
to the ortho position of the product, 2-AP, by the HabB mutase
from strain JS45, and the present results confirm our proposed
mechanism (11).

The fact that both mutase and lyase reactions involve trans-
fer of the hydroxyl moiety from the hydroxylamino group to,

Pseudomonas sp. strain 4NT

NHOH HOH NHOH NHy
COOH COOH COCH
Hydroxylaminobenzene  Hydroxylaminobenzoate Hydroxylaminobenzoate ~Hydroxylaminobenzene =~ 4-Amino-3-hydroxybenzoate
NH, NH, OH
NHy NH,

@ox{ ©0H : OH t OH i

COOH COOH
2-Aminophenol 4-Amino-3-hydroxybenzoate Protocatechuate  2-Aminophenol  Aniline

FIG. 4. Transformation of hydroxylaminonoarenes. P. pseudoalcaligenes JS45, expressing HabA mutase activity, converts HAB and 4-HABA
to the corresponding ortho-AP. Pseudomonas strain 4NT, expressing lyase activity, converts 4-HABA to protocatechuate and HAB to 2-AP and

to aniline and does not readily transform 4-amino-3-hydroxybenzoate.
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FIG. 5. Proposed intramolecular rearrangement mechanisms. (A) Mutases from P. pseudoalcaligenes JS45, R. eutrophus JMP134, and Myco-
bacterium sp. strain 4-NT, as well as the lyase from Pseudomonas strain 4-NT, convert HAB to the AP by an intramolecular transfer of the hydroxyl
group. (B) The lyase from Pseudomonas strain 4-NT catalyzes an intramolecular rearrangement of 4-HABA and a second hydrolase reaction,
producing protocatechuate. The mutase from P. pseudoalcaligenes converts HABA to the AP. The imine, in brackets, is proposed as an
intermediate in both reactions. Solid arrows represent reactions that have been demonstrated. Dashed arrows represent the hypothetical reaction

proposed in references 15 and 23.

mainly, the adjacent position of the aromatic ring suggested
that the initial steps in the two reactions are similar. We have
proposed that the hydrolytic deamination of 2-aminomu-
conate, an intermediate in the biodegradation of nitrobenzene
by strain JS45, proceeds via an imine intermediate (12). The
hydrolytic deamination of the intermediate during conversion
of 4-HABA could involve a similar mechanism (Fig. 5). The
rate-limiting step would be the enzymatic conversion of the
substrate to the imine intermediate, which would spontane-
ously hydrolyze to protocatechuate. Hydrolysis of the imine as
the mechanism of ammonia release was proposed as a step
during the degradation of 3-nitrophenol by P. putida 2NP8, but
no experimental evidence was provided (36).

Alternatively, the hydroxylamino compound might first be
converted to the corresponding AP and the AP group could
then be hydrolyzed to produce the dihydroxy compound. Un-
der anaerobic conditions, the lyase converts 4-HABA to pro-
tocatechuate that accumulates in the medium. To determine
whether the lyase converts HABA to protocatechuate via the
AP, we conducted experiments with APs in mixtures contain-
ing extracts from cells of Pseudomonas strain 4NT. Negligible
amounts of 4-amino-3-hydroxybenzoate were transformed, and
no protocatechuate was detected (Table 2). Likewise, in par-
allel experiments monitoring 2-AP transformation, no catechol
was detected by HPLC. The results provide strong circumstan-

tial evidence that HABA is not converted to protocatechuate
via 4-amino-3-hydroxybenzoate.

Our results support the conclusions of Peres et al. (27), who
reported previously that B. cepacia strain PB4 and R. paucula
strain SB4 expressing lyase activity were unable to transform
4-amino-3-hydroxybenzoate. Although it is possible that the
AP participates as an enzyme-bound intermediate (5, 15, 22),
the conversion of the substituted AP to the corresponding

TABLE 2. Lyase activity from lysates of glucose- and 4-NBA-grown
cells of Pseudomonas sp. strain 4NT*

Mean sp act

Assay substrate (nmol min~" mg of protein~') + SD

Glucose 4-NBA
4-HABA 3.7 = 4.7 211 + 19.3%F
HAB 3.0 £ 1.3%* 337 = 9.9
4-A-3-HOBA? =0.1% =0.1*
2-AP 0.4 0.5 =0.1*

¢ Reaction mixtures contained 0.5 mM substrate and lysate (0.55 [*], 0.055 [{],
or 0.285 [+*] mg of protein as indicated) in 500 pl of phosphate buffer (20 mM,
pH 7.0), and assays were performed in an anaerobic chamber. The reactions were
terminated by the addition of acetonitrile (4°C) and analyzed by HPLC. The
values reported are averages of duplicate measurements * the standard devia-
tions.

> 4-A-3-HOBA, 4-amino-3-hydroxybenzoate.
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When an additional -OH is at meta position

7
Q fjoy’ 2
e N <] H H
H OH

R
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o OH
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FIG. 6. Hypothetical model for hydroxyl transfer mechanism during conversion of HAB catalyzed by the mutase from strain JMP134.
(A) Mutase turns the O-N-C group away from the plane of the benzene ring to a position perpendicular to the ring; (B) the —OH group approaches
an amino acid residue (R) of the enzyme; (C) an R-OH intermediate forms above the benzene ring; (D and F) the —OH moves to the para position
to form 4-AP; (E and G) the —OH moves to the ortho position to form 2-AP; (H) the stereochemical effect of a hydroxyl group at the meta position
inhibits the R-OH group accessible to the para position, resulting in the formation of the ortho isomer only.

dihydroxy compound has never been demonstrated. Cain and
Cartwright (2) first reported that trace amounts of 4-amino-3-
hydroxybenzoate accumulated in p-NBA-grown cultures of
Nocardia and concluded that 4-amino-3-hydroxybenzoate was
not an intermediate in the metabolic pathway of p-NBA to
protocatechuate. Peres et al. (27) detected traces of 3-hydroxy-
4-acetamidobenzoate, and both Peres et al. (27) and Hughes
et al. (15) reported that the oxidative dimerization product,
2-aminophenoxazin-3-one-7-carboxylate, accumulates in the
medium during the conversion of 4-NBA to protocatechuate.
These observations indicate clearly that at least small amounts
of 4-amino-3-hydroxybenzoate are produced during the reac-
tion. Peres et al. (27) indicate that it is a dead-end metabolite,
whereas Hughes et al. (15) suggest that it is an intermediate in
the pathway. Our results seem to support the conclusion that
4-amino-3-hydroxybenzoate is a dead-end metabolite in strain
4NT (Fig. 4). The aminohydroxybenzoate could form from the
putative imine intermediate (Fig. 5). The observation that Pseu-
domonas sp. strain 4NT lacks appropriate enzymes for subse-
quent degradation of aminohydroxybenzoate seems to be con-
sistent with these conclusions.

According to the stereochemistry, the O-N-H bonds of HAB
should be coplanar with the benzene ring to keep the molecule
at the lowest energy level (Fig. 6). With the coplanar structure,
the hydroxyl group could be readily transferred to the adjacent
carbon of the benzene ring. In the acid-catalyzed conversion of

HAB to 4-AP, the hydroxyl group of the substrate is released
first; a hydroxyl group from the solvent water then attacks the
C-4 position of the aromatic ring to form a 4-AP (the inter-
molecular transfer mechanism). The previously proposed cat-
alytic mechanism for strain JS45 mutase (11) could not explain
how a hydroxyl group is transferred across the distance of
several bonds in the reaction catalyzed by the mutase in strain
JMP134. We suggest here a working hypothesis for a three-
dimensional interaction between the substrate and the active
site of the mutase from strain JMP134 (Fig. 6). In the scheme,
the transfer of the hydroxyl group is mediated by an amino acid
residue above the plane of the aromatic ring. Such a configu-
ration would allow the hydroxyl group to attach either at the
para or ortho position of the aromatic ring. A bimolecular
mechanism where the hydroxyl group of one molecule of sub-
strate is transferred to a second substrate molecule would also
explain the results, but we believe the mechanism proposed
above is more likely.

The mutase in strain JMP134 also catalyzes the conversion
of the physiological substrate 3-hydroxylaminophenol only to
2,5-dihydroxyaniline (30, 31). The observation can be ex-
plained by the stereochemical effect of the hydroxyl group at
the meta position, which would restrict the formation of 2,4-
dihydroxyaniline. The highly schematic pathway in Fig. 6 re-
flects our lack of understanding about how the nitrogen atom
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and the benzene ring change or interact during the catalytic
process.
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