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Arthrobacter protophormiae strain RKJ100 is capa-
le of utilizing p-nitrophenol (PNP) as well as
-nitrocatechol (NC) as the sole source of carbon, ni-
rogen and energy. The degradation of PNP and NC by
his microorganism takes place through an oxidative
oute, as stoichiometry of nitrite molecules was ob-
erved when the strain was grown on PNP or NC as
ole carbon and energy sources. The degradative path-
ays of PNP and NC were elucidated on the basis of

nzyme assays and chemical characterization of the
ntermediates by TLC, GC, 1H NMR, GC-MS, UV spec-
roscopy, and HPLC analyses. Our studies clearly in-
icate that the degradation of PNP proceeds with the
ormation of p-benzoquinone (BQ) and hydroquinone
HQ) and is further degraded via the b-ketoadipate
athway. Degradation of NC involved initial oxidation
o generate 1,2,4-benzenetriol (BT) and 2-hydroxy-1,4-
enzoquinone; the latter intermediate is then reduc-
ively dehydroxylated, forming BQ and HQ, and is fur-
her cleaved via b-ketoadipate to TCA intermediates.
t is likely, therefore, that the same set of genes encode
he further metabolism of HQ in PNP and NC degra-
ation. A plasmid of approximately 65 kb was found to
e responsible for harboring genes for PNP and NC
egradation in this strain. This was based on the fact
hat PNP2 NC2 derivatives were devoid of the plasmid
nd had simultaneously lost their capability to grow at
he expense of these nitroaromatic compounds. © 2000

cademic Press

Key Words: biodegradation; PNP pathway; 4-nitro-
atechol pathway; plasmid-encoded; Arthrobacter
rotophormiae.

With the rapid thrust in industrial and agricultural
ctivity, the recent times have witnessed vast quanti-
ies of soil and groundwater resources becoming con-
aminated with hazardous chemicals. Aromatic nitro

1 To whom correspondence should be addressed. Fax: 191-172-
90585/690632. E-mail: rkj@imtech.ernet.in.
733
itrotoluenes are widely used in the manufacture of
esticides, dyes, explosives, drugs etc. (1–3). Nitrophe-
ols can also accumulate in the soil as a result of
ydrolysis of several organophosphorous insecticides,
uch as parathion or methylparathion, or from the use
f other nitrophenolic herbicides (3–5).
Even though the nitro group enhances the resistance

f the aromatic ring against biodegradation (2, 3) many
acteria have the ability to degrade nitrophenols (2, 3,
–8). Aerobic biodegradation of PNP can be initiated
y formation of either hydroquinone (HQ) or
-nitrocatechol (NC) depending on the microorganism.
oraxella sp. and Pseudomonas sp. convert PNP to HQ

9–11), whereas Arthrobacter sp., Flavobacterium sp.
nd Rhodococcus sp. degrade PNP via the formation of
C (12–16). Another preliminary characterization of a
ovel monooxygenase from Bacillus sphaericus JS905
hat catalyzed the first two steps in the degradation of
NP via NC and BT was recently reported (14). This
lternate pathway of PNP involved the formation of
C which was oxidized to 2-hydroxy-1,4-benzoquinone

HBQ); this intermediate was then converted to BT
hich was cleaved to generate maleylacetate and
-ketoadipate, respectively.
Recently, our group reported a novel pathway for the

xidative degradation of NC by Burkholderia cepacia
KJ200 (17). The first step involved the conversion of
C into BT as described earlier (13). BT was then

onverted to HQ via the formation of HBQ and BQ that
ere further degraded via g-hydroxymuconic semial-
ehyde and b-ketoadipate as intermediates; the un-
recedented step in the NC pathway here was the
eductive dehydroxylation of HBQ into BQ. Reductive
ehydroxylation is a well known reaction in case of
naerobic metabolism of aromatic compounds by dif-
erent denitrifying and phototrophic bacteria, but it
as reported to be operative aerobically in B. cepacia
KJ200 for the first time (17).
The present communication reports the oxidative

egradation of PNP via HQ formation which is not the
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



preferred route by gram-positive bacteria, and the NC
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egradation pathway which involves a similar reduc-
ive aerobic dehydroxylation of HBQ with the forma-
ion of BQ and HQ in Arthrobacter protophormiae
KJ100 similar to the earlier report in B. cepacia
KJ200 (17). Furthermore, the genes for the whole
NP and NC degradative pathways are encoded on the
ame plasmid.

ATERIALS AND METHODS

Bacterial strains, growth conditions and enzyme assays. Ar-
hrobacter protophormiae strain RKJ100 and its cured derivatives
ave been described earlier (18). PNP, NC, BT and HQ were added
s the filter sterilized solution to a final concentration of 0.3–0.5 mM
fter autoclaving the medium (9). Growth on the above compounds,
reparation of crude and ultracentrifuged cell extracts, enzyme anal-
ses and spectral analyses were performed as described previously
17, 19). PNP depletion (20), NC depletion (21) and nitrite release
ssay (22) were performed as described.

Respirometry, thin layer chromatography and gas chromatography
tudies. Oxygen uptake studies by whole cells were performed po-
arographically using Orion 860 oxygen meter as described earlier
17). Thin layer chromatography (TLC) using the precoated silica gel
0 F254 plates and gas chromatography (GC) studies using Hewlett-
ackard 5890 series II GC were performed essentially in the same
anner as described previously (9, 17).

Ultraviolet spectrophotometry, 1H NMR, GC-MS and HPLC anal-
sis. Ultraviolet spectrometry analysis for spectral analysis using
ell free extracts was carried out as described earlier (17). Protein
stimation was performed by the method of Lowry (23). 1H NMR
nalyses of the samples carried out by blocking the ring cleavage
sing 2,29-dipyridyl was performed as indicated previously (13, 17,
4). GC-MS analyses and HPLC analyses were also performed es-
entially as described (17).

Chemicals. PNP, NC, BT, (BQ), HQ and 2,29-dipyridyl were
urchased from Sigma Chemical Co. (U.S.A.). 2-Hydroxy-1,4-
enzoquinone (HBQ) was prepared nonenzymatically using BT as
ubstrate as shown earlier (25, 26). All other chemicals used were of
he highest purity available.

ESULTS AND DISCUSSION

Growth on PNP and NC. The isolation of Ar-
hrobacter protophormiae strain RKJ100 from pesti-
ide contaminated agricultural land and its identifica-
ion have been reported earlier (18). In liquid cultures
he yellow color of PNP (0.5 mM final concentration)
nd NC (0.4 mM final concentration) changed to color-
ess, indicating their utilization by the microorganism.

icrobial growth was measured by the increase in
ptical density (O.D.) at 600 nm. The microorganism
eleased nitrite ions in the medium, suggesting the
nvolvement of an initial oxidative step in the degra-
ation of PNP and NC. When RKJ100 was grown in the
resence of another nitrogen source (ammonium sul-
hate), stoichiometric amount of nitrite was released
nto the medium concomitant with the degradation of
NP (Fig. 1A) and NC (Fig. 1B).

Metabolic pathway for PNP degradation. Prelimi-
ary analysis of the catabolic pathway was performed
734
KJ100 following growth on PNP showed enhanced
xygen uptake rates against PNP (0.49 mmol O2 con-
umed min21 mg21 of protein) and HQ (0.44 mmol O2

onsumed min21 mg21 of protein) but not when BT was
sed as the substrate. Further, no oxygen uptake was
bserved when the cells were grown on glucose, indi-
ating the inducible nature of the pathway enzymes.
his indicated that PNP is degraded via the formation
f HQ.
TLC and GC studies were carried out to further

stablish the pathway. TLC studies, following growth
f RKJ100 on PNP, indicated the presence of HQ (Rf

.65) and PNP (Rf 0.75) in samples drawn from 2 to
0 h intervals. However, the samples drawn after over-
ight growth did not show the presence of PNP or any
ther intermediates indicating the total degradation of
NP. Furthermore, when TLC plates were sprayed
ith Folin-Ciocalteu’s reagent an immediate blue col-
ration was apparent in case of suspected HQ spots
ince ortho or para diphenols give an immediate blue
oloration with this reagent (17, 27). When GC studies
n the samples processed for TLC as indicated above
ere performed, presence of PNP (4.22 min) and HQ

2.55 min) was indicated based on their retention times
n samples drawn from 2 to 10 h period. However, no
NP or HQ peaks were observed in overnight drawn
amples, again suggesting the total degradation of
NP. We also carried out inhibition studies using 2,29-
ipyridyl since the presence of this compound in the
rowth medium chelates ferrous ions required for the
ing-cleavage of aromatic compounds (11, 17, 21, 24).
hen RKJ100 was grown on PNP along with glucose

s additional carbon source with 2,29-dipyridyl and
amples analyzed by TLC and GC, there was accumu-
ation of HQ even after 48 h of growth, suggesting the
nhibition of the ring cleavage of HQ.

GC and GC-MS studies were also performed using
ell extracts of Arthrobacter protophormiae RKJ100
hich were incubated with PNP (0.5 mM). After 3 h of

ncubation the metabolites were extracted and ana-
yzed. GC studies indicated the appearance of an addi-
ional peak at 2.0 min in addition to PNP and HQ
hich corresponded well with standard BQ. When the
bove sample was analyzed by GC-MS studies, pres-
nce of BQ and HQ was again confirmed (please see
able 1 for mass spectral properties of BQ and HQ) in
he pathway of PNP degradation. It was further indi-
ated that HQ is degraded via b-ketoadipate pathway
ased on the fact that cells grown on PNP gave a
ositive Rothera test (28) with HQ suggesting the sub-
equent formation of b-ketoadipate. Taken together,
he above results clearly indicated that the degrada-
ion of PNP in RKJ100 occurs via the same pathway as
eported earlier by Spain and Gibson (11) in a Morax-
lla sp. and by Prakash et al. (9) in Burkholderia cepa-
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ia RKJ200 (earlier known as Pseudomonas cepacia
KJ200). This pathway is shown in Fig. 2.
Metabolic pathway for NC degradation. Oxygen

ptake studies were carried out initially to have an
ndication of the NC degradative pathway metabolites.
rthrobacter protophormiae strain RKJ100 after
rowth on NC exhibited enhanced oxygen uptake rates
gainst NC (0.46 mmol O2 consumed min21 mg21 pro-
ein), BT (0.48 mmol O2 consumed min21 mg21 protein)

FIG. 1. (A) Degradation of PNP by Arthrobacter protophormiae R
he inoculum used was obtained from washed cells of RKJ100 grow
epletion; ‚, nitrite released in the medium. (B) Degradation of
oncomitant release of nitrite molecules. The inoculum used was ob
ptical density (OD) of culture; �, NC depletion; ƒ, nitrite released
735
nd HQ (0.42 mmol O2 consumed min21 mg21 protein),
espectively. No oxygen uptake was observed when the
ells were grown on glucose, indicating the inducible
ature of the pathway enzymes. This indicated that
C is degraded via BT and HQ formation.
In order to further elucidate the NC degradative

athway TLC and GC studies were undertaken. TLC
tudies, following growth of RKJ100 on NC, indicated
he presence of HQ (Rf 0.66) and NC (Rf 0.55) in sam-

100. PNP is degraded with concomitant release of nitrite molecules.
overnight on PNP. F, The optical density (OD) of culture; Œ, PNP
C by Arthrobacter protophormiae RKJ100. NC is degraded with
ned from washed cells of RKJ100 grown overnight on NC. F, The
he medium.
KJ
n
N
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les drawn from 2 h to 10 h intervals. However, the
amples drawn after overnight growth did not show
he presence of NC or any other intermediates indicat-
ng the total degradation of NC; when TLC plates were
prayed with Folin-Ciocalteu’s reagent an immediate
lue coloration was evident in case of suspected HQ
pots since ortho or para diphenols give an immediate
lue coloration with this reagent (17, 27). GC studies
n the samples processed for TLC above were also
erformed. The presence of NC (7.55 min) and HQ
2.58 min) was indicated by their retention time in
amples drawn at 2 to 10 h time intervals. However, no
eaks were observed in overnight drawn samples,
gain suggesting the total degradation of NC. Another
eak with the retention time of 3.75 min could corre-
pond well with that of standard BT in the above
amples. When inhibition studies using 2,29-dipyridyl
ere carried out, accumulation of BT and HQ could be

een in GC studies. We have earlier shown that, in a
urkholderia cepacia RKJ200, NC is degraded via BT
nd HBQ formation which is reductively dehydroxy-
ated to BQ and HQ and ring cleavage takes place
hereafter (17). To check whether a similar kind of
eaction is taking place in the degradation of NC by
rthrobacter protophormiae RKJ100, we performed ex-
eriments with cell extracts induced with NC since we
ere unable to detect HBQ and/or BQ by TLC and GC
nalyses using whole cells. The extracts were incu-
ated with BT indicative of the formation of HBQ (13,
7). The samples were then analyzed by GC after 3 h of
ncubation to check the degradation products which
howed the presence of BQ (2.0 min) in addition to BT
3.78 min) and HQ (2.58 min) suggesting the conver-
ion of BT to HQ via BQ. Presence of BQ was also
hecked by co-elution studies. As reported earlier (17),
e also confirmed that the conversion of BT (lmax 286
m) into HBQ (lmax 260 nm) using cell extracts of
KJ100 was enzymatic since nonenzymatic conversion
f BT into HBQ was found to be much more slow based

GC-MS and 1H NMR Characterization of the M
by Arthrobacter pr

etention time
(min) (GC-MS)

Mass spectral properties
{m/z (% relative intensity) [molecular ion]}

1.90 108(51)[M1], 82(23), 80(22), 54*(100) N
5.00 110*(100)[M1], 82(16), 81(30), 55(33),

54(27), 53(42)
d

9.17 126*(100)[M1], 97(15), 80(37), 69(13),
55(22), 53(32), 52(98), 51(32),
42(23), 41(23)

d

13.30 155*(100)[M1], 139(5), 125(31), 109(25),
107(21), 97(10), 81(51), 79(23), 63(32),
55(60), 53(87), 51(66)

d

a The metabolites were identified after comparison with standard
b ND, not detected; BQ is not detectable in whole cell studies.
736
n UV spectral scanning experiments (data not
hown). This clearly showed that conversion of BT into
Q via HBQ involves enzymatic reaction(s).
UV spectral analysis with cell extracts of RKJ100
as also carried out by incubating them with HBQ, BQ
nd HQ separately. The analysis of products formed
ased on the absorption maxima from these substrates
ndicated that BQ (lmax 240 nm) is formed from HBQ
lmax 260 nm) and HQ (lmax 289 nm) from BQ (lmax 240
m). g-Hydroxymuconic semialdehyde (lmax 292 nm)
as formed from HQ (lmax 289 nm) indicating its ring
ssion. The presence of HBQ, BQ and HQ was also
onfirmed by co-scanning studies using authentic com-
ounds. Extracts from cells grown on NC gave a posi-
ive Rothera test (28) with NC, BT, HBQ, BQ and HQ
ndicating subsequent formation of b-ketoadipate in
he degradative pathway.

Further identification of the metabolites in NC deg-
adative pathway came from 1H NMR and GC-MS
nalyses. The presence of NC, BT and HQ in the ex-
racted samples using whole cells was confirmed by the
nalysis of its 1H NMR data (Table 1) which showed
he characteristic peaks corresponding well with the

1H NMR of the authentic compounds. The GC-MS
nalysis using cell extracts showed BQ (1.90 min), HQ
5.00 min) and BT (9.17 min) as determined by com-
aring their mass spectral properties (Table 1) with
hat of authentic compounds. The key intermediate
-hydroxy-1,4-benzoquinone (HBQ) with the retention
ime of 2.40 min and molecular ion [M1] at m/z 124
orresponding to the mass of HBQ and major frag-
ented ions at m/z 108 (M1 2O), 96 (M1 2CO) and 79

M1 2COOH) (Fig. 3) was identical to the mass spec-
ral properties of the authentically prepared HBQ as
lso reported recently by our group (17).
For quantitation studies, HPLC analyses was car-

ied out to determine the stoichiometry and rate of
onversion of NC into BT and HQ, and BT into HQ (17).
he concentrated cell suspensions were incubated with

tabolites Formed from the Degradation of NC
phormiae RKJ100

1H NMR chemical shifts (d) and
upling constants (J values in Hertz) Metabolite identified asa

p-Benzoquinone (BQ)
.64 (4 H, s, H-2, H-3, H-5 and H-6) Hydroquinone (HQ)

.12 (1 H, dd, J 5 2.8 Hz, 8.5 Hz, H5);
35 (1 H, d, J 5 2.8 Hz, H-3); 6.58
H, d, J 5 8.5 Hz, H-6)

1,2,4-Benzenetriol (BT)

.90 (1 H, d, J 5 8.8 Hz, H-6); 7.63
H, dd, J 5 2.8 Hz, 8.8 Hz, H-5);

70 (1 H, d, J 5 2.8 Hz, H-3)

4-Nitrocatechol (NC)

pounds.
e
oto

co

Db

: 6

: 6
6.
(1

: 6
(1
7.

com
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C (0.4 mM), and BT (0.4 mM) separately in presence
nd absence of 2,29-dipyridyl. In the presence of 2,29-
ipyridyl, three compounds were detected after 2 h of
ncubation: 0.35 mM NC (12.8 min), 0.03 mM BT (3.9

in) and 0.02 mM HQ (4.7 min); after 4 h NC depleted
0.2 mM) giving rise to 0.08 mM of BT and 0.06 mM of
Q. After 6 h, 0.13 mM of NC was detected with BT

0.1 mM) and HQ (0.15 mM) accumulating in the me-
ium. These results are shown in Fig. 4. When the
ame studies were carried out without 2,29-dipyridyl,
fter 4 h, only 0.15 mM of NC was detected forming BT
0.1 mM) and HQ (0.1 mM) and, after 6 h, there was
omplete utilization of NC with traces of BT (0.02 mM)
nd HQ (0.2 mM) was the only prominent compound
resent in the medium (Fig. 4). There was complete

FIG. 2. Proposed pathways for the degradation of PN
737
tilization of all these compounds after 10 h of incuba-
ion. Similarly when concentrated cell suspensions
ere incubated with BT and 2,29-dipyridyl was incor-
orated in the growth medium, after 2 h there was
epletion of BT (0.35 mM detected) and appearance of
Q (0.05 mM). After 4 h, 0.25 mM of BT was detected

iving rise to HQ (0.1 mM) and after 6 h of incubation
here was very minute BT (0.05 mM) and HQ accumu-
ated (0.3 mM) in the medium. In the absence of 2,29-
ipyridyl, BT depleted after 4 h (0.1 mM remaining)
orming HQ (0.15 mM). After 6 h BT was completely
tilized forming HQ (0.1 mM) which was also com-
letely utilized after 8 h generating lower pathway
ntermediates. These results are shown in Fig. 5. It

ay be mentioned here that attempts to quantitate

nd NC by Arthrobacter protophormiae strain RKJ100.
P a
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BQ and BQ by HPLC studies were not made since
hese compounds remain undetectable in whole cell
tudies (17). The instability and highly reactive nature
f these intermediates (6, 17, 25) may be the reason for
heir efficient uptake inside the cell as soon as they are
ormed in order to prevent their unfavorable coupling
eactions which would hinder with their further deg-
adation.

On the basis of the studies carried out by enzyme
ssays, TLC, GC, 1H NMR, GC-MS, UV spectropho-
ometry and quantitation of metabolites by HPLC de-
cribed above the pathway for the degradation of NC
as been shown in Fig. 2; this pathway is similar as
eported earlier in case of B. cepacia RKJ200 (17).

Location of genes for PNP and NC degradation. We
ave reported the presence of an approximately 65 kb
lasmid in Arthrobacter protophormiae strain RKJ100

FIG. 3. Mass spectrum of HBQ isolated from cell extracts of Arth

FIG. 4. Quantitative conversion of NC into BT and HQ by Arthro
f BT (E) and HQ (ƒ) when the ring cleavage was blocked with 2,29-d
bsence of 2,29-dipyridyl.
738
hich encodes the genes for a novel ONB degradative
athway (18). Attempts were made to determine if the
ame plasmid has an involvement in PNP and NC deg-
adation as well. The mitomycin C derived cured ONB2

erivatives reported earlier (18) were also found to be
ncapable of utilizing PNP and NC as sole source of car-
on and energy. Thus these PNP2 NC2 derivatives were
nalyzed to confirm the same. When two such derivatives
ere analyzed by TLC, GC and spectral analysis it

howed that no degradation of PNP or NC occurred ex-
ept for the non-enzymatic conversion of BT into HBQ
spectral analysis; data not shown). The above results
emonstrate that the genes encoding PNP and NC deg-
adation also reside on the same plasmid which encodes
enes for ONB degradation in RKJ100.
Since HQ is an intermediate in PNP as well as NC

egradation, it is likely that the same set of genes

acter protophormiae strain RKJ100 following incubation with NC.

ter protophormiae strain RKJ100. NC depletion (‚) and appearance
ridyl; NC depletion (Œ) and appearance of BT (F) and HQ (�) in the
rob
bac
ipy
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ncode the further metabolism of HQ via the
-ketoadipate pathway (Fig. 2). We are presently clon-

ng the genes for PNP and NC degradation to under-
tand the molecular regulation of the degradation and
o establish whether conversion of PNP to HQ and NC
o HQ are contiguous or not. Also, since the pathways
f PNP and NC are similar in Arthrobacter proto-
hormiae RKJ100 and Burkholderia cepacia RKJ200
9, 17), it would be very interesting to compare genes of
uch strains to assess whether they share a common
rigin or arose independently. Furthermore, this is the
rst report in which a soil isolate is reported to degrade
NP and NC oxidatively and ONB reductively by
xygen-insensitive reductase(s) which are encoded on
he same plasmid (18). The bioremediation potential of
uch a microorganism is worthy of attention since it
ould prove to be very efficient in the clean-up of sites
ontaminated with different nitroaromatic compounds.
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