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The two-component anthranilate 1,2-dioxygenase of the bacterium Acinetobacter sp. strain ADP1 was ex-
pressed in Escherichia coli and purified to homogeneity. This enzyme converts anthranilate (2-aminobenzoate)
to catechol with insertion of both atoms of O, and consumption of one NADH. The terminal oxygenase
component formed an o;3; hexamer of 54- and 19-kDa subunits. Biochemical analyses demonstrated one
Rieske-type [2Fe-2S] center and one mononuclear nonheme iron center in each large oxygenase subunit. The
reductase component, which transfers electrons from NADH to the oxygenase component, was found to contain
approximately one flavin adenine dinucleotide and one ferredoxin-type [2Fe-2S] center per 39-kDa monomer.
Activities of the combined components were measured as rates and quantities of NADH oxidation, substrate
disappearance, product appearance, and O, consumption. Anthranilate conversion to catechol was stoichio-
metrically coupled to NADH oxidation and O, consumption. The substrate analog benzoate was converted to
a nonaromatic benzoate 1,2-diol with similarly tight coupling. This latter activity is identical to that of the
related benzoate 1,2-dioxygenase. A variant anthranilate 1,2-dioxygenase, previously found to convey temper-
ature sensitivity in vivo because of a methionine-to-lysine change in the large oxygenase subunit, was purified
and characterized. The purified M43K variant, however, did not hydroxylate anthranilate or benzoate at either
the permissive (23°C) or nonpermissive (39°C) growth temperatures. The wild-type anthranilate 1,2-dioxyge-
nase did not efficiently hydroxylate methylated or halogenated benzoates, despite its sequence similarity to
broad-substrate specific dioxygenases that do. Phylogenetic trees of the « and 3 subunits of these terminal
dioxygenases that act on natural and xenobiotic substrates indicated that the subunits of each terminal

oxygenase evolved from a common ancestral two-subunit component.

Bioremediation efforts have focused attention on the bacte-
rial degradation of xenobiotic methyl- and halogen-substituted
benzoates by plasmid-encoded pathways of broad substrate
specificity (2, 41). These catabolic routes may have evolved
from narrow, substrate-specific, chromosomally encoded path-
ways for degrading natural compounds. The first step in the
bacterial catabolism of benzoate or substituted benzoates is
dihydroxylation of the aromatic ring (15). Subsequent metab-
olites are funneled into the tricarboxylic acid cycle. The aro-
matic ring-hydroxylating dioxygenases (ARHDOs) that initiate
this sequence belong to a large enzyme family that operates on
diverse substrates (4, 31). Although several dozen ARHDOs
have been characterized, most of these enzymes were identi-
fied by their ability to dihydroxylate xenobiotic substrates.

Anthranilate (2-aminobenzoate) is a naturally occurring
compound that is formed during bacterial tryptophan degra-
dation (20). In the early 1960s, it was shown that crude cell
extracts of some Pseudomonas species convert anthranilate to
catechol via insertion of both atoms of O, into the aromatic
ring (22, 25, 26, 40). Despite this long history and its metabolic
significance, the enzyme responsible for this activity, anthrani-
late 1,2-DO (AntDO) (Fig. 1) has not been characterized be-
yond the studies cited above. The genes encoding AntDO,
antABC, are known from only one microbe, namely, the soil
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bacterium Acinetobacter sp. strain ADP1 (6). A mutant able to
grow on anthranilate at 23°C but not at 39°C was used to
isolate antABC from the ADP1 chromosome. The temperature
sensitivity of the mutant resulted from a point mutation in the
43rd codon of antA, resulting in a variant gene product with
lysine rather than methionine (M43K AntA).

The high degree of sequence similarity between antABC and
benABC, the latter encoding benzoate 1,2-DO (BenDO) from
the same organism (32), suggests a common evolutionary ori-
gin for both sets of genes. In fact, the pathways using these
ARHDOs converge at catechol (Fig. 1). AntDO and BenDO
are also closely related to several ARHDOs, encoded by mo-
bile catabolic genes, which act on xenobiotics. These include
the xyIXYZ-encoded toluate (methylbenzoate) DO of Pseudo-
monas putida, the cbdABC-encoded halobenzoate DO of Burk-
holderia (formerly Pseudomonas) cepacia, the abs-encoded
aminobenzene sulfonate DO from Alcaligenes sp. strain 0-1,
and the #ft-encoded 2,4,5-trichlorophenoxyacetic acid oxygen-
ase of B. cepacia (Table 1) (9, 10, 13, 16, 17, 29, 44).

Sequence comparisons with better-characterized ARHDOs
(4, 31) led to the inferred functions and prosthetic groups for
the reductase (AntC) and oxygenase (AntAB) components of
AntDO (Fig. 1; Table 1). Each « subunit of the oxygenase
component was predicted to contain one Rieske-type [2Fe-2S]
center and one mononuclear center (Fe** in Fig. 1). The
mononuclear center is presumed to be the site of O, activation
for insertion into the aromatic substrate. The reductase com-
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FIG. 1. Degradation of anthranilate and benzoate in Acinetobacter
sp. strain ADP1 via the B-ketoadipate pathway (19). Relevant com-
pounds and roles of the component AntDO (AntAB and AntC) pro-
teins are indicated. The corresponding BenDO (Ben) components and
reactions are enclosed within dashed boxes.
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ponent was predicted to contain flavin adenine dinucleotide
(FAD) and one [2Fe-2S] center (6).

As described in this report, we induced the Acinetobacter
sp. strain ADP1 AntDO in Escherichia coli and purified the
enzyme to homogeneity. The variant M43K AntDO was sim-
ilarly purified and characterized in order to determine the basis
for the temperature-sensitive phenotype of the mutant that
produces it. The oligomeric state of AntDO was determined,
and metal and prosthetic groups were identified. Previous
studies suggest that in ADP1, AntDO and BenDO act effi-
ciently in vivo only on anthranilate and benzoate, respectively,
despite the similar structures of these substrates and the se-
quence similarity of the enzymes (6, 32). We compared anthra-
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nilate and benzoate as substrates for AntDO in vitro. The
reaction products were identified to confirm that dihydroxyla-
tion of anthranilate results in spontaneous conversion to cat-
echol by loss of ammonia and carbon dioxide, whereas dihy-
droxylation of benzoate yields a stable nonaromatic diol (Fig.
1) (6, 33). To help understand the relationship of AntDO to
plasmid-encoded ARHDOs of broad substrate specificity, sev-
eral halogenated and methylated benzoates were tested as
substrates of AntDO. Recent sequencing of the Pseudomonas
aeruginosa PAO1 genome also allowed us to identify the pu-
tative sequences of AntDO and BenDO from that bacterium
and to compare sequence conservation among related en-
zymes.

MATERIALS AND METHODS

Reagents and general procedures. Substrates were purchased from Sigma.
Enzymatically produced (1R,2S)-1,2-dihydroxycyclohexa-3,5-diene carboxylate
(benzoate 1,2-diol) was a gift from Albey M. Reiner (University of Massachu-
setts, Amherst). Oligonucleotides were synthesized by Integrated DNA Tech-
nologies. Nucleotide sequencing was done at the University of Georgia Molec-
ular Genetics Instrumentation Facility (ABI373 sequencer; Applied Biosystems).
Molecular biology procedures not detailed below followed standard protocols
(36). Plasmid-bearing E. coli strains were cultured in Luria-Bertani medium with
100 pg of ampicillin/ml. Protein purity was judged by sodium dodecyl sulfate—
12.5% polyacrylamide gel electrophoresis (SDS-12.5% PAGE) with Coomassie
blue staining (37).

Plasmids for high-level ant gene expression. Genes of Acinetobacter sp. strain
ADP1 (also known as BD413 [23]) were PCR amplified with Pfu polymerase
(Stratagene) from the template pBAC103 (6) and were placed under control of
the inducible P,,. promoter of the pCYB1 vector (New England Biolabs). A
1,912-bp antAB amplicon was generated with the primers ANTAnde (5'-ggactt
catATGACTGCACGTAACCTCGC-3") and ANTBtaa (5'-ataatagctcttccgeaTT
AGACGTGATAGAAATCGAGTAC-3") (sequences at the 5’ end of ant4 and
the 3’ end of antB, respectively, are capitalized; added Ndel and Sapl restriction
sites are underlined). A 1,031-bp antC amplicon was similarly made with primers
ANTCnde (5'-ggggaccat ATGAATCATTCTGTTGCACTCAA-3") and ANTCtaa
(5-attatagetcttccgcaTTAAGTTTTTGCGGTATTACTTTG-3"). After digestion
with Ndel and Sapl, the amplicons were each ligated into pCYBI1 to yield
pBAC209 (antAB) and pBAC208 (antC). The nucleotide sequences of the plas-
mid-borne ant regions were confirmed to be the same as in GenBank AF071556.

Site-directed mutagenesis to produce M43K AntA. An ant4 gene encoding
lysine at residue 43 was constructed with the QuikChange Site Directed Mu-
tagenesis kit (Stratagene). Plasmid pBAC209, which contains the wild-type

TABLE 1. Classification of selected ARHDOs

Characteristics of components

Enzyme“ (references) Genes
Oxygenase Reductase Ferredoxin
Class IB (two components)
AntDO (6, 25) antABC  Rieske type [2Fe-2S],  Ferredoxin type [2Fe-2S],
mononuclear Fe(II) FAD
BenDO (32, 45) benABC
2-Aminobenzenesulfonate DO (29) absA®
2-Halobenzoate 1,2-DO (13, 16) cbdABC
Toluate 1,2-DO (17, 18) xyIXYZ
2,4,5-Trichlorophenoxyacetic acid oxygenase (9, 10)  tftAB”
Class IA (two components)
Phthalate DO (3, 14, 43) pht3,pht2  Rieske type [2Fe-2S],  Ferredoxin type [2Fe-2S],
mononuclear Fe(II) Flavin mononucleotide
Class III (three components)
NDO (24, 27) ndoBAC?  Rieske type [2Fe-2S],  Ferredoxin type [2Fe-2S], Rieske type [2Fe-2S]

mononuclear Fe(II) FAD

“ According to the classification described in references 7 and 31.
? Genes encoding some components are not yet identified.
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antAB, was the template for the complementary mutagenic oligonucleotide prim-
ers S'-TTTGAACTTGAAAAAGAACTCATTTTTG-3' and 5'-CAAAAATGA
GTTCTTTTTCAAGTTCAAA-3' (the mutated codon is underlined). The mu-
tated antAB DNA of the resulting plasmid, pPDMK3, was verified by sequencing.

Induction of AntDO and preparation of cell extract. One-liter cultures of E.
coli strains DH5aF’ (Gibco BRL) or TOP10F’ (Invitrogen) carrying plasmids
with antAB (pBAC209) or antC (pBAC208), respectively, were grown aerobically
at 37°C until attaining an optical density at 600 nm of ~0.6. The temperature was
then reduced to 30°C, and ferrous ammonium sulfate (0.5 mg/ml) was added,
followed by isopropyl-a-p-thiogalactopyranoside (100 wg/ml) to induce expres-
sion of the plasmid-borne ant genes. After overnight incubation at 30°C (~18 h),
cells were harvested by centrifugation and washed once with 20 mM potassium
phosphate buffer (pH 7.5) (buffer A). Approximately 25 g of cells from six 1-liter
cultures was suspended in 25 ml of buffer A containing 0.1 mM phenylmethyl-
sulfonyl fluoride, 1 mg of DNase (Boehringer Mannheim), and 5% (vol/vol)
glycerol. The suspended cells were sonicated on ice with a Branson sonifier cell
disrupter 350 with a 0.5-inch probe tip for 2 min at 30-s intervals at 20 kHz. Cell
debris was removed by centrifugation (12,000 X g for 30 min) at 4°C, resulting in
red-brown or yellow-orange supernatants containing AntAB or AntC, respec-
tively. Because M43K AntAB was predicted to be temperature sensitive, cells for
its purification were grown at 23°C.

Purification of AntAB. The procedure below was carried out at 4°C. The cell
extract (35 ml) from 6 liters of cells was applied to a Whatman DES2 column; the
anion exchange column (4 by 10 cm) was equilibrated in buffer A containing 100
mM NaCl (buffer B). The column was washed with 200 ml of buffer B, and bound
AntAB was eluted with a 250-ml linear NaCl gradient (100 to 400 mM) in buffer
A at a flow rate of 2.0 ml/min. Active fractions (assayed as described below) were
pooled and concentrated by ultrafiltration in a 50-ml Amicon cell (YM-10 mem-
brane) to 10 ml. Filtered 4 M (NH,),SO, was added with stirring to a final
concentration of 1 M. The resulting precipitate was removed by centrifugation
(12,000 X g for 15 min), and the supernatant was applied to a Butyl Sepharose
column (2 by 11.5 cm; Pharmacia) equilibrated in buffer A containing 1 M
(NH,),SO,. AntAB was eluted at 2.0 ml/min with a 250-ml linear gradient of
decreasing (NH,),SO, concentration (1 to 0 M) in buffer A. Active fractions
were pooled and concentrated by ultrafiltration to 2 ml and equilibrated in 50
mM HEPES containing 200 mM KCI (pH 7.3) (buffer C). The concentrated
sample was applied to a Sephacryl S300 column (1.6 by 60 cm; Pharmacia)
equilibrated in buffer C and eluted in the same buffer at a flow rate of 0.5 ml/min.
Active fractions were pooled and concentrated by ultrafiltration. The purified
AntAB was frozen in 25-pl aliquots and stored at —80°C.

Purification of AntC. Purification was carried out at 4°C under low-light
conditions to minimize loss of flavin. Cell extract from 6 liters of AntC-induced
cells (30 ml) was applied to the same DE52 anion exchange column as for AntAB
purification. The column was washed with 200 ml of buffer A. Bound AntC was
eluted with a 250-ml linear gradient of Na,SO, (0 to 250 mM) in buffer A at 2.0
ml/min. Active fractions (assayed as described below) were pooled and concen-
trated by ultrafiltration to 10 ml. Filtered 4 M (NH,),SO, was added to a final
concentration of 1 M. The precipitate was removed by centrifugation (12,000 X
g for 15 min), and the supernatant was applied to a Butyl Sepharose column
equilibrated in 100 mM potassium phosphate buffer (pH 7.5) (buffer D) con-
taining 1 M (NH,),SO,. AntC was eluted with a 250-ml linear gradient of
decreasing (NH,),SO, concentration (1 to 0 M) at 2.0 ml/min in buffer D. Active
fractions were pooled and concentrated by ultrafiltration to 10 ml and equili-
brated in 50 mM morpholinepropanesulfonic acid (MOPS), pH 7.0. Samples
were dialyzed against this same buffer containing 5% (vol/vol) glycerol and 1 mM
FAD (4 liters for 12 h). The sample was concentrated by ultrafiltration, applied
to a Sephacryl S200 column (1.6 by 60 cm; Pharmacia) equilibrated in buffer C,
and eluted at a flow rate of 0.5 ml/min. Purified AntC was frozen in 25-pl aliquots
and stored at —80°C.

Analyses. Protein was quantitated by using the method described by Bradford
(5), with bovine serum albumin as the standard (Bio-Rad). The native molecular
weights of proteins were determined by gel filtration using a calibrated Sephacryl
S300 column (flow rate, 0.5 ml/min) equilibrated in buffer C. The calibration
proteins were ferritin (M,, 450,000), catalase (M,, 240,000), adolase (M,
158,000), bovine serum albumin (M, 68,000), hen egg albumin (M,, 45,000),
chymotrypsinogen A (M,, 25,000), and cytochrome ¢ (M, 12,500). Iron content
was assessed with a colorimetric ferrozine method based on that described by
Batie et al. (3). A 200-pl protein sample (approximately 10 uM) was added to a
polystyrene tube containing 250 wl of 0.02% ascorbic acid, 30 pl of 6 M HCI, and
25 pl of a 5-mg/ml solution of ferrozine. The sample was mixed by vortexing, and
1 ml of 8 M guanidine-HCI was added. Saturated ammonium acetate (200 ul)
was added, and 454, was measured. A standard curve with a ferrous ammonium
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"'em™") for the ferrous

sulfate solution was used to determine €s¢, (28,000 M~
iron-ferrozine complex.

Flavin cofactor in AntC. Flavin was extracted by boiling a concentrated 1-ml
sample of AntC for 10 min. Denatured protein was removed by centrifugation.
Thin-layer chromatography was used to identify the flavin, with silica gel-coated
glass plates and a mobile phase of butanol-acetic acid—water (4:1:4, vol/vol/vol).
Samples were visualized with a handheld UV light. After identification as FAD,
the amount was quantitated spectrophotometrically (g450, 11,300 M~ ecm™%;
€375, 9,300 M~ ! em 1) (13).

Oxygen consumption and NADH oxidation assays. Substrate-dependent O,
consumption catalyzed by AntDO was monitored with a Yellow Springs Instru-
ments Model 5300 biological oxygen monitor equipped with a Clark electrode.
NADH oxidation was determined spectrophotometrically at 23°C by measuring
the decrease in Az (€340, 6,300 M~ ! cm™1). Unless stated otherwise, assays
were carried out in 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH
6.3), 100 mM KCl, 0.5 mM substrate, 100 uM NADH, 0.5 uM purified AntAB
(or a suitable amount of a crude enzyme preparation), and 0.18 wM reductase in
a final volume of 1 ml for NADH oxidation assays or 2.5 ml for O, consumption
assays. Rates were corrected for a small background NADH oxidation or O,
consumption in the absence of substrate. In spectrophotometric assays, correc-
tions were made for the absorbance of anthranilate (g549, 1,050 M~!' ecm™").
Reactions were monitored for 5 min, at which point 1,000 U of bovine liver
catalase (Sigma) was added to the reaction mixture in the oxygraph. Hydrogen
peroxide was quantified by the amount of O, generated due to the dispropor-
tionation of H,O, by catalase.

NADH-cytochrome ¢ reductase activity. The AntC-catalyzed reduction of cy-
tochrome ¢ by NADH was detected by an increase in Assy (€550, 19,500 M™!
cm ™! for reduced cytochrome ¢ minus oxidized cytochrome c). The assay mixture
contained 20 pM cytochrome ¢ (horse heart type 6; Sigma), 100 uM NADH, and
0.5 uM pure AntC (or a suitable amount of a crude enzyme preparation) in 100
mM potassium phosphate buffer, pH 7.

Optimization of AntDO activity. A mixed-buffer system was used to determine
the optimal conditions for assaying AntDO activity. This buffer system contained
50 mM total concentration of equimolar amounts of the following six buffers:
MES (pK,, 6.1), MOPS (pK,, 7.2), HEPES (pK,, 7.5), N-tris(hydroxymethyl)m-
ethyl-3-aminopropanesulfonic acid (TAPS) (pK,, 8.4); 2-(N-cyclohexylamin-
o)ethanesulfonic acid (CHES) (pK,, 9.3), and 3-(cyclohexylamino)-2-hydroxyl-
1-propanesulfonic acid (CAPS) (pK,, 10.4). Individual NADH oxidation assays
were carried out at pHs 5.5, 6.0, 6.5, 7.0, 8.0, and 9.0, using the conditions
described above. After determining the optimal pH for NADH oxidation, assays
were repeated in MES buffer (pH 6.3) at four different ionic strengths (0, 50, 100,
and 150 mM KClI).

Monitoring reaction substrates and products by HPLC. Samples from
AntDO-catalyzed reactions (1 ml) were separated by high-performance liquid
chromatography (HPLC) and were monitored by determining absorbance at 210
nm (automatic sampling system model AS-100, solvent delivery system 2800,
detector UV-1806, and peak integration software; Bio-Rad). Compounds were
eluted at a rate of 0.8 ml/min from a reverse-phase C,3 column (250 by 4.6 mm;
particle size, 5 pum; Columbus) with a mobile phase of 30% (vol/vol) acetonitrile-
water containing 0.1% phosphoric acid. Substrates and products were identified
and quantified by comparison to known standards.

Spectroscopy. Electron paramagnetic resonance (EPR) spectra were recorded
on a Bruker ESP-300E spectrometer equipped with an ER-4116 dual-mode
cavity and an Oxford Instrument ESR-9 flow cryostat. UV-visible absorption
spectra were obtained in 1-cm path-length quartz cuvettes on a Shimadzu
UV2101-PC scanning spectrophotometer. To obtain absorption spectra of re-
duced [2Fe-2S] centers, oxidized proteins (250 pM in [2Fe-2S] centers) were
reduced by anaerobic addition of an excess of sodium dithionite or catalytically
by addition of AntC and excess NADH. Samples were diluted to concentrations
appropriate for spectroscopy with 25 mM MOPS buffer, pH 7.3.

Putative AntDO and BenDO seq es of P. aerug PAO1 and construc-
tion of phylogenetic trees. The ADP1 BenDO and AntDO sequences were
compared to six-phase translations of the complete genome sequence of P.
aeruginosa PAO1 (http://www.pseudomonas.com) using the BLAST program of
the National Center for Biotechnology Information (http:/www.ncbi.nlm.nih
.gov). Putative antABC and benABC sequences at approximate positions 2829398
and 2835988 were identified on the basis of similarity to ADP1 sequences (52 to
70% identity between homologous deduced protein sequences), restriction site
analyses of EcoRI and Kpnl recognition sequences from previous studies, and
the relative position of cat, ant, and ben genes determined by previous investi-
gations of mutants and mapping studies of mutant loci (46, 47).

Deduced amino acid sequences of ARHDOs were aligned with the Pileup
program of the Genetics Computer Group package (11). Trees were generated
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FIG. 2. SDS-PAGE of AntAB, AntC, and the M43K AntAB vari-
ant. Lane 1, total protein of noninduced TOP10F’'(pBAC209); lane 2,
total protein of TOP10F'(pBAC209) with AntAB induced; lane 3,
purified AntAB; lane 4, total protein of noninduced DHSaF'(pBAC208);
lane 5, total protein of DH5aF’(pBAC208) with AntC induced; lane 6,
purified AntC; lane 7, total protein of noninduced TOP10F'(pDMK3).
Lanes 8 and 9 are the cell extract and pellet, respectively, following
sonication and centrifugation of TOP10F'(pDMK3) with M43K AntAB
induced. Numbers at left correspond to molecular masses (in kilodal-
tons) corresponding to the adjacent markers (lane MW).

by applying the neighbor-joining method from a distance matrix created with
PROTDIST using the Kimura algorithm of the Phylip program package (version
3.52¢ for UNIX; University of Washington, Seattle). The SeqBoot program was
used for bootstrap analyses. Alternate algorithms for generating trees (Fitch and
Kitch) and distance matrices (Dayhoff/PAM and parsimony) produced similar
results.

RESULTS

Expression and purification of AntDO. Genes encoding the
ADP1 oxygenase (antAB) or reductase (antC) components
were expressed from plasmids in E. coli, a bacterium with no
known AntDO genes or activity. AntAB and AntC were each
purified to homogeneity by anion exchange chromatography,
hydrophobic interaction chromatography, and finally size ex-
clusion chromatography. Active AntAB in E. coli could be
detected by a color change upon addition of anthranilate and
ferrous iron to the cultures. The medium gradually turned a
dark purple, a color identical to that resulting from addition of
catechol and iron to medium with no bacteria. As observed for
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other oxygenase components (30), AntAB appeared to use an
endogenous source of electrons in E. coli to catalyze hydroxy-
lation without its native reductase. This color development,
presumably due to catechol formation, was a convenient visual
indicator of AntAB activity. No dark color developed in the
absence of anthranilate or when anthranilate and ferrous iron
were added to medium without bacteria.

The antA and antB genes, adjacent in ADP1 (6), were co-
expressed in E. coli. This yielded high levels of two proteins
corresponding approximately in size to the deduced sequences
of the a (54 kDa) and B (19 kDa) subunits, respectively, of
AntDO (Fig. 2, lanes 2 and 3). Size exclusion chromatography
of the pure AntAB revealed a single oligomer of approximately
220 kDa, which indicates that AntAB is an «s;B; hexamer
(Table 2). Using &,s4 (see below), approximately 12.5 mg of
pure AntAB was obtained per liter of E. coli culture containing
the antAB plasmid.

Independent expression of antC in E. coli resulted in abun-
dant production of a protein of a size close to that predicted
for AntC (Fig. 2, lanes 5 and 6). Initial attempts to isolate and
purify AntC resulted in loss of flavin, a process that was visually
evident during anion exchange chromatography as a yellow
fraction eluting prior to the AntC protein. By minimization of
its exposure to light during purification, AntC could be purified
with retention of the majority of its flavin (see below). SDS-
PAGE and gel filtration indicated that the purified AntC was
a monomer of 39 kDa. Approximately 12.5 mg of pure AntC
was obtained per liter of E. coli culture containing the antC
plasmid.

Purification of the M43K variant DO. A plasmid, pDMK3,
was expressed in E. coli with the Acinetobacter wild-type antB
downstream of the ant45024 allele (6), which encodes M43K
AntA. The mutant ant4B did not yield the color change indic-
ative of catechol formation after anthranilate and iron were
added to cultures grown at 23 or 37°C. Nevertheless, the vari-
ant DO could be purified by the same methods as for wild-type
AntAB. In E. coli, the mutant antA yielded more insoluble
AntA that localized to the pellet following sonication and
centrifugation (Fig. 2, lane 9) than did the wild-type antA. The
supernatant from which a low yield of the M43K oxygenase
was purified contained more AntB relative to AntA than found
with the wild-type oxygenase (Fig. 2, lane 8). The subunit sizes

TABLE 2. Molecular and spectroscopic properties of recombinant Acinetobacter sp. strain ADP1 AntDO

Mol wt (M,)
C ; Iron content Flavin content Absorption maxima, wavelength/
omponen Sequence SDS-PAGE Gel (mol/mol of protein)  (mol/mol of protein) (¢ [mM~" em™"])

calculation filtration

AntAB 53,942 (), 52,000 (o), 220,000 88 = 1¢ 0 320 (31)*° 454 (14.4)* 555 (7)**
19,333 (B) 21,500 (B)

M43K AntAB 53,939 (), 52,000 (o), 220,000 8.1=x0.2 0 320° 454 555¢
19,333 (B) 21,500 (B)

AntC 38,553 39,000 45,000 23x05 0.7, 1.5¢ 330 (25)° 370 (23)° 450 (22)° 410, 4624

“ Per o3B3 hexamer, as isolated (oxidized Rieske center, reduced mononuclear center).

® As FAD from low-light isolation.

¢ After reconstitution with FAD as described in Materials and Methods.
@ Low-flavin form; € not determined (cf. Fig. 3).

¢ Shoulder.

/Wavelength is given in nanometers.
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of the variant DO, however, were as expected (Fig. 2). The
purified component migrated identically to the wild-type
AntAB on the same size exclusion column and was, therefore,
also inferred to be an a;B; hexamer. SDS-PAGE of purified
M43K AntAB showed « and B bands of approximately the
same relative intensities as for the wild-type component (not
shown).

Quantitation of the flavin in AntC. The flavin in the recom-
binant AntC was identified as FAD by comparison to FAD and
flavin mononucleotide standards using thin-layer chromatog-
raphy. When isolated under low-light conditions, AntC con-
tained up to 0.7 mol of FAD per mol of AntC monomer. The
flavin content and reductase activity of AntC could be in-
creased by reconstitution with excess FAD followed by passage
over a Sephadex G-25 column to remove unbound FAD.
Therefore, reconstitution was carried out prior to size exclu-
sion chromatography during the purification of AntC, which
yielded approximately 1.5 mol of FAD/mol of AntC (Table 2).
Further FAD addition did not increase AntC activity. The
AntC isolated in normal room light had less than 4% of the
flavin in the low-light-isolated AntC on a per protein basis. The
FAD-depleted AntC, when substituted for a comparable level
of FAD-enriched AntC, had no detectable catalytic activity.

Iron content in AntDO. AntC contained 2.3 = 0.5 mol of
iron/mol of AntC monomer, consistent with the prediction of
one [2Fe-2S] center (7, 31). AntAB contained 8.8 = 1 mol of
iron/mol of protein based on a molecular weight of 220,000
(Table 2). Considering the a5 subunit composition, the iron
analysis is consistent with the prediction of one [2Fe-2S] center
and one mononuclear center per a subunit (7, 31). The puri-
fied M43K AntAB had 8.1 £ 0.2 mol of iron/mol of o;B5
hexamer, perhaps indicating one empty mononuclear site.

Spectroscopic properties of AntDO. The absorption spectra
of oxidized and enzymatically reduced wild-type AntAB are
shown in Fig. 3A. The absorption maxima of the oxidized
AntAB at 454 nm and the shoulder at 555 nm are typical of
Rieske-type [2Fe-2S]*" centers (3, 7, 12, 31). The g,5, was
reproducibly determined to be 14,400 M~ cm™! per o,f;
hexamer. Upon anaerobic reduction with a catalytic amount of
AntC and excess NADH, the absorption spectrum of AntAB
resembled those of other reduced (i.e., [2Fe-2S] ") Rieske-type
centers, with a general decrease in absorbance throughout the
visible region and shoulders at ~520 and 400 nm. Resting
oxygenase components of other ARHDOs (7, 24, 43) invari-
ably have their mononuclear centers in the Fe(II) oxidation
state, and this reduced mononuclear center is not expected to
contribute to either the oxidized or the reduced visible-absorp-
tion spectrum. Also shown in the inset of Fig. 3A is the ab-
sorption spectrum of the M43K AntAB. This spectrum is con-
sistent with perturbation but not destruction of the oxidized
Rieske center.

The visible-absorption spectrum of low-light purified FAD-
enriched AntC (Fig. 3B) and that of FAD-depleted AntC iso-
lated under normal room light show that AntC has both FAD
and a ferredoxin-type [2Fe-2S]*" center (7, 21). The maxima at
~425 and 460 nm and shoulder at ~550 nm in the absorption
spectrum of flavin-depleted AntC are characteristic of ferre-
doxin-type [2Fe-2S]*" centers. The ratios of absorption inten-
sities at 330 or 370 nm relative to that at 450 nm in the
FAD-enriched reductase are higher than those for the phtha-
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FIG. 3. UV-visible absorption spectra of oxidized and enzymati-
cally reduced AntAB (12 uM a3B;) and oxidized M43K AntAB (15
M a;B5) (inset) (A) and oxidized AntC reconstituted with FAD or as
isolated in normal room light (FAD depleted) (B).

late 4,5-DO reductase component, which also contains one
flavin and one [2Fe-2S]** chromophore (3, 14). Presumably,
the excess FAD (1.5 mol/mol of AntC) is responsible for the
altered absorption intensities of AntC.

The EPR spectra (at 10 K) of the dithionite-reduced AntAB
and AntC (Fig. 4) confirm the presence of [2Fe-2S] centers.
The AntAB EPR spectrum (g,vcrage [8avel> 1.91) is character-
istic of Rieske-type [2Fe-2S]" centers (42), and the AntC spec-
trum (g,,,, 1.97) is characteristic of ferredoxin-type [2Fe-2S]™*
centers. EPR signals in (g = 4 to 6 regions), which are expected
for a mononuclear high-spin Fe(III) site in a low-symmetry
coordination sphere of oxygen and nitrogen ligands, were not
observed for the recombinant wild-type AntAB in the absence
of dithionite (spectrum not shown). Thus, the EPR-silent
mononuclear site is most likely in the Fe(II) oxidation state.

Catalytic properties of AntDO. AntDO activity was mea-
sured by monitoring anthranilate-dependent consumption of
NADH. The optimal pH and salt concentration for this activity
were 6.3 and 100 mM KCI. This optimization was accom-
plished with saturating NADH, aromatic substrate, and O,
(typically 100 uM, 1 mM, and ~0.25 mM), 0.5 pM AntAB
(hexamer), and 0.18 puM AntC. These reagent concentrations
were chosen for monitoring NADH consumption on a conve-
nient time scale via absorbance at 340 nm. Unless otherwise
noted, these conditions were used for all reported results.
Under these nonsaturating AntC conditions, the turnover
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FIG. 4. EPR spectra of reduced AntAB and AntC. Purified sam-
ples of protein (250 uM) were reduced anaerobically with excess so-
dium dithionite (0.5 mM). Spectra were recorded under the following

conditions: temperature, 10 K; microwave frequency, 9.59 GHz; mod-
ulation amplitude, 6.366 G; microwave power, 4 mW.

number of AntAB, measured as the rate of NADH consump-
tion, was 63 min~' on a per-Rieske-site basis.

The K,,, of AntAB for AntC was determined with 0.01 uM
AntAB and variable concentrations of AntC from 0.1 to 2 pM.
All other conditions were standard. A Lineweaver-Burk plot
was used to estimate a K, for AntC of approximately 1 pM.
With a saturating concentration of 2 pM AntC, 0.01 uM
AntAB and 100 puM NADH yielded a turnover number of
1,300. Activity levels did not decrease when the anthranilate
concentration was reduced to 1 pM. The small absorbance

J. BACTERIOL.

change for NADH consumption at anthranilate concentrations
of <1 uM precluded accurate rate measurements below this
concentration. Therefore, the K, of AntDO for anthranilate
was inferred to be <1 wM. An analogous determination under
the same conditions gave a K,,, for benzoate of ~12 uM.

Activities of AntDO with anthranilate and benzoate. Table 3
summarizes the activities of the purified recombinant AntDO
and M43K AntDO with anthranilate and benzoate, as well as
quantitations of substrate consumption and product formation.
Several considerations circumscribe interpretation of the data
in Table 3. These activities were measured under conditions
that had been optimized for anthranilate as the substrate. The
relative activities are for initial rates of NADH consumption
only; for reasons discussed below, these activities do not nec-
essarily correlate with or even signify consumption of the ar-
omatic carboxylate (Table 3). A nonsaturating concentration
of AntC was used to avoid significant background consumption
of NADH and O, and to allow measurements of substrate
consumption on a reasonable time scale.

Under conditions optimized for anthranilate turnover, ben-
zoate was a good substrate for AntDO, resulting in 70% of the
activity rate as with anthranilate (Table 3). Benzoate allowed
tight coupling of NADH and O, and substrate consumption
(i.e., 1:1:1 molar ratio) with no evidence for inactivation of the
enzyme. No H,O, was detected in these reactions. Together
with the tight coupling, this indicates that all O, consumed was
incorporated into the substrate. The product of AntDO catal-
ysis with benzoate was the same nonaromatic diol as that
formed by the similar Acinetobacter sp. strain ADP1 BenDO
(33). AntDO can efficiently convert benzoate to the nonaro-
matic diol under these conditions, but it may not do so in vivo
(B. M. Bundy, L. S. Collier, and E. L. Neidle, unpublished
data). Therefore, we investigated the effect of lowering the
substrate concentrations. When substrate concentrations were
decreased 100-fold to 5 wM, a value still saturating for anthra-
nilate but not for benzoate, NADH oxidation with anthranilate
remained identical to that previously observed. However,
NADH oxidation with 5 pM benzoate decreased to a value
23% of that of anthranilate-dependent oxidation.

TABLE 3. Activities and reaction stoichiometries of recombinant Acinetobacter sp. strain ADP1 AntDO
and M43K AntDO with anthranilate and benzoate®

Stoichiometries in NADH-limited reactions (nM)*

Component Aromatic substrate Activity (%)? Substrate consumed
Product formed, identity
NADH O, Aromatic substrate
AntDO Anthranilate 100 95 (10) 100 (7) 91 (2) 87 (2), catechol
Benzoate 69 (4) 89 (9) 86 (8) 83 (9) NQ,? benzoate 1,2-diol
M43K AntDO Anthranilate 24 (2) 23 (4) 24 (2) None 14 (3), H,0,
Benzoate 24 (3) 23(3) 22(5) None 16 (4), H,0,

@ Assay conditions: 100 uM NADH, 250 pM O,, 500 pM aromatic carboxylate, 0.5 .M AntAB, 0.18 pM AntC, and in 50 mM MES, 100 mM KClI (pH 6.3) at room
temperature (~23°C). Values (with standard deviations in parentheses) listed are the averages of three determinations. Small background consumptions of NADH and
O, in the absence of aromatic carboxylates were subtracted in each case.

® Initial rate of NADH oxidation (43,4,/min) expressed as a percentage of recombinant wild-type AntDO with anthranilate as the substrate (40 = 1 uM NADH
oxidized/min/uM AntAB hexamer) under the assay conditions listed in footnote a.

¢ Measured by NADH (g34, 6,300 M~ cm ™), oxygen electrode (O,), or HPLC using known standards (aromatic substrate and product formed). Assay conditions
are listed in footnote a.

4 NQ, not quantified because the compound was not well resolved by HPLC.
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Activity of the variant M43K AntAB. While the soluble yield
was much lower, the characterization of the M43K AntAB
described above indicated that its overall structure and metal
centers are not grossly altered compared to those of the wild-
type protein. The M43K AntAB had activity with either ben-
zoate or anthranilate as the substrate that was approximately
25% of the NADH oxidation and O, consumption activity of
the recombinant wild type, using anthranilate as the substrate
at 23°C. However, this activity, while substrate dependent, was
completely uncoupled from substrate hydroxylation. No an-
thranilate or benzoate was consumed. All NADH and O, con-
sumed in the reaction could be accounted for by the generation
of H,O,. Supplementing M43K AntAB with 5, 10, or 100 pM
Fe(II) did not increase activity.

In our assays, neither wild-type nor M43K AntDO showed
NADH consumption activity at 39°C. Samples of AntAB that
were incubated at 39°C for 10 min and allowed to cool to room
temperature exhibited 20% less activity than a non-heat-
treated sample, and the stoichiometry of NADH consumption
to O, consumption was still 1:1 with no detectable H,O,.
Heat-treated M43K AntDO had activities comparable to those
of a non-heat-treated sample, but NADH consumption re-
mained uncoupled from substrate hydroxylation, with H,O,
formation accounting for all the NADH and O, consumed.

Substrate range of AntDO. Since ADP1 cannot grow on
halobenzoates or methylbenzoates, it seemed likely that
AntDO would have a substrate range narrower than the broad-
substrate-specific benzoate DOs. We tested o-fluorobenzoate,
o-chlorobenzoate, and o-toluate as substrates for AntDO. All
of these compounds, as well as anthranilate and benzoate, are
good substrates for tightly coupled hydroxylation reactions cat-
alyzed by the cbdABC-encoded 2-halobenzoate 1,2-DO from
B. cepacia (13, 16). Under the assay conditions with 100 uM
NADH shown in Table 3, HPLC analyses indicated that no
o-chlorobenzoate and only 18 pM o-fluorobenzoate and 13
wM o-toluate were consumed. With each of these substrates,
more than 40 puM NADH was consumed, indicating that elec-
tron transfer was either totally (o-chlorobenzoate) or partially
(o-fluorobenzoate or o-toluate) uncoupled from substrate hy-
droxylation.

Putative AntDO and BenDO sequences from P. aeruginosa.
Sequence comparisons were used to address the evolutionary
relationships among various ARHDOs. Previous studies of
catabolic mutants and the relative positions of genetic loci (46,
47) allowed us to identify the putative AntDO and BenDO
sequences of P. aeruginosa. In pairwise comparisons of the
deduced sequences of AntDO from Acinetobacter sp. strain
ADP1 and P. aeruginosa PAO1, identities and similarities
were, respectively, 74 and 81% for the « subunits, 54 and 64%
for the B subunits, and 60 and 68% for the reductases. These
sequences were also compared to those of BenDO from P.
putida PRS2000 (8). Phylogenetic trees (Fig. 5) were generated
from multiple-sequence alignments of these ARHDOs and
others that degrade xenobiotics, which have previously been
characterized as class IB based on similarity among all com-
ponents (Table 1). Sequences of the a subunits of two well-
characterized ARHDOs of different classes were also aligned.
These o subunits were NdoB of the class III naphthalene
1,2-DO (NDO) and Pht3 of the class IA phthalate DO (Table
1 and Fig. 5A). The sequences of other components of these
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FIG. 5. Phylogenetic trees of the « subunits (a), § subunits (b), and
reductases (c) of known and putative class IB DOs. Also included were
two o subunit components from different ARHDO classes (Table 1):
NDO (NdoB, class I1I, M23914 [27]) and phthalate DO (Pht3, class
1A, D13229 [34]). An outgroup (Pht3) was used only for panel a.
Abbreviations: Abs, 2-aminobenzenesulfonate DO of Alcaligenes sp.
strain AF109074) (29); Ant, AntDO of Acinetobacter sp. strain ADP1
(6); Ant(Pa), putative sequence of P. aeruginosa PAO1; Ben, BenDO
of Acinetobacter sp. strain ADP1 (32); Ben(Pa), putative sequence of P.
aeruginosa PAO1; Ben(Pp), sequence of P. putida PRS2000 (8); Cbd,
2-halobenzoate 1,2-DO of B. cepacia (X79076 [16]); Tft, 2,4,5-trichlo-
rophenoxyacetic acid oxygenase of B. cepacia (U11420 [9]); Xyl, tolu-
ate 1,2-DO of P. putida (PIR A41659 [17]). The numbers at branch
points indicate the confidence (in percent) as determined by bootstrap
analysis with 100 replicates. The scale bar indicates the relative phy-
logenetic distances measured as number of amino acid substitutions
per site.

latter two DOs were not included in the phylogenetic trees
because of relatively poor alignment. The sequences are not
known for the reductase of the 2,4,5-trichlorophenoxyacetic
acid oxygenase or for that of the aminobenzene sulfonate DO.
Only the sequence of the « subunit (AbsA) of the latter en-
zyme is available.

DISCUSSION

At least three types of different enzymes can catalyze the
first step in aerobic pathways for anthranilate catabolism. In
eukaryotic microbes, anthranilate is first hydroxylated to form
2,3-dihydroxybenzoate by anthranilate hydroxylase. This en-
zyme is a flavoprotein monooxygenase in Trichosporon cuta-
neum (35) but contains only nonheme iron as a prosthetic
group in Aspergillus niger (38, 39). Another enzyme, 2-amino-
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FIG. 6. Sequence of ADP1 AntA and a consensus sequence derived from an alignment of the o subunits from nine class IB ARHDOs and the
class III NDO (Table 1 and Fig. 5). The consensus sequence indicates residues that are identical in the nine class IB sequences. Bold residues are
also identical in NdoB of NDO. Residues known to furnish ligands to the Rieske and mononuclear iron sites in NdoB are boxed. The italicized
asparagine at position 214 of the consensus sequence is a possible ligand to the mononuclear iron site (24) and is conserved in nine of the sequences

but not in AbsA.

benzoate-coenzyme A ligase, initiates anthranilate degradation
in a denitrifying Pseudomonas species (1). The AntDO de-
scribed in this report is distinct from the previously mentioned
enzymes and allows aerobic bacteria to use anthranilate as a
source of carbon and energy. AntDO had not previously been
purified to homogeneity from any organism.

Characterization of AntDO. AntAB of Acinetobacter sp.
strain ADP1 contains both mononuclear nonheme iron and
Rieske-type [2Fe-2S] centers, as do all other known ARHDOs.
The presumed ligands of the mononuclear and Rieske centers
are well conserved among AntDO and other ARHDO oxygen-
ase components (Fig. 6). The results reported here also con-
firm that AntDO can be classified as a two-component class 1B
ARHDO (4, 7, 31). The key features for this classification are
the presence of both FAD and a [2Fe-2S] center in the reduc-
tase component (AntC) and the lack of a separate ferredoxin
in the electron transfer chain (Table 1).

Gel filtration chromatography indicates that AntDO is an
a5B5 hexamer. This same oligomeric structure was found for
the oxygenase component of NDO, a class II ARHDO (Table
1). NDO is the only such component for which an X-ray crystal
structure has been solved (7a, 24), as discussed in reference 28.
The oxygenase components of NDO and AntDO appear to
share a common evolutionary origin (Fig. 5a). Presumably,
structure-function relationships found in NDO (28) are similar
to those in AntDO. Alignment of nine class IB « subunit
sequences, including AntA, shows that all of the residues fur-
nishing iron ligands in the class III NdoB are conserved (Fig.
6). Two class IB DOs, BenDO from P. putida (arvilla) C-1 and
the 2-halobenzoate 1,2-DO from B. cepacia, were also shown
to be a;B5 hexamers (13, 45). These latter two enzymes have
pH optima in a range similar to that determined here for
AntDO, pH 6.3 (13, 45). As found for AntDO, all of these
analogous ARHDOs appear to have a monomeric reductase
component.

Temperature sensitivity and the M43K AntDO variant. The
temperature-sensitive phenotype of the Acinetobacter mutant
that encodes M43K AntDO (6) may result from instability of
the o subunit prior to its assembly into the hexamer. This
possibility is supported by the observation that the majority of
the recombinant M43K AntA was insoluble. A low yield of a
stable o535 hexamer of this variant enzyme could be purified,
although the recombinant enzyme did not hydroxylate anthra-
nilate at either the permissive (23°C) or nonpermissive (39°C)
temperature for growth of the mutant on anthranilate. In the
recombinant system, the M43K AntAB had a lower iron con-
tent than did the AntAB with a wild-type sequence, which
raises the possibility that expressing the variant enzyme at high
levels in E. coli prevents recovery of a hexameric enzyme with
all of the mononuclear sites filled. Nevertheless, our studies of
the soluble recombinant M43K AntDO suggest that tempera-
ture sensitivity in Acinetobacter does not result primarily from
dissociation of the hexamer. The M43 residue is in a highly
conserved region of the N-terminal domains of the class IB
ARHDOs. In the alignment used to generate Fig. 5A, eight of
the nine class IB sequences contained a methionine corre-
sponding to the 43rd residue of the ADP1 AntA. The excep-
tion was AbsA, in which a lysine is normally present rather
than methionine, consistent with active DOs tolerating this
amino acid substitution under some conditions.

Substrate preferences of AntDO. The purified AntDO cat-
alyzed the conversion of anthranilate to catechol in a well-
coupled reaction. The recombinant AntDO also catalyzed the
conversion of benzoate to benzoate 1,2-diol, as does BenDO.
Nevertheless, ADP1 strains lacking functional structural genes
encoding BenDO do not grow on benzoate (Bundy, Collier,
and Neidle, unpublished). This phenotype may reflect the in-
ability of benzoate to induce AntDO, insufficient production of
the benD-encoded benzoate diol dehydrogenase in vivo, and/or
problems with the rate of benzoate diol formation by AntDO
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(6, 33). The lower apparent K,, of AntDO for anthranilate
than that for benzoate suggests that intracellular substrate
levels also contribute to growth specificities. The apparent K,,
for anthranilate of <1 pM indicated a high affinity of AntDO
for this substrate. To date, the best-characterized BenDO is
from P. putida (arvilla) C-1, for which an apparent K, for
benzoate of approximately 4 uM was reported (45). Since the
latter enzyme also has a higher turnover number for its sub-
strate, approximately fourfold higher than that of AntDO for
anthranilate, the specificity constants (k.,/K,,) for these two
enzymes might be comparable. The ARHDO encoded by the
c¢bdABC genes appears to have a lower affinity for its substrate
with an apparent K, for 2-chlorobenzoate of 22 pM (13). This
enzyme, unlike AntDO, has an extremely broad substrate
range and can efficiently hydroxylate a variety of ortho-substi-
tuted benzoate analogs. The relatively low affinity of the halo-
benzoate 1,2-DO for 2-chlorobenzoate might indicate that the
broad substrate specificity evolved at the expense of catalytic
efficiency.

Evolution of the class IB ARHDOs. In previous studies,
evolutionary relationships among the o subunits of ARHDOs
of different classes have been established (29, 30). In this re-
port, the identification of the likely AntDO and BenDO se-
quences from P. aeruginosa PAO1 and the recent availability of
the BenDO sequence from P. putida PRS2000 (8) made it
possible to examine relationships among all components of the
class IB ARHDO:s. The branching patterns of the phylogenetic
trees for the o and B subunits of the class IB terminal oxyge-
nases are nearly identical. The matched branching patterns are
consistent with the class IB ARHDOs having evolved from an
ancestral two-subunit oxygenase component. The CbdAB com-
ponent that hydroxylates halobenzoates may be more closely
related to BenAB than to AntAB. The plasmid-encoded XylXY
component, which hydroxylates methylbenzoates, appears to
have diverged relatively recently from BenAB. The AbsA «
subunit component was as distantly related to the other class
IB ARHDOs as was the NdoB of the class III NDO, consistent
with the Abs DO being an atypical Class IB enzyme (29).

Phylogenetic comparisons of the reductases (Fig. 5C) dem-
onstrate that the Acinetobacter and Pseudomonas AntC ho-
mologs, like the corresponding AntA and AntB homologs, are
closely related to each other. In contrast, the BenC reductase
of ADP1 was not as closely related to its Pseudomonas ho-
mologs as were the BenA and BenB proteins. This greater
divergence may reflect the relaxed requirement of oxygenase
components for specific reductases. For example, the Acineto-
bacter AntAB oxygenase component does not require its cog-
nate reductase for activity but appears to function both with
BenC in vivo (6) and, as shown here, in a heterologous expres-
sion system with an unidentified E. coli reductase. During
evolution, the reductases may tolerate more amino acid sub-
stitutions than do the oxygenases. Additionally, the recruit-
ment and association of different oxygenase and reductase
components may occur. The newly available BenDO sequences
demonstrate the tight clustering of XylZ with the Pseudomonas
BenC reductases. Thus the broad-substrate-specific toluate
DO, encoded by the xyIXYZ genes of a Pseudomonas plasmid
(2, 18), may have evolved from a Pseudomonas BenDO rather
than from the BenDO of ADP1 to which it has previously been
compared (17).
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