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A 27,690-bp gene cluster involved in the degradation of the plant alkaloid nicotine was characterized from
the plasmid pAO1 of Arthrobacter nicotinovorans. The genes of the heterotrimeric, molybdopterin cofactor
(MoCo)-, flavin adenine dinucleotide (FAD)-, and [Fe-S] cluster-dependent 6-hydroxypseudooxynicotine (ke-
tone) dehydrogenase (KDH) were identified within this cluster. The gene of the large MoCo subunit of KDH
was located 4,266 bp from the FAD and [Fe-S] cluster subunit genes. Deduced functions of proteins encoded
by open reading frames (ORFs) of the cluster were correlated to individual steps in nicotine degradation. The
gene for 2,6-dihydroxypyridine 3-hydroxylase was cloned and expressed in Escherichia coli. The purified
homodimeric enzyme of 90 kDa contained 2 mol of tightly bound FAD per mol of dimer. Enzyme activity was
strictly NADH-dependent and specific for 2,6-dihydroxypyridine. 2,3-Dihydroxypyridine and 2,6-dimethoxy-
pyridine acted as irreversible inhibitors. Additional ORFs were shown to encode hypothetical proteins pre-
sumably required for holoenzyme assembly, interaction with the cell membrane, and transcriptional regula-
tion, including a MobA homologue predicted to be specific for the synthesis of the molybdopterin cytidine
dinucleotide cofactor.

The gram-positive soil bacterium Arthrobacter nicotino-
vorans (formerly known as Arthrobacter oxidans and reclassified
by Kodama et al. [22]) has the ability to use nicotine as its sole
carbon and energy source (8, 10, 15, 17). Nicotine, the alkaloid
of the tobacco plant, is synthesized as the L-isomer, and the
first enzyme to attack L-nicotine is a trimeric, molybdopterin
cofactor (MoCo) (most probably in its dinucleotide form
[18])-, flavin adenine dinucleotide (FAD)-, and [Fe-S] cluster-
containing nicotine dehydrogenase (NDH), which hydroxylates
the pyridine ring at position 6 (Fig. 1, step I). The pyrrolidine
ring of 6-hydroxy-L-nicotine is then oxidized by 6-hydroxy-L-
nicotine oxidase (6HLNO) (7) (Fig. 1, step II), and the 6-hy-
droxypseudooxynicotine formed is once more hydroxylated at
position 2 of the pyridine ring by ketone dehydrogenase
(KDH) (8, 30) (Fig. 1, step III), an enzyme structured similarly
to NDH. The side chain of N-methylaminopropyl-(2,6-dihy-
droxypyridyl-3)-ketone is cleaved off, resulting in 2,6-dihy-
droxypyridine and g-methylaminobutyrate (Fig. 1, step IV).
These two compounds have been identified as degradation
products of nicotine by A. nicotinovorans (15), but no corre-
sponding enzyme has been identified as yet. 2,6-Dihydroxypyri-
dine is transformed into 2,3,6-trihydroxypyridine by 2,6-dihy-
droxypyridine 3-hydroxylase (2,6-DHPH) (Fig. 1, step V), an
FAD-dependent enzyme that had been partially purified be-
fore (19). In the presence of oxygen, 2,3,6-trihydroxypyridine
spontaneously forms a blue pigment (20) (Fig. 1), and liquid

cultures of A. nicotinovorans grown on nicotine turn dark blue
because of the nicotine blue secreted by the bacteria. The
genes encoding these enzymes are located on the 160-kb cat-
abolic plasmid pAO1, and the ability to degrade and grow on
nicotine is lost when the plasmid is cured from the bacterium
(5). The genes ndh and 6hlno have been cloned and sequenced
(16, 31). Of the kdh genes, the gene of the small [Fe-S] subunit
and of the medium FAD subunit have been cloned and se-
quenced (30). The gene of the large MoCo subunit, however,
could not be established unequivocally, and the organization of
the genes on pAO1 has not been identified. It has been shown
before that adjacent to the ndh and 6hlno genes, and separated
by the insertion sequence IS1473 (26), is a gene cluster con-
sisting of a molybdate ABC transporter and genes involved in
MoCo biosynthesis (27).

Here we present the organization of the genes on pAO1
involved in the degradation of nicotine, the identification and
cloning of the 2,6-DHPH gene in Escherichia coli, and the
purification and characterization of the enzyme.

MATERIALS AND METHODS

DNA sequencing and sequence analysis. pAO1 of A. nicotinovorans was iso-
lated according to published methods (5) and partially digested with the restric-
tion enzyme Sau3A. The digest was electrophoresed on a 0.8% agarose gel, and
DNA fragments of 2.5 to 10 kb were isolated and cloned into pBlueScript SK
(Stratagene, Heidelberg, Germany). In addition, a pAO1 library constructed in
the lambda Zap Express vector (Stratagene) was kindly provided by K. Decker
(30). Starting from a 10-kb pAO1 fragment in pBlueScript SK (27), overlapping
clones were identified by sequencing individual clones and gaps were filled by
sequencing PCR products obtained with pAO1 DNA as a template and the
Expand Long Template PCR system of Roche Molecular Biochemicals (Mann-
heim, Germany). Contigs were assembled and edited using the Staden software
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package (3). Comparisons of DNA sequences and their derived amino acid
sequences were performed with the BLAST family of programs (1).

Cloning and purification of 2,6-DHPH. The DNA fragment bearing the 2,6-
dhph gene was amplified with Pfu polymerase (Stratagene) from the pAO1 DNA
template, digested with XmaI and KpnI, ligated into the XmaI-KpnI sites of
pH6EX3 (2), and transformed into E. coli XL-1 blue bacteria. His6-tagged
2,6-DHPH was purified from bacterial lysates by Ni21-chelating Sepharose chro-
matography as recommended by the supplier (Amersham Pharmacia Biotech,
Freiburg, Germany).

Enzyme assays. 2,6-DHPH activity was assayed photometrically at 25°C in 50
mM potassium phosphate buffer (pH 7.1) in the presence of 0.2 mM NADH and
0.1 mM 2,6-dihydroxypyridine using a digital photometer (Eppendorf, Hamburg,
Germany). Enzyme activity was recorded either at 334 nm as the decrease in
NADH consumed in the reaction or as the increase in absorption at 578 nm due
to the formation of the blue pigment, which was generated from the reaction
product 2,3,6-trihydroxypyridine. One unit of enzyme was defined as the amount
of enzyme that catalyzed the oxidation of 1 mmol of NADH per min under the
assay conditions. The Km of the enzyme for 2,6-dihydroxypyridine was deter-
mined in assays recorded at 334 nm at seven substrate concentrations ranging
from 100 mM to 500 nM. The Kd of the enzyme for NADH was determined at a
substrate concentration of 100 mM and at seven NADH concentrations ranging
from 200 to 10 mM. The substrate specificity of 2,6-DHPH was tested with
various compounds obtained from Sigma (Munich, Germany) (Table 1) at a
concentration of 100 mM in the enzyme assay with NADH. The pH optimum of
2,6-DHPH was determined at pH values from 10.0 to 5.0 in 50 mM potassium
phosphate buffer.

Preparation of apo-His6-tagged 2,6-DHPH. To estimate the Kd for FAD,
apo-His6-tagged 2,6-DHPH was prepared by precipitation with 50% (NH4)2SO4

at pH 2.0 for 30 min on ice. The precipitated apoenzyme was collected by
centrifugation at 10,000 3 g for 15 min at 4°C and resuspended in 50 mM
potassium phosphate buffer (pH 7.1). This preparation was employed to recon-
stitute 2,6-DHPH holoenzyme by incubation of the apoenzyme for 1 h on ice
with FAD concentrations ranging from 500 nM to 500 mM.

Nucleotide sequence accession number. The 27,690-bp sequence of pAO1
DNA was deposited at GenBank with accession number AF373840.

RESULTS

A gene cluster on pAO1 of A. nicotinovorans is involved in
nicotine degradation. The genes and open reading frames
(ORFs) identified on the 27,690-bp pAO1 DNA fragment are
presented in Fig. 2. The gene cluster starts with the ndhM,
ndhS, ndhL, and 6hlno genes (16). For more clarity, we have
used the terms large (L), medium (M), and small (S) instead of
C, A, and B for the nomenclature of the subunits of the trim-
eric MoCo, FAD, [Fe-S] cluster enzymes. The ORFs of kdhS
and kdhM were identified further downstream as being tran-
scribed in the opposite direction to the ndh and 6hlno genes.
The deduced amino-terminal sequences of KDHS and KDHM
correspond to the experimentally determined amino acid se-
quences XAFRLTVEVNGVTH and MKPPSFDYVVADS
VEHALRLLADG, respectively (29). X in the sequence of the
small subunit stands for asparagine. The start of KDHM is
extended from the previously assumed start site by 43 amino
acid residues and contains the experimentally determined ami-
no-terminal sequence MKPPSFDYVVADSVEHALRLLADG
(29), which results in a protein with a calculated Mr of 31,429.
The ndh and 6hlno genes are separated from the kdhS and
kdhM genes by small, hypothetical ORFs (Fig. 2). Contrary to
expectations, kdhM was not preceded by an ORF encoding a
protein with similarity to known large subunits of MoCo en-
zymes. However, a corresponding ORF (Fig. 2, kdhL) was
located 4,266 bp downstream from kdhM and transcribed in
the opposite direction. The deduced amino acid sequence
starts with MMAKAKALIPDNGRA and contains the se-
quence ALIPDNXXA, which had been experimentally de-

FIG. 1. Overview of the steps in nicotine degradation to blue pigment by A. nicotinovorans pAO1. The reaction catalyzed by 2,6-DHPH, cloned
and purified in this work, is framed. NDH, nicotine dehydrogenase; 6HLNO, 6-hydroxy-L-nicotine oxidase; KDH, ketone dehydrogenase.
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duced previously by amino-terminal sequencing of KDHL
(29). Thus, we have the unique situation that the small [Fe-S]
cluster subunit and the middle-sized FAD subunit of a trimeric
molybdenum enzyme are expressed by genes located at a great
distance from the gene of the large MoCo subunit. The de-
duced amino acid sequence of KDHL shows significant de-
grees of similarity (64.76%) and identity (32.16%) to the
amino acid sequence of NDHL and related large subunits of
trimeric MoCo enzymes.

The features of additional ORFs of the gene cluster are
presented in Table 2. ORF96 (DTn) is without a start methi-
onine and encodes a hypothetical protein with a Mr of 12,838
with similarity to the carboxy-terminal half of a Mycobacterium
intracellulare transposase. If it were the second ORF of a trans-
posase with a 21 translational frameshift, one would expect a
preceding ORF also with similarity to transposases. However,
none of the preceding ORFs show similarity to transposases.
The gene cluster is presented as a unit because it may have
been generated by a transposition event. Because it contains
genes known or supposed to encode enzymes of nicotine deg-
radation, it was designated the nic gene cluster. Other gene
products of the cluster, however, are of unknown function and
may not be directly related to nicotine degradation.

Of the ORFs with similarity to enzymes of known function,
several are of particular interest regarding nicotine degrada-
tion. The hypothetical protein with a Mr of 40,994 encoded by
ORF367 with highest identity to ORFs of the Streptomyces
rapamycin biosynthesis gene clusters (Table 2) shows similarity
to members of the endopeptidase enzyme family (Deinococcus
radiodurans; accession number Q9RS79). It contains the char-
acteristic amino acid motif L(14X)GXSXGG with the active-

site serine. The deduced 33.492-Mr protein of ORF310 shows
similarity in the carboxy-terminal half to the amino-terminal
half of similarly sized proteins expressed from genes in
polyketide cyclase gene clusters of Streptomyces species
(SnoAM of S. nogalater [35], ZhuJ of Streptomyces sp. strain
R1128 [24], and DpsY of S. peucetius [23]). They all may
belong to the family of protein thiol esterases (Prosite acces-
sion number PS00639). ORF310 may be translationally cou-
pled to an ORF with a high degree of similarity to salicylate
hydroxylase of various sources. As outlined below, the en-
coded protein represents 2,6-DHPH. ORF294 encodes a
hypothetical protein with a Mr of 32,877 and may be iden-
tified as a member of the nitrilase or aliphatic amidase
family of carbon-nitrogen hydrolases by the exactly matched
consensus amino acid sequence G(2X)TCYDLXFP(9X)G
of this family (4). ORF204 (MobA; Table 2) encodes a
protein with a Mr of 21,536.6 with high similarity to glucose-
1-phosphate citidylyl-, thymidylyl-, and uridylyltransferases,
in addition to the molybdopterin-guanine dinucleotide bio-
synthesis protein MobA of E. coli (accession number
P32173). Since this ORF shows similarity to pyrimidine
transferases, we propose it to represent the MobA enzyme
responsible for the biosynthesis of the molybdopterin-cyto-
sine dinucleotide cofactor of NDH and KDH.

Cloning, purification, and characterization of 2,6-DHPH.
The ORF encoding the putative 2,6-DHPH showed various
degrees of similarity to salicylate hydroxylases of many organ-
isms. The gene containing this ORF was cloned on pH6EX3
(2) and transformed and expressed in E. coli XL-1 blue. The
specific activity of the His6-tagged protein in lysates of E. coli
XL-1 blue did not differ from the specific activity of the enzyme
expressed from the gene cloned into pBlueScript (Stratagene)
under the control of the isopropyl-b-D-thiogalactopyranoside-
inducible lac promoter. Therefore, we analyzed 2,6-DHPH in
its His6-tagged form, which was easily purified to homogeneity
(results not shown). The enzyme migrated as a homodimer of
approximately 90 kDa on gel filtration chromatography, in
accordance with the findings of Holmes and Rittenberg (19),
which were obtained with a partially purified enzyme prepara-
tion. 2,6-DHPH activity could be recorded, as expected, either
as a decrease in absorption at 334 nm due to the consumption
of NADH or as an increase in absorption at 578 nm due to
formation of the blue pigment generated from 2,3,6-trihy-
droxypyridine, the product of the 2,6-DHPH reaction. The
reaction was strictly NADH dependent and did not proceed
with NADPH. The purified protein gave a typical flavoprotein
absorption spectrum (data not shown) and contained 2 mol of
FAD per 1 mol of dimer. The FAD was tightly bound to the
protein, since dialysis against 1.5 M KBr did not remove the
cofactor. Dialysis against 1.5 M guanidinium hydrochloride
removed the FAD, but the apoenzyme could no longer be
reconstituted to the holoenzyme. It was, however, possible to
prepare apoenzyme by precipitation with 50% (NH4)2SO4 at
pH 2.0 (21). The apoenzyme preparation showed 40% of the
activity of the holoenzyme. Incubation of the apoenzyme with
100 mM FAD recovered 90% of the initial holoenzyme activity.
Reconstitution of holoenzyme from apoenzyme and various
flavins identified the cofactor as FAD, and apparent Kd values
of 3 3 1027 M for FAD and 2 3 1025 M for NADH were
determined. The purified enzyme had a specific activity of 90

TABLE 1. Substrate specificity of 2,6 DHPHa

Substrate
Specific activity

(U/mg of
protein)

% Activity in
presence of

2,6-DHP

90 100

0 52

0 0

0 0

0 49

0 45

a One unit is defined as the conversion of 1 mmol of 2,6-dihydroxypyridine
(2,6-DHP) to 1 mmol of 2,3,6-trihydroxypyridine per min.
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U/mg at the pH optimum of 8.0 and at the temperature
optimum of 20°C. Under these conditions, the enzyme
showed a Km of 8.3 3 1026 M, a Vmax of 4.7 3 1025 mol/min,
and a kcat of 3.9 3 1026 s21. In contrast to what was ob-
served by Holmes and Rittenberg (19) with a partially pu-
rified enzyme preparation, the purified enzyme was stable at
4°C and no rapid inactivation at 30°C was observed. The
enzyme was inactivated at 52°C. Table 1 summarizes the
enzyme activities obtained with substrate analogs. Only the
pyridine ring hydroxylated in positions 2 and 6 served as a
substrate. 2,3-Dihydroxypyridine and 2,6-dimethoxypyridine
acted as irreversible inhibitors.

DISCUSSION

The deduced protein sequences of the ORFs of the gene
cluster of pAO1 of A. nicotinovorans show a significant degree
of similarity to known or hypothetical proteins of Streptomyces
and Mycobacterium species. This finding may reflect the gen-
eral relatedness of the genus Arthrobacter with Streptomyces
and Mycobacterium. It may, however, also reflect gene transfer
by catabolic plasmids, like pAO1, between species of these
genera of soil bacteria. A gene cluster structured similarly to
the nic gene cluster on pAO1 may be found on the Mycobac-
terium tuberculosis chromosome. It consists of the ORFs
Rv0374c, Rv0375c, and Rv0373c, encoding the large, small,

FIG. 2. Characterization of the 27,690-bp region of A. nicotinovorans pAO1 involved in nicotine degradation, showing the physical and genetic
map of the nic gene cluster. Genes encoding known enzymes of nicotine degradation are shaded dark gray and are indicated by the corresponding
abbreviation. ORFs proposed to encode proteins involved in nicotine degradation are shaded light gray, ORFs encoding hypothetical transcription
factors are indicated in black, and ORFs with no similarity to known ORFs in data banks are unshaded. Gaps between gene subclusters are
indicated in base pairs (bp) above the schematically drawn ORFs. Tn, transposase.

TABLE 2. Features associated with ORFs of the nic gene cluster

Designationa Basis of comparison
% Similarity/% identity to published sequence (accession no.) in:

Streptomyces Mycobacterium Other genus

ORF124 Secreted hypothetical protein 80/39 in 112 aa (Q9KXP7)
ORF78 Secreted hypothetical protein 61/35 in 70 aa (Q9KXP8)
ORF64 None
ORF103 None
ORF393 Putative regulatory protein 67/37 in 100 aa (Q9XAJ6) 63/37 in 99 aa (Q06829)
ORF407 LuxR-type activator 64/37 in 124 aa (Q9XAJ6) 60/28 in 261 aa (Q50018)
ORF116 Hypothetical protein 61/28 in 99 aa (Q9KZG3)
ORF367 Rapamycin resistance 60/31 in 207 aa (Q54287)
ORF106 Putative hydrolase 74/53 in 19 aa (Q9RK75)
ORF310 Polyketide cyclase 64/31 in 85 aa (Q9RN54)
ORF235 CoxG 78/40 in 151 aa (O53704) 65/23 in 138 aa b (Q9KX24)
ORF294 C-N hydrolase 70/43 in 221 aa (Q9XA70)
ORF297 MoxR 76/47 in 278 aa (O53705) 82/50 in 273 aac (Q9RWP5)
ORF363 CoxE 66/35 in 216 aa (O53703) 63/31 in 348 aab (QKX26)
ORF377 CoxI, CoxF 77/48 in 168 aa (Q9ZBN5) 76/54 in 155 aa (O53711) 45/29 in 98 aab (Q9KX25)

53/32 in 94 aab (Q9KX22)
ORF117 None
ORF204 MobA 74/45 in 188 aa (Q9RKU8) 68/36 in 112 aa (O53706)
ORF70 None
ORF223 None
ORF96 D Transposase 66/41 in 53 aa (Q49592)

a The locations of the ORFs within the DNA fragment are documented in GenBank, accession no. AF373840. aa, amino acids.
b Sequence from Oligotropha carboxidovorans.
c Sequence from D. radiodurans.

VOL. 183, 2001 nic GENE CLUSTER OF pAO1 5265



and medium-sized subunits, respectively, of a hypothetical mo-
lybdenum enzyme, and the ORFs Rv0368c, Rv0369c, Rv0370c,
Rv0371c, and Rv0376c (6) with similarity to the pAO1
ORF368, ORF235, ORF363, MobA, and ORF377 (Table 2).
The IS1473 element at one end of the gene cluster and the
transposase-similar ORF on the other end of the gene cluster
make a transposition event in the origin of the gene cluster on
pAO1 likely.

The known and the deduced enzymatic functions of the
predicted products of the ORFs of the nic gene cluster may be
correlated to individual steps in nicotine degradation. The first
two hydroxylations of the pyridine ring of nicotine in positions
6 and 2 (Fig. 1, steps I and III) are performed by the related,
heterotrimeric, FAD-, [Fe-S] cluster-, and MoCo-dependent
enzymes NDH and KDH. Oxidation of the pyrrolidine ring is
performed by 6HLNO (Fig. 1, step II). A. nicotinovorans ex-
tracts prepared from bacteria grown on D,L-nicotine contain
6-hydroxy-D-nicotine oxidase activity (9). The gene of this en-
zyme is not part of the gene cluster described here, but it was
located on pAO1, 15,738 bp downstream from the IS1473
(G. L. Igloi and R. Brandsch, unpublished results). Since D-
nicotine is not synthesized by the plant, the natural substrate of
6-hydroxy-D-nicotine oxidase remains speculative. Cleavage of
the side chain of 2,6-dihydroxypseudooxynicotine (Fig. 1, step
IV) may be performed by the products of ORF106 and
ORF310 preceding the ORF for 2,6-DHPH, with which they
may form a translational unit (Fig. 2). g-Methylaminobutyrate
and 2,6-dihydroxypyridine were identified as the products of
this reaction (15, 20). Gherna et al. (15) formulated the reac-
tion as a hydrolysis and pointed out that, although the bio-
chemical hydrolytic replacement of the side chain of an aro-
matic ring is unusual, the reaction has precedence in the
thiolysis of b-keto-acyl-coenzyme A compounds. The similarity
of the hypothetical protein of ORF310 preceding 2,6-DHPH to
thiol esterases fits this assumption. The gene encoding 2,6-
DHPH, which performs the third hydroxylation of the pyridine
ring (Fig. 1, step V), has been identified during this work,
cloned, and overexpressed in E. coli. The purified protein was
shown to be 2,6-DHPH. We propose that ring opening of
2,3,6-trihydroxypyridine is performed by the hypothetical pro-
tein, similar to endopeptidases (Table 2, ORF367) at the pep-
tide bond of the hydroxylated pyridine ring in its amide reso-
nance form (Fig. 1). Ring opening was proposed to be
performed by a dioxygenase, in analogy to 2,5-dihydroxypyri-
dine ring opening by 2,5-dihydroxypyridine oxygenase in the
degradation of nicotinic acid (14). However, no ORF encoding
a putative dioxygenase was identified in this pAO1 gene clus-
ter. It cannot be excluded that such a dioxygenase is encoded
on pAO1, but from the organization of the gene cluster we
would expect such a gene to be part of the cluster. The hypo-
thetical nitrilase would then remove the amino group from the
linearized compound and the carbon skeleton would enter the
general metabolism.

The identification of the kdh gene for the large subunit
revealed that it forms a separate transcriptional unit from the
kdhM and kdhS genes. To our knowledge, this is the first
instance that such a gene arrangement has been found for a
bacterial trimeric molybdoenzyme. This finding raises the
question of how the coordinated expression of the KDH sub-
units is regulated. This regulation appears to be complex, given

the fact that two divergently transcribed putative transcrip-
tional regulators are positioned within the cluster of genes
related to enzymes of nicotine degradation. None of these
regulators shows similarity to the molybdenum-dependent
transcriptional regulator ModE of E. coli (25, 32), although
expression of ndh was shown to be molybdenum dependent
(16).

The hypothetical MobA protein for the molybdopterin cyt-
idine dinucleotide cofactor is encoded by an ORF which may
form a transcriptional unit with ORFs of no known functions
but that are presumed to be involved in the assembly of the
MoCo holoenzymes, attachment of the enzymes to the cell
membrane, and interaction with the respiratory chain (18, 28).
MobA could deliver, in the context of these proteins, the mo-
lybdopterin cytidine dinucleotide cofactor efficiently to the
membrane-associated KDH and NDH apoenzymes (16).

2,6-DHPH is specific for the heterocyclic aromatic com-
pound 2,6-dihydroxypyridine. 3-Hydroxyphenol (resorcine)
was not a substrate. In addition, the substrate must be hydroxy-
lated in positions 2 and 6. 2,3-Dihydroxypyridine was not ac-
cepted as substrate and acted, as did 2,6-dimethoxypyridine, as
an irreversible inhibitor. The monohydroxylated compound
2-hydroxypyridine was found to be a reversible inhibitor of the
reaction. Thus, the enzyme showed a narrow substrate speci-
ficity. Flavoprotein hydroxylases belong to an enzyme family
characterized by three amino acid fingerprint motifs involved
in FAD and NAD(P)H binding (11, 12). 2,6-DHPH clearly
belongs to the family of flavoprotein hydroxylases. However,
some remarkable differences are also evident. The fingerprint
motif GXGXXG of FAD- and NAD-dependent enzymes is
altered to GXSXXG. In the second characteristic motif of this
family, DXXXGXDGXK, which is involved in both FAD and
NAD(P)H binding, two charged residues are replaced by un-
charged polar (D3N) or uncharged hydrophobic (K3A) res-
idues. It has been shown by chemical modification that the K in
salicylate hydroxylase is important for NADH binding (34),
and similar results were obtained with mutants of parahydroxy-
benzoate hydroxylase (13). In the third fingerprint motif of this
family GDAAH, the H residue is replaced in 2,6-DHPH by V.
Despite these alterations in residues shown to be important for
cofactor binding, FAD is nevertheless tightly bound by the
enzyme. There are several FAD-dependent hydroxylases
known, with a loosely bound flavin cofactor, like 4-hydroxy-
benzoate hydroxylase (33). However, this enzyme shows the
same conserved amino acid sequences as those with tightly
bound FAD (11, 12). Apparently, additional amino acid resi-
dues other than those of the deduced fingerprint motifs may
stabilize the interaction of the apoenzymes with FAD in some
enzymes of this family.
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