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Abstract: A novel conserved sequence motif has been located 
among the flavoprotein hydroxylases. Based on the crystal struc- 
ture and site-directed mutagenesis studies of p-hydroxybenzoate 
hydroxylase (PHBH) from Pseudomonas  jluorescens, this amino 
acid fingerprint sequence is proposed to play a dual function in 
both FAD and NAD(P)H binding. In PHBH, the novel sequence 
motif (residues 153-166) includes strand A4 and the N-terminal 
part of helix H7. The conserved amino acids Asp 159, Gly 160, and 
Arg 166  are necessary for maintaining the structure. The backbone 
oxygen of Cys 158  and  backbone  nitrogens of Gly 160  and 
Phe 161 interact indirectly with the pyrophosphate moiety of FAD, 
whereas it is known from mutagenesis studies that the side chain 
of the moderately conserved His 162 is involved in  NADPH binding. 

Keywords: fingerprint;  flavoprotein  family;  NADPH-binding; 
p-hydroxybenzoate hydroxylase; sequence alignment 

Flavoprotein hydroxylases are monooxygenases that catalyze the 
insertion of one atom of molecular oxygen into the substrate, using 
pyridine nucleotides as external electron donor (van Berkel & 
Muller, 1991). These  enzymes play an important role in the bio- 
degradation of lignin-derived aromatic compounds as well as en- 
vironmental pollutants, and in the biosynthesis of sterols, antibiotics, 
and plant hormones. They lack a known fingerprint sequence for 
NAD(P)H binding, but possess two fingerprint motifs for the FAD 
binding. The first FAD motif identifies the dinucleotide binding 
pap-fold, which binds the ADP moiety of  FAD (Wierenga et al., 
1986), whereas the second motif represents residues that are in 
contact with the riboflavin moiety of FAD (Eggink  et al., 1990). 

PHBH (EC 1.14.13.2) is the prototype of FAD-dependent hy- 
droxylases, and the only enzyme in this class of flavoproteins for 
which a three-dimensional structure is known in atomic detail 
(Schreuder et al., 1989). The strictly NADPH-dependent enzyme 
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Wageningen  Agricultural University, Dreijenlaan 3,6703 HA Wageningen, 
The  Netherlands;  e-mail: willem.vanberkel@fad.bc.wau.nl. 

catalyzes the ortho-hydroxylation of 4-hydroxybenzoate into 3,4- 
dihydroxybenzoate via the transient stabilization of an oxygenated 
flavin intermediate (Entsch & van Berkel, 1995). The structure of 
PHBH is unusual because there is no NADPH-binding domain. So 
far, crystallographic analysis did not reveal a structure of the en- 
zyme complexed with NADPH, and soaking experiments with the 
coenzyme analogue ADPR resulted in displacement of  FAD  by 
ADPR (van der Laan et al., 1989). Site-directed mutagenesis stud- 
ies have pointed to the involvement of  Arg 44 (Eppink et al., 1995) 
and His 162 (Eppink  et al., 1997) in NADPH binding. From this 
and the properties of other mutants, a model for the mode of 
coenzyme binding was proposed (van Berkel et al., 1997). 

In the past few years, the number of flavoprotein hydroxylase 
cloned genes has increased tremendously, and about 50 amino acid 
sequences are known currently. Therefore, and in view of the 
unknown binding mode of NADPH in this class of flavoenzymes, 
it was of interest to search for the presence of conserved sequence 
motifs. This report describes the identification of a novel sequence 
motif in flavoprotein hydroxylases, which appears to be important 
for the binding of both FAD and NAD(P)H. 

Discussion: Sequence alignments have classified a number of gene 
products to flavoprotein hydroxylases (Kahn  et al., 1992; Kukor & 
Olsen, 1992; Nakahigashi et al., 1992; Blanco et al., 1993; Filip- 
pini et al., 1995; Haigler et al., 1996; Marin et al., 1996; Seibold 
et al., 1996; Tsuji et al., 1996; Yang et al., 1996). These sequence 
data, together with that of PHBH from Pseudomonas jluorescens 
(van Berkel, 1992), were the starting points for a thorough screen- 
ing of different databases. This search was performed with  BEAUTY, 
which is an BLAST-enhanced alignment utility that integrates mul- 
tiple biological information resources (Worley et al., 1995). From 
the 50 collected sequences, small groups were generated based 
on the different types of substrates: p-hydroxybenzoate (phb), 
2-hydroxybiphenyl (biph), phenol (phe), salicylate (sal), p-amino- 
benzoate (pab), polyketide (poly), 4-methyl-5-nitrocatechol (cat), 
epoxide  (epox), 2-methyl-3-hydroxypyridine-5-carboxylic acid 
(oxy), and a group of monooxygenases (mono) for which the func- 
tion is largely unknown. A multiple sequence alignment was per- 
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Fig. 1. Ribbon structure of p-hydroxybenzoate hydroxylase from Pseudo- 
monas Juoreucens. MOLSCRIPT (Kraulis, 199 I )  picture highlighting the 
conserved regions of the protein. GXGXXG sequence in red; DG sequence 
in blue; GD sequence in green. The FAD and aromatic substrate are de- 
picted in ball and stick representation. 

formed with the programs MACAW (Schuler et al., 1991) and 
ClustalW (Thompson et al., 1994) using the Blosum matrixes (Heni- 
koff & Henikoff, 1992). From the alignment of 50 flavoprotein 
hydroxylase sequences, three conserved regions could be deduced, 
which are  shown in Table 1. 

The first FAD fingerprint sequence, shown in Table 1 ,  is the 
well-known Rossmann fold or  Pap-fold (containing the GXGXXG 
sequence), a common motif among FAD- and NAD(P)H-dependent 
oxidoreductases (Wierenga et al., 1986). In PHBH, this fingerprint 
(residues 5-19) is important for binding the ADP moiety of  FAD 
(Fig. 1) .  The structural properties of this dinucleotide binding fold 
were reported more than I O  years ago  (Wierenga  et al., 1983, 
1985, 1986). 

The second FAD binding motif contains the GD sequence 
(Table 1) with the highly conserved Asp residue, which contacts 
the 0 3 ‘  of the ribose moiety of FAD (Eggink  et al., 1990). This 

common fingerprint sequence among  the family of FAD-dependent 
oxidoreductases differs somewhat between the disulfide oxidore- 
ductases and flavoprotein hydroxylases because the latter enzymes 
have more conserved residues downstream from the GD sequence 
(DiMarco  et al., 1993). In PHBH,  this fingerprint sequence (resi- 
due 278-308) is located partly at the re-side of the isoalloxazine 
ring of FAD, near the binding site of the aromatic substrate (Fig. 1 ; 
Schreuder  et al., 1989). 

Table 1 shows that the newly defined DG amino acid sequence 
is highly conserved among all flavoprotein hydroxylases studied. 
In PHBH, this short sequence motif comprises strand A4 and the 
N-terminal part of helix H7 (residues 153-166) of the FAD binding 
domain, and is situated near the cleft leading toward the active site 
(Fig. 1) .  Strand A4 (residue 154-157) is completely buried and 
multiple contacts are made with residues of both the FAD binding 
domain and a long excursion of the substrate binding domain. 
However, as  one of the referees pointed out, one could argue that 
this excursion, together with the FAD and the interface domain, 
forms  one large globular domain and that the contacts of strand A4 
are important for maintaining the integrity of this domain. The 
large turn (residues 158-163) that connects strand A4  and helix H7 
contains the strictly conserved residues Asp 159 and Gly 160. This 
Gly 160 faces the putative NADPH binding cleft  and its Phi/Psi 
angles (62.1/-174.8) are allowed for glycines, whereas they are 
disallowed for  other residues. Also, a side chain at this position 
would probably hinder binding of the cofactor. The structurally 
important and tightly packed residues Asp 159 and Gly 160 form 
hydrogen bonds with the backbone atoms of residues 163-165 
(Fig. 2). Indirect hydrogen bonds exist between the backbone ox- 
ygen of Cys 158 and backbone nitrogen of Gly 160, with the 
pyrophosphate moiety of FAD via protonated water molecules 
(Schreuder et al., 1989). From site-directed mutagenesis studies, it 
is known that replacement of Cys 158 by Ser decreases the affinity 
for FAD, probably by influencing the solvation of the pyrophos- 
phate moiety of FAD (van der Bolt et al., 1994). Mutagenesis 
studies also revealed that His 162 is very important for the binding 
of NADPH (Eppink  et al., 1997). Table 1 shows that this position 
in the conserved sequence motif almost always contains a posi- 
tively charged residue. Chemical modification of salicylate hy- 
droxylase has suggested that Lys 165, the equivalent of His 162  in 

A 

Fig. 2. Stereo picture of the novel conserved sequence motif in p-hydroxybenzoate hydroxylase. Close view of the turn region from 
amino acid 158-166, including the strong intradomain hydrogen bonds. 
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PHBH, is important for binding the pyrophosphate moiety of NADH 
(Suzuki et al., 1996a). Phe 161 in PHBH is not conserved in the 
fingerprint. Mutagenesis studies confirmed that replacement of 
Phe by Ala weakens NADPH binding, but that Phe 161 is not 
structurally important (van Berkel et al., 1997). Helix H7 is not 
regular (Schreuder et al., 1989) but, as in regular a-helices, all 
peptide dipoles point in approximately the same direction, giving 
rise to an overall helix dipole moment (Hol  et al., 1978). This helix 
H7 (residues 164-169) is located near the protein surface (Fig. 1). 
The highly conserved residue Arg 166 in this helix forms strong 
inter- and intradomain contacts with the backbone oxygens of 
Phe 161 and Ala 287 (Fig. 2). Substitution of Arg 166 by Ser led 
to significant structural changes in the Ca-backbone and destabi- 
lization of the mutant (van Berkel et al., 1997). 

In conclusion, a unique short amino acid sequence motif for 
flavoprotein hydroxylases is presented that seems to serve a dual 
function. Crystallographic analysis and site-directed mutagenesis 
studies of PHBH from f! fluorescens suggest that this sequence is 
involved indirectly in binding the pyrophosphate moiety of  FAD 
and that it is also necessary for the recognition of the NADPH 
cofactor. Although the mode of NADPH binding in PHBH is still 
unknown, helix H7 might be involved in binding the pyrophos- 
phate moiety of the pyridine nucleotide cofactor. There are two 
common characteristics of a dinucleotide binding fold (Wierenga 
et al., 1985) that probably also occur here. ( I )  A glycine residue 
near the N-terminus of a helix, to allow close contact with the 
pyrophosphate moiety: Gly 160 is located at such a position near 
the N-terminus of helix H7. (2) Favorable interaction of the helix 
dipole with the negatively charged pyrophosphate moiety: In the 
proposed model, the pyrophosphate moiety of NADPH is located 
near the positive end of the dipole of helix H7 (van Berkel et al., 
1997). The newly identified fingerprint is highly specific for fla- 
voprotein hydroxylases. Running BEAUTY with the sequence 
DFLVGADGIHSXVR (based on the alignment results and where 
X denotes all possibilities) yielded 48 of 52 flavoprotein hydrox- 
ylases present in the databases, and 5 unrelated proteins. Our fin- 
gerprint recognizes all different types of flavoprotein hydroxylases 
that are encoded by a single gene, something the current finger- 
prints cannot recognize. This  shows that our fingerprint is able to 
detect unambiguously flavoprotein hydroxylases, which will allow 
the identification of such enzymes among the millions of genes 
that are produced currently by the large scale whole-genome se- 
quencing efforts. 
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