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Crystal Structure of 3-Hydroxybenzoate 6-Hydroxylase
Uncovers Lipid-assisted Flavoprotein Strategy for
Regioselective Aromatic Hydroxylation*
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Background: 3-Hydroxybenzoate 6-hydroxylase (3HB6H) is a flavoprotein monooxygenase involved in the catabolism of
aromatic compounds in soil microorganisms.
Results: The enzyme crystal structure features natively bound phospholipids and a Tyr-His pair for substrate binding and
catalysis.
Conclusion: 3HB6H has a peculiar substrate-binding site that uses a bound lipid to help to discriminate between ortho- and
para-hydroxylation.
Significance: 3HB6H structure uncovers new flavoprotein strategy for regioselective aromatic hydroxylation.

3-Hydroxybenzoate 6-hydroxylase (3HB6H) from Rhodococ-
cus jostii RHA1 is a dimeric flavoprotein that catalyzes the
NADH- and oxygen-dependent para-hydroxylation of 3-hy-
droxybenzoate to 2,5-dihydroxybenzoate. In this study, we
report the crystal structure of 3HB6H as expressed in Esche-
richia coli. The overall fold of 3HB6H is similar to that of p-hy-
droxybenzoate hydroxylase and other flavoprotein aromatic
hydroxylases. Unexpectedly, a lipid ligand is bound to each
3HB6H monomer. Mass spectral analysis identified the ligand
as a mixture of phosphatidylglycerol and phosphatidylethanol-
amine. The fatty acid chains occupy hydrophobic channels that
deeply penetrate into the interior of the substrate-binding
domain of each subunit, whereas the hydrophilic part is exposed
on the protein surface, connecting the dimerization domains via
a few interactions.Most remarkably, the terminal part of a phos-
pholipid acyl chain is directly involved in the substrate-binding
site. Co-crystallized chloride ion and the crystal structure of the
H213S variant with bound 3-hydroxybenzoate provide hints
about oxygen activation and substrate hydroxylation. Essential
roles are played byHis-213 in catalysis and Tyr-105 in substrate
binding. This phospholipid-assisted strategy to control regiose-
lective aromatic hydroxylation is of relevance for optimization
of flavin-dependent biocatalysts.

Flavoprotein hydroxylases are involved in diverse biological
processes ranging from lignin degradation to the synthesis of
polyketide antibiotics (1, 2). They perform regioselective ortho-
or para-hydroxylation reactions on a narrow subset of sub-
strates with tightly regulated oxygen and coenzyme consump-
tion. The reaction cycle of flavoprotein hydroxylases consists of
two half-reactions (3). In the reductive half-reaction, the oxi-
dized flavin of the enzyme-substrate complex gets reduced by
NAD(P)H. The oxidative half-reaction involves the reaction of
reduced FAD with oxygen, the hydroxylation of the substrate,
and the regeneration of oxidized flavin. Most biochemically
characterized flavoprotein hydroxylases act on monophenols,
but the structural basis of this selectivity is unclear (1). Mem-
bers with known three-dimensional structure include p-hy-
droxybenzoate hydroxylase (PHBH)5 (4), phenol hydroxylase
(5), and 3-hydroxybenzoate 4-hydroxylase (3HB4H) (6). More
recently, structural data have become available on flavoprotein
hydroxylases that are active with pyridines (7, 8), phenazines
(9), and polyketides (10–13).
TheGram-positive actinomyceteRhodococcus jostiiRHA1 is

a rich source of flavoprotein hydroxylases (14). Together with
the genera Nocardia, Corynebacterium, and Mycobacterium,
Rhodococcus forms a distinct group of bacteria called mycolata
(15–17). These species are characterized by a complex cell
envelope and an impressive catabolic diversity, permitting
them to adapt to different carbon sources (18). In comparison
with other mycolata, R. jostii RHA1 is particularly rich in oxy-
genases (203 putative genes), gained primarily through ancient
gene duplications or acquisitions (19).
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3-Hydroxybenzoate 6-hydroxylase (3HB6H) from R. jostii
RHA1 participates in the gentisate pathway where it catalyzes
the para-hydroxylation of 3-hydroxybenzoate to gentisate
(Fig. 1). We recently established that 3HB6H is a dimeric flavo-
protein with each subunit containing a tightly but non-cova-
lently bound FAD.
3HB6H uses NADH as an electron donor and features

narrow substrate specificity. Besides 3-hydroxybenzoate, the
enzyme converts a limited number of 3-hydroxybenzoate ana-
logs to the corresponding gentisates (14).
Here we present the crystal structure of 3HB6H refined at

1.51-Å resolution, which reveals that the protein harbors
natively bound phospholipids. We found that 3HB6H shares a
common fold with other flavoprotein hydroxylases and that the
domain architecture and topology is closest to family members
that catalyze para-hydroxylation reactions. To gain insight into
the structural determinants of the regioselectivity of flavoprotein-
dependent 3-hydroxybenzoate hydroxylation, we addressed the
mode of substrate binding in 3HB6H and the role of putative
active site residues in catalysis. The results uncover a strategy in
which a flavoproteinmonooxygenase uses a phospholipid chain
and properly positioned residues to achieve regioselective
para-hydroxylation.

EXPERIMENTAL PROCEDURES

Chemicals—Pfu DNA polymerase, DpnI, and dNTPs were
purchased from Invitrogen. Oligonucleotides were synthesized
by Eurogentec (Liege, Belgium). Escherichia coli TOP10 was
from Invitrogen. Aromatic compounds were purchased from
Sigma-Aldrich and Acros Organics (Fair Lawn, NJ). Crystalli-
zation kits were purchased from New Hampton (Aliso Viejo,
CA). All other chemicals were from commercial sources and of
the purest grade available.
Cloning andSite-directedMutagenesis—3HB6Hvariantswere

constructed using pBAD-3HB6H-His6 as template using the
QuikChange I protocol (Stratagene, La Jolla, CA). Oligonucleotides
used were Y105F_fw (5�-GCTACGGCGGACCGTTTTTCGT-
GACCCATCG-3�), H213A_fw (5�CGGACCGCGGTGCGCATT-
CATCCAGTACCC-3�), H213S_fw (5�CGGACCGCGGTGCT-
CATTCATCCAGTACCC-3�), and Q301E_fw (5�-GCACCC-
GCCACTGGAATACCTGGCCTCG-3�) with the codon ex-
changed underlined. Successful mutagenesis was confirmed by
automated sequencing. Resulting constructs were electropor-
ated to E. coli TOP10 (Invitrogen) for recombinant expression.
Protein Production—3HB6H fromR. jostiiRHA1and3HB6H

variants were expressed in E. coli and purified as C-terminal
His6-tagged protein as described previously (14).
Crystallization and Structure Determination—Crystals for

structure determination were obtained by the sitting drop
vapor diffusionmethod at 20 °C bymixing equal volumes (2 �l)
of protein and reservoir solutions. Protein solutions consisted
of 30 mg of enzyme/ml (0.625 mM) in 1 mM FAD, 2 mM 3-hy-
droxybenzoate, and 50 mM Bis-Tris (pH 7.2), whereas precipi-
tant solutions consisted of 28%PEG4000, 0.2 M sodium acetate,
and 0.1 M Tris-HCl (pH 8.5). Yellow crystals grew in 1 day. A
platinum derivative was obtained by soaking the 3HB6H crys-
tals for 16 h in 20 �l of reservoir solution containing 0.5 mMFIGURE 1. Reaction catalyzed by 3HB6H.

TABLE 1
Crystallographic data collection and refinement statistics
r.m.s., root mean square; r.m.s.d., root mean square deviation.

Platinum derivative Wild type H213S Q301E Y105F

Protein Data Bank code 4BJY 4BJZ 4BK1 4BK2 4BK3
Beamline PX1-X06SA Proxima1 ID14eh4 ID14eh4 ID14eh4
Unit cell (Å) a � b � 106.6, c � 142.3 a � b � 106.8, c � 142.7 a � b � 105.8, c � 142.3 a � b � 106.8, c � 142.7 a � b � 106.4, c � 142.6
Space group I4122 I4122 I4122 I4122 I4122
Resolution (Å) 1.52 1.51 1.73 2.47 1.78
Wavelength (Å) 0.934 0.980 0.976 0.976 0.976
f� 11.68
f� 16.72
Rsym

a,b (%) 5.9 (57.6) 8.2 (68.5) 6.1 (20.2) 1.1 (2.4) 13.8 (54.3)
CC1⁄2b,c 1.00 (0.96) 1.00 (0.55) 0.99 (0.97) 1.00 (0.98) 0.99 (0.83)
CC*b,c 1.00 (0.99) 1.00 (0.84) 1.00 (0.99) 1.00 (0.99) 1.00 (0.95)
Completenessb (%) 100 (100) 99.2 (99.4) 97.6 (99.3) 99.9 (100) 99.5 (100)
Unique reflections 62,993 63,875 40,940 15,081 39,090
Redundancyb 23.7 (24.3) 3.5 (3.6) 3.4 (3.2) 9.4 (9.4) 6.8 (6.4)
I/�b 33.5 (6.6) 7.6 (1.5) 12.3 (4.6) 14.3 (8.4) 7.5 (2.3)
No. of atoms 3,448 3,636 3,527 3,242 3,484
Rcryst

d (%) 17.4 16.8 15.8 17.3 15.9
Rfree

d (%) 20.5 20.1 20.1 24.1 20.6
r.m.s. bond length (Å) 0.021 0.019 0.021 0.015 0.020
r.m.s. bond angles (°) 2.10 1.93 2.04 1.65 1.98
r.m.s.d. (Å) 0.1790 0.1829 0.1132
Residues 389 393 395

a Rsym � ��Ii � I�/�Ii where Ii is the intensity of ith observation and I is the mean intensity of the reflection.
b Values in parentheses are for reflections in the highest resolution shell. CC1/2: Pearson correlation coefficient between the average intensities of each subset. CC*: correla-
tion of observed data set with underlying true signal.

c Ref. 28.
d Rcryst � ��Fobs � Fcalc�/�Fobs where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. Rcryst and Rfree were calculated using the work-
ing and test set, respectively.
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K2Pt(NO2)4 dissolved in DMSO. Crystals of 3HB6H variants
were obtained with the same method, temperature, and vol-
umes in a reservoir solution consisting of 30% PEG 4000, 0.2 M

LiSO4, and 0.1 MTris-HCl (pH 8.5). TheH213Amutant did not
produce good crystals. X-ray diffraction data were collected at
the European Synchrotron Radiation Facility synchrotron
source (Grenoble, France) and Swiss Light Source (Villigen,
Switzerland) and processed with the CCP4 package (20, 21).
The structure was solved by the single wavelength anoma-
lous dispersion method by using the pipeline SHELXC/D/E
(22) and ARP/wARP for the model building (23) and refined
with REFMAC5 (24) and Coot (25). Pictures were generated
with the programs PyMOL (26) and CCP4mg (27). Data col-
lection parameters and final refinement statistics are listed
in Table 1 (28).
Analytical Methods—Enzyme concentrations were deter-

mined by measuring the absorbance of protein-bound FAD
(14) using the following molar absorption coefficients: 3HB6H,
�453 � 10.3 mM�1 cm�1; Y105F, �450 � 10.4 mM�1 cm�1;
H213A, �457 � 9.8 mM�1 cm�1; H213S, �451 � 9.9 mM�1 cm�1;
Q301E, �446 � 10.8 mM�1 cm�1.
Activity Measurements—3HB6H activity was routinely assayed

by following the decrease in absorbance of NADH at 360 nm at
25 °C on a Hewlett-Packard 8453 diode array spectrophotom-
eter. Reactionswere performed in 50mMTris-SO4 (pH 8.0) and
10 �M FAD and started by addition of 46 nM enzyme. Initial
rates were calculated using amolar absorption coefficient (�360)
of 4.31 mM�1 cm�1 (14). One unit of enzyme activity is defined
as the amount of enzyme that consumes 1�mol ofNADH/min.
Oxygen Consumption—An OxyTherm Clark-type oxygen

electrode system (Hansatech, Norfolk, UK) was used to deter-
mine the hydroxylation efficiency of 3HB6H variants toward
different aromatic substrates. The assay solution (final volume,
1.0 ml) contained 350 �M aromatic substrate, 250 �M NADH,
and 1–10 �M enzyme in 50mM air-saturated Tris-SO4 (pH 8.0)
at 25 °C. At the end of the reaction, the amount of hydrogen

peroxide produced was determined by adding 20 �g of catalase
(2 H2O23O2 � 2 H2O).
Substrate Binding—The interaction of 3HB6H (25 �M) with

substrate analogs was studied in 50 mM Tris-SO4 (pH 8.0). Dis-
sociation constants (Kd) of enzyme-substrate complexes were
determined from flavin absorption difference spectra essen-
tially as described elsewhere (14).
Lipid Identification—Identification of protein-bound lipids

was performed as follows. Extraction of lipids was achieved by
mixing 100 �l of buffer-exchanged protein solution (50 mM

ammoniumacetate (pH6.8)) with 267�l of chloroformand 133
�l of methanol in a glass reaction tube. Once phase separation

FIGURE 2. Overall structure of 3HB6H and domains organization. A, schematic view of 3HB6H monomer. B, schematic view of 3HB6H dimer. The FAD-
binding domain (residues 1–73 and 94 –175) is depicted in green, substrate-binding domain (residues 74 –93 and 176 –302) is in red, and dimerization domain
(residues 303–398) is in blue. FAD is shown as a stick model with flavin carbon in yellow, nitrogens in blue, oxygens in red, and phosphorous atoms in brown.
Phosphatidylglycerol is shown as a stick model with lipid carbon in light green. The solvent-accessible surface area of each monomer buried upon dimer
formation is 7200 Å2.

TABLE 2
DALI alignment

Protein Data
Bank code Z-scorea r.m.s.d.b lalic nresd ide Namef

%
3RP6 44.5 2.4 371 392 22 HpXO
3ALL 39.8 2.6 346 371 23 MHPCO
3C96 38.9 2.3 341 381 26 PhzS
2VOU 37.1 2.6 349 393 22 DHPH
1D7L 34.6 3.0 352 394 14 PHBH
2Y6Q 34.3 3.2 345 368 15 TetX2
2X3N 33.5 3.1 342 364 20 FAD-dependent

monooxygenase
3IHG 32.1 3.1 352 535 15 Aklavinone 11-

hydroxylase
3EIT 31.7 3.1 338 437 17 CndH

halogenase
3FMW 31.6 3.3 347 489 19 MtmOIV
2DKI 31.5 3.3 341 615 17 3HB4H
3NIX 31.5 3.2 353 407 15 Flavoprotein

dehydrogenase
1FOH 30.6 3.1 357 656 14 PHHY

a Calculated on DALI server on February 15, 2013 (51).
b Root mean square deviation.
c Number of aligned positions.
d Number of residues in matched structure.
e Sequence identify of aligned positions.
f HpXO, Urate oxidase; MHPCO, 2-methyl-3-hydroxypyridine-5-carboxylic acid
oxygenase; PhzS, phenazine hydroxylase; DHPH, 2,6-dihydroxypyridine 3-hy-
droxylase; TetX2, tetracycline 11-hydroxylase; CndH halogenase, chondrochlo-
ren halogenase; MtmOIV, mithramycin monooxygenase; PHHY, phenol
hydroxylase.
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was reached, the chloroform phase was extracted using a Pas-
teur pipette and collected in a new reaction tube. Evaporation
of the organic phasewas done by flushingwith nitrogen gas, and
the dry sample was dissolved in 15 �l of isopropanol and
analyzed.
Electrospray ionization-MS or -MS/MS analysis of lipid

identification was performed on a Quattro Ultima nanoflow

triple quadrupolemass spectrometer (Micromass,Manchester,
UK) equipped with a Z-spray nanoelectrospray ionization
source. All measurements were performed by operating in the
positive and negative ion modes using gold-coated needles
made with borosilicate glass capillaries (Kwik-Fill, World Pre-
cision Instruments, Sarasota, FL) on a P-97 puller (from Sutter
Instruments, Novato, CA). The needles were coatedwith a gold

FIGURE 3. Structure-based sequence alignment of flavoprotein aromatic hydroxylases. From top, 3HB6H, 2-methyl-3-hydroxypyridine-5-carboxylic acid
oxygenase (MHPCO; Protein Data Bank code 3ALL), flavin-containing monooxygenase PhzS (Protein Data Bank code 3C96), 2,6-dihydroxypyridine-3-hydrox-
ylase (DHPH; Protein Data Bank code 2VOU), and PHBH (Protein Data Bank code 1D7L) are shown. Secondary structure elements of 3HB6H are indicated above the
alignment and are colored according to the respective domain (see Fig. 2). Residues involved in direct FAD contact (yellow circles), chloride contact (green circles), and
lipid contact (blue circles) are indicated. Conservation of amino acid residues in fingerprint sequences: identical residues (*), conserved substitutions (:), semi-conserved
substitutions (.). 3HB6H and PHBH residues involved in dimerization are in regular font. Shading of amino acid residues depends on their chemical characteristics.
Structural alignment was done by STRAP (52) and edited in ClustalW (53).
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layer, which was performed by an Edwards Scancoat Six Pirani
501 sputter coater (Edwards Laboratories, Milpitas, CA). Mass
spectra were recorded with a capillary voltage of 1.3 kV and a
cone voltage of 150 V. For MS/MS, argon was supplied in the
collision cell (2.0 � 10�3 mbar). Collision energy was adjusted
to gain optimal fragmentation.

RESULTS

Overall Structure of 3HB6H—The structure of 3HB6H was
solved at 1.51-Å resolution using the single wavelength anom-
alous dispersion method (Table 1). The final model of 3HB6H
monomer (Fig. 2) contains one molecule of FAD, one chloride
ion, and a phospholipid ligand. All protein residues (except the
N-terminal 1–2 residues andC-terminal 25 residues containing
a spacer and the His6 tag) have well defined ordered conforma-
tions. The three-dimensional structure of 3HB6H is similar to
that of PHBH and other flavoprotein hydroxylases (1, 2). A
DALI structural homolog search (Table 2) revealed that despite
a relatively low sequence identity (14–26%) most parts of the
protein could be structurally aligned with related flavoprotein
hydroxylases (Fig. 3).
FAD-bindingDomain—TheFAD-binding domain contains a

Rossmann fold for binding the ADPmoiety of the cofactor. The
isoalloxazine ring of FAD is located in the interior of the protein
at the interface between the FAD- and substrate-binding
domains. FAD contacts around 30 residues along the polypep-
tide chain (Figs. 3 and 4A), resulting in a tight protein-cofactor
interaction. One-third of the protein-FAD contacts are strictly
conserved among flavoprotein hydroxylases and cluster around
the three fingerprint sequences (29).
For PHBH, it was observed that the isoalloxazine ring of FAD

occupies different conformations: in, out, and open (30, 31).
The out conformation enables flavin reduction, the in confor-
mation ensures substrate hydroxylation during the oxidative
half-reaction, and the open conformation allows substrate/
product binding and release. In 3HB6H, the flavin ring has a
well defined electron density and was refined with full occu-
pancy in the in conformation (Fig. 4A), similarly to the FAD
conformation of the substrate-free forms of 2-methyl-3-hy-
droxypyridine-5-carboxylic acid oxygenase and 2,6-dihydroxy-
pyridine 3-hydroxylase. Earlier studies with PHBH have indi-
cated that the FAD domain plays a crucial role in NADPH
binding (32, 33) and that a small helix near the protein surface is
the key determinant for the coenzyme specificity (34). The
absence of this surface helix in 3HB6H does not explain the
NADH preference of the enzyme.
Substrate-binding Domain—The active site of 3HB6H is

formed by residues of the FAD- and substrate-binding
domains. Although wild-type 3HB6H crystals were prepared
with excess 3-hydroxybenzoate in the crystallization drop, no
electron density for the aromatic substrate was found in the
active site (Fig. 4A). Crystals contain a chloride ion interacting
with Gln-301, Ala-304, and Gly-306 at 4-Å distance from flavin
C4a.
Dimerization Domain—3HB6H is a dimer both in solution

(14) and in the crystal form (Fig. 2B). Among structurally
related proteins, PHBHshows similar dimer association. PHBH
uses three helices to form a hydrophobic dimerization interface

with a few salt bridges (35, 36). Compared with PHBH, in
3HB6H, there are fewer intermonomer contacts, and
dimer interactions occur mainly via one helix (H12H13* and
H13H13*) (Figs. 2B and 3).
Lipid Binding and Identification—Electron density of a lipid-

like ligand was observed in all 3HB6H structures (Fig. 4, B and
C). Tentatively, a phospholipid with two chains of 16 carbons

FIGURE 4. Detailed view of cofactor binding, active site, and lipid-binding
site of 3HB6H. A, weighted 2Fo � Fc electron density of FAD contoured at
1.5�. The bound chloride is represented as an orange sphere. Residues
involved in chloride binding are depicted as sticks. The C4a atom of the flavin
is labeled. FAD is shown as a stick model with flavin carbons in yellow, nitro-
gens in blue, oxygens in red, and phosphorous atoms in brown. B, stick repre-
sentation of natively bound lipids in the weighted 2Fo � Fc electron density
map contoured at 1.5�. Phosphatidylglycerol is shown as a stick model with
carbons in light green, nitrogens in blue, oxygens in red, and phosphorous
atoms in purple. C, 3HB6H surface representation (transparency, 0.2) with lipid
represented as sticks.
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was modeled on the basis of the electron density in the differ-
ence Fourier map (Fig. 4B). The lipid is inserted in a tunnel,
which runs from the protein surface to the active site (Fig. 4C).
In the tunnel, the lipid contacts hydrophobic and aliphatic res-
idues. Some interaction occurs between the phospholipid and
the oppositemonomer (Fig. 2B). From the crystal structure, the
exact identity of the phospholipid was difficult to assign as the
density of the headgroup is poorly defined. Detailed assignment
of the phospholipid was achieved by mass spectral analysis of
the low molecular weight components extracted from dena-
tured 3HB6H. The mass spectrum (Fig. 5) showed four main
peaks withm/z values of 693, 719, 721, and 733 (Fig. 5, peaks 3
and 6–8) in the negative mode and three main peaks in the
positivemodewithm/z values of 726, 739, and 779, respectively
(Fig. 5, peaks 3*, 4*, and 8*). Fragmentation analysis and com-
parison with E. coli lipid MS spectra (37–40) led to the match-
ing of themass peaks with either phosphatidylglycerol or phos-
phatidylethanolamine with aliphatic chains ranging from 14 to
19 carbons (Table 3). Phosphatidylglycerols were visible both in
negative and positive modes as complexes with two sodium
molecules, whereas phosphatidylethanolamines in the positive
mode mostly were found in complex with one sodium ion.
Investigation of Substrate Binding and Catalytic Residues—

Putative active site residues and orientation of the substrate
were initially inferred from comparison of the native 3HB6H
structure with those of other flavoprotein hydroxylases (Fig. 6).
Based on these structural comparisons, we hypothesized that
residues Tyr-105, His-213, and Gln-301 could be predictably
involved in binding of the substrate, especially in the interac-
tions with its carboxylate and hydroxyl groups. To probe the
role of these catalytic residues, the enzyme variants Y105F,
H213A, H213S, and Q301E were expressed and purified. The
mutant proteins were analyzed for their catalytic and binding
properties with 3-hydroxybenzoate (Table 4 and Fig. 7). Com-
paredwithwild-type enzyme, Y105F showed less affinity for the
aromatic substratewith a 14-fold increase inKd (Fig. 7).Weaker
substrate binding does not affect the hydroxylation efficiency
(�90% coupling) and turnover rate. Due to a 4-fold higher

apparent Km, Y105F has a lower specificity constant (kcat/Km)
than wild-type enzyme. H213A turned out to be inactive. No
NADH oxidation was observed under standard assay condi-
tions, although at very high (10 �M) enzyme concentrations,
NADHwas slowly consumed. Intriguingly, the strength of sub-
strate binding is not affected by theHis-2133Ala replacement
(Fig. 7B and Table 4). H213S and Q301E were also inactive
(Table 4). With these variants, no characteristic perturbations
in the absorption spectrum of protein-bound FAD occurred in
the presence of 3-hydroxybenzoate (Fig. 7A).
Crystal structures were obtained of Y105F, H213S, and

Q301E (Table 1). The H213S mutant shows a small modifica-
tion in the active site structure with the side chain of Gln-301
rotating away from the conformation present in the wild-type

FIGURE 5. Lipid identification by mass spectrometry. Electrospray ionization-MS spectrum of extracted lipids in negative mode (top panel) and positive
mode (bottom panel). Natively bound lipids of 3HB6H are shown in the mass range 650 – 810 m/z. Identification of the numbered peaks is listed in Table 4.

TABLE 3
Lipid identification by mass spectrometry
PG, phosphatidylglycerol; PE, phosphatidylethanolamine; ND, not determined; cy,
cyclic.

MSmode m/z [M � H] Abbreviation

[M � H]
1 665 PG C14:0/C14:0
2 691 PG C14:0/C16:1
3 693 PG C14:0/C14:0
4 702 PE C16:0/cyC17:0

PG C14:0/cyC17:0
5 705 PG C15:0/C16:1

PG C14:0/C18:1
6 719 PG C15:0/cyC17:0

PG C16:0/C16:1
7 721 PG C16:0/C16:0
8 733 PG C16:0/cyC17:0
9 747 PG C16:0/C18:1
10 761 PG C16:0/cyC19:0

[M � H]a
1* 684 ND PE C14:0/C16:1 (661)
2* 711 1
3* 726 4
4* 739 3
5* 748 4
6* 765 6
7* 767 7
8* 779 8
9* 793 9

a Peaks 1* and 3* contain one sodium ion; the other peaks contain two sodium
ions. Parenthetical value represents mass of peak 1* without sodium ion.
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enzyme (Fig. 6, B and C). Furthermore, although all variants
were crystallized in the presence of 3-hydroxybenzoate, H213S
crystals were the only ones to contain a bound substrate (Fig.

6C). The ligand carboxylate group is H-bonded to Gln-49 and
Tyr-217, whereas the phenyl ring interacts with the C4a-N5
locus of the flavin, the terminal part of a phospholipid aliphatic
chain, and Ser-213. As gathered from the electron density, the
substrate binds in two conformations flipped by 180° around
the C1-C4 axis of the aromatic ring (Fig. 6C). The double ori-
entation is likely to be a consequence of the disruption of the
anchoring point for the substrate 3-hydroxyl group caused by
theH213Smutation and the conformational change ofGln-301
(Fig. 6, B–D). This feature may also explain why this mutant
exhibits no spectroscopic perturbation upon substrate binding,
although, at least in the crystallization conditions, substrate
affinity is sufficiently tight to permit crystallographic analysis.

FIGURE 6. Substrate-binding site in 3HB6H and other FAD-dependent aromatic hydroxylases. A, PHBH (Protein Data Bank code 1PBE) and 3HB4H (Protein
Data Bank code 2DHK) active site. FAD is shown as a stick model with flavin carbons in yellow, nitrogens in blue, and oxygens in red. The FAD is in the in
conformation. Aromatic substrate is shown as a stick model with carbons in green and oxygens in red. Residues important for substrate binding are depicted
as stick models with carbons in cyan, nitrogens in blue, and oxygens in red. B, close-up view of the wild-type 3HB6H active site approximately in the same
orientation as those of PHBH and 3HB4H shown in A. Bound phospholipid (P3A) is shown as a stick model with carbons in light green, oxygens in red, and
phosphorous atoms in purple. C, H213S active site with bound 3-hydroxybenzoate in the weighted 2Fo � Fc electron density map contoured at 1.4� (blue) and
0.9� levels. The electron density indicates that the substrate is bound with two conformations (i.e. rotation around the C1-C4 axis) that were refined with the
atomic occupancies set to a 0.5 value for all substrate atoms. D, 3HB6H active site with bound 3-hydroxybenzoate as observed in the structure of the H213S
mutant. The figure also shows the position of the substrate as bound in 3HB4H (gray carbons; generated by superposing 3HB4H onto 3HB6H C� atoms).
Possible H-bonds are shown as dashed lines. The sites of hydroxylation (C4 in 3HB4H and C6 in 3HB6H) are indicated by spheres.

TABLE 4
Kinetic parameters and 3-hydroxybenzoate binding of 3HB6H variants
Data are presented as the mean � S.D. of at least two independent experiments. —,
no binding observed.

Enzyme Kd Km kcat
�M �M s�1

Wild type 48 � 2 27 � 3 36 � 1
Y105F 644 � 53 186 � 22 41 � 2
H213A 61 � 5 — Inactive
H213S — — Inactive
Q301E — — Inactive
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The Y105F and Q301E mutant structures are virtually iden-
tical to the native protein except for the side chain substitution.
The network shown in Fig. 6D shows Tyr-105 hydrogen bond-
ing to the carbonyl of Gln-49 whose amide hydrogen bonds to
the carboxylate of the substrate. Eliminating the Tyr-Gln
hydrogen bond could either make the amide less polarized,
decreasing the partial positive charge on the nitrogen and caus-
ing a weaker hydrogen bond, or allow the amide to rotate 180°
so that the carbonyl of theGln faces the carboxylate, preventing
the hydrogen bond. Collectively, these findings provide the
foundation for defining a structural framework to substrate
binding and hydroxylation.

DISCUSSION

Chloride Binding—A chloride ion was found to bind in front
of the flavin ring in direct contact with the pyrimidinemoiety of
the cofactor and the NH backbone atoms of residues 304 and
305 (Fig. 4A). This binding site corresponds to the niche pre-
dicted to host the oxygen atoms of the flavin-hydroperoxide
adduct formed upon reaction of the reduced flavinwith oxygen.
In this context, it is noticeable that many flavoprotein hydroxy-
lases are inhibited by chloride ions (41, 42). For instance, stud-
ies with PHBH showed a competitive mode of inhibition with

respect to NADPH and a mixed-type inhibition with respect to
the physiological substrate 4-hydroxybenzoate (43). 3HB6H is
no exception because it also exhibits similar mixed-type inhibi-
tionwith chloride ions (Fig. 8). Collectively, these findings indi-
cate that the negatively charged chlorine can both interfere
with the binding and/or reactivity of the enzyme with oxygen,
NADH, or both.
Lipid Binding—Anon-covalently bound phospholipid mole-

cule was found in each monomer of 3HB6H in the crystallo-
graphic model. The fatty acid chains occupy hydrophobic
channels that deeply penetrate into the interior of the sub-
strate-binding domain, whereas the hydrophilic portion of the
molecule protrudes out of the protein surface, connecting the
dimerization domains via a few interactions. Any attempt to
natively remove the lipid from the protein by using beads (44),
detergents, or reversible unfolding failed, indicating that the
binding of the phospholipid is very strong. Interestingly, the
flavoenzyme 6-hydroxy-L-nicotine oxidase from Arthrobacter
nicotinovorans (45) also contains a similarly bound phospho-
lipid molecule, which remains to be functionally characterized.
In the case of 3HB6H, it is interesting to observe that the
enzyme presents a different dimerization interface with respect
to that of PHBH despite similar secondary structure organiza-

FIGURE 7. Substrate binding properties of 3HB6H active site variants. A, optical spectra of 3HB6HWT, H213A, H213S, Y105F, and Q301E. Solid line, free
enzyme; dashed line, enzyme in complex with 3-hydroxybenzoate (1.3 mM). B, absorbance (Abs) difference spectra of H213A and Y105F titrated with increasing
substrate concentrations. For clarity, only selected spectra are shown. C, dissociation constants of H213A and Y105F variants compared with 3HB6HWT. All
spectra were recorded in 50 mM Tris-SO4 (pH 8).
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tion. Most of the hydrophobic residues involved in PHBH
dimerization are not conserved in 3HB6H, and the few protein-
protein interactions are primarily made by helix H13 contacts.
We hypothesize that phospholipids in 3HB6H function as glue,
promoting and stabilizing dimer formation. Recently, Clarke
(46) and Ozeir et al. (47) have characterized a flavoprotein
hydroxylase in Saccharomyces cerevisiae (Coq6) that is involved
in coenzyme Q biosynthesis and is homologous to the E. coli
UbiF, UbiH, and UbiI enzymes (48–50). Coq6, UbiF, and UbiI
catalyze the ortho-hydroxylation of 4-hydroxybenzoic analogs
containing a polyprenyl chain. UbiH catalyzes the para-hy-
droxylation of a similar lipophilic aromatic substrate. Flavopro-
tein hydroxylases acting on phenolic acids and aromatic redox-
active lipids such as coenzyme Q could clearly derive from a
common ancestor based on their evident structural homology
and mechanistic similarity. A hypothesis is that the ability to
bind aliphatic chains such as phospholipids and prenyl chains
has been maintained (with different affinity) by 3HB6H, UbiF/
H/I, and Coq6 and was lost by most other FAD-dependent
hydroxylases. Alternatively, the capacity to bind aliphatic
ligands arose independently during evolution of flavoprotein
hydroxylases.
Substrate Binding—Elucidation of the interaction between

3HB6H and its physiological substrate is particularly interest-
ing in relation to the regioselectivity of the hydroxylation reac-
tion. One of two observed substrate orientations observed in
theH213S structuremost likely corresponds to the catalytically
competent bindingmodewith the substrate C6 carbon (the site
of hydroxylation) close to the flavin C4a (Fig. 6D). The carbox-
ylate group of 3-hydroxybenzoate interacts with Gln-49 and
Tyr-105, whereas its 3-hydroxyl group is engaged in H-bonds
with His-213 and Gln-301 side chains. These features are fully
consistent with the mutagenesis data. The properties of the
Y105F variant indicate that disruption of the H-bond network
involving Gln-49 can mildly perturb binding affinity without,
however, affecting activation of the substrate (Table 4). Con-
versely, substitutions of Gln-301 with Glu and of His-213 with
Ala or Ser render the enzyme inactive. These two side chains
have a primary role in catalysis, possibly facilitating deprotona-
tion of the substrate phenol. Indeed, a comparable mechanism

of substrate activation occurs in PHBHwhere a hydrogen bond
network that extends to the protein surface is involved in ioni-
zation of the substrate hydroxyl moiety (31).
Analysis of substrate binding highlights a most remarkable

feature. The aromatic ring is in van der Waals contact with the
terminal part of the fatty chain of the bound phospholipid,
which is, therefore, an integral element of the substrate-binding
site. Thus, 3-hydroxybenzoate binds through a three-point
anchoring mechanism that relies on the His-213/Gln-301 pair
for providing the substrate-activating H-bond partner to the
3-hydroxyl, on theGln-49/Tyr-105 pair for interacting with the
carboxylate group, and on the lipid tail for creating a solvent-
excluded environment that embeds themore hydrophobic aro-
matic group of the ligand.Consistently, an additionalOHgroup
on the lipid-facing edge of the substrate ringmakes the binding
weaker (3,5-dihydroxybenzoate) or very poor (3,4-dihydroxy-
benzoate). Only the 2-hydroxyl group, whichwill bind opposite
the lipid wall, can be fully tolerated with 2,3-dihydroxybenzo-
ate, which is essentially as good a substrate as 3-hydroxybenzo-
ate (14). This mode of affording selectivity is nicely illustrated
by the comparison of 3HB6H with the substrate-bound struc-
ture of 3HB4H (Protein Data Bank code 2DKH). These two
enzymes act on the same substrate but with different regiose-
lectivities (6- versus 4-hydroxylation). The structural superpo-
sition (Fig. 6D) shows that the bound 3-hydroxybenzoate mol-
ecules are rotated with respect to each other around an axis
orthogonal to the aromatic ring. The substrates are coplanar,
but their differing orientations make C6 of the 3HB6H-bound
ligand perfectly overlap with C4 of the 3HB4H-bound sub-
strate. In this way, the respective sites of hydroxylation are at
the proper distance and orientation from the oxygen-activating
C4a atom of the flavin. This is a beautiful example of how
enzymes can vary the regioselectivity of their reaction with the
peculiarity that a tightly boundphospholipid is utilized to attain
this effect.

Acknowledgment—We are grateful to Stefano Rovida for assistance
during crystallization screening experiments.

FIGURE 8. Inhibition of 3HB6H by chloride ions. A, Lineweaver-Burk plot of 3HB6H activity dependence on NADH concentration in the presence of 250 �M

3-hydroxybenzoate and 0 (circles), 20 (squares), and 40 mM NaCl (triangles), respectively. B, Lineweaver-Burk plot of 3HB6H activity dependence on 3-hydroxy-
benzoate concentration in the presence of 250 �M NADH and 0 (circles), 20 (squares), and 40 mM NaCl (triangles), respectively. Error bars represent S.E.
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