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Abstract: The biocatalytic potential of the NADH-
dependent p-hydroxybenzoate hydroxylases (PHBH)
from Rhodococcus rhodnii 135 and Rhodococcus
opacus 557 was investigated. Monofluorinated 4-
hydroxybenzoates were efficiently hydroxylated, al-
beit at different rates. 2-Fluoro-4-hydroxybenzoate
was a true substrate for PHBH from R. rhodnii 135
but a substrate inhibitor for PHBH from R. opacus
557. Monochlorinated 4-hydroxybenzoates also acted
as PHBH substrates, but with these compounds
strong uncoupling of hydroxylation (formation of
hydrogen peroxide) occurred. PHBH from R. rhodnii
135 preferred the 5�-hydroxylation of 2-chloro-4-
hydroxybenzoate but the enzyme from R. opacus
557 favored the formation of 2-chloro-3,4-dihydroxy-
benzoate. Conversely, PHBH from R. rhodnii 135
regioselectively hydroxylated 2-fluoro-4-hydroxyben-
zoate to 2-fluoro-3,4-dihydroxybenzoate whereas the
enzyme from R. opacus 557 also produced significant

amounts of 2-fluoro-4,5-dihydroxybenzoate. At high
NADH/substrate ratio, both 2-fluorodihydroxyben-
zoate products were further converted to 2-fluoro-
3,4,5-trihydroxybenzoate. PHBH from R. rhodnii 135
and R. opacus 557 preferred the 5�-hydroxylation of 3-
chloro-4-hydroxybenzoate. However, conversion of 3-
fluoro-4-hydroxybenzoate involved considerable de-
halogenation affording nearly equal amounts of 3,4-
dihydroxybenzoate and 5-fluoro-3,4-dihydroxyben-
zoate. At high NADH/substrate ratio, the latter
compound was further converted to 3,4,5-trihydroxy-
benzoate. The results are discussed in relation to the
properties of the NADPH-specific PHBH from
Pseudomonas fluorescens.

Keywords: coenzyme specificity; flavoprotein mono-
oxygenase; 19F NMR; p-hydroxybenzoate hydroxy-
lase; oxidative dehalogenation; regioselectivity

Introduction

p-Hydroxybenzoate3-hydroxylase (PHBH)(EC 1.14.13.2)
is a flavoprotein monooxygenase that catalyses the
conversion of 4-hydroxybenzoate into 3,4-dihydroxy-
benzoate in the presence of NAD(P)H and molecular
oxygen.[1,2] The inducible enzyme is responsible for
channeling 4-hydroxybenzoate via 3,4-dihydroxyben-
zoate into the �-ketoadipate pathway of microbial
aromatic degradation.[3,4] PHBH and related monooxy-
genases are of potential interest for biocatalytic
applications, since these enzymes are able to perform
regioselective and stereoselective oxidations undermild
and environmentally friendly conditions.[5,6] PHBH has
been isolated from several microorganisms, but the
strictly NADPH-dependent enzymes from Pseudomo-
nas fluorescens and P. aeruginosa have received most
attention.[1,7,8] The crystal structure of Pseudomonas

PHBH is known in atomic detail[9±12] and themechanism
of enzyme catalysis has been thoroughly explored.[1,8,13]

Scheme 1 shows the reaction cycle of PHBH. In the
reductive half-reaction, the protein-bound FAD is
reduced by NADPH. This reaction is highly stimulated
in the presence of the aromatic substrate, which acts as
an effector. In the oxidative half-reaction, the reduced
flavin reacts with oxygen resulting in the formation of a
transiently stable flavin hydroperoxide oxygenating
species.[13] This electrophilic flavin adduct is responsible
for the regioselective hydroxylation of aromatic sub-
strates, a reaction difficult to achieve by chemical
means.[14] In the absence of substrate or in the presence
of non-substrate effectors, the flavin hydroperoxide
decays to oxidized enzyme with release of hydrogen
peroxide.[1] Studies of PHBH mutant enzymes showed
that the replacement of tyrosine residues involved in
substrate activation leads to strong uncoupling of
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hydroxylation and the formation of hydrogen perox-
ide.[15,16] Furthermore, it was established that the regio-
selectivity of hydroxylation of PHBH substrates can be
modulated by amino acid substitutions in the substrate
binding pocket.[1,8,17±19]

So far, only a few studies have been devoted to PHBH
enzymes from Gram-positive microorganisms. Without
exception, these enzymes are more specific for
NADH,[20,21] a property of considerable interest for
biotechnological applications.[5,7,22±26] Studies on PHBH
fromRhodococcus erythropolismainly concentrated on
protein stability and oligomerization properties, rather
than biocatalytic features.[21,27,28] In order to provide
more insight into the biocatalytic potential of PHBH
from Gram-positive microorganisms, we recently puri-
fied several new PHBH enzymes from Rhodococcus
strains.[29] Here we report on the substrate specificity
and regioselectivity of hydroxylation of PHBH from
Rhodococcus rhodnii 135 andRhodococcus opacus 557.
It is shown that these actinobacterial enzymes differ in
several catalytic features from each other and from their
proteobacterial counterparts.

Results and Discussion

Substrate Specificity

PHBH from R. rhodnii 135 and R. opacus 557 showed
hardly any NADH oxidase activity when assayed in the
absence of aromatic compounds. A limited number of
substituted 4-hydroxybenzoates strongly stimulated the
rate of NADH oxidation. Table 1 shows that the highest
rates of catalysis occurred with the parent substrate 4-
hydroxybenzoate andwith monofluorinated 4-hydroxy-
benzoates. Lower turnover rates were observed for the
reactions with monochlorinated substrate analogues
and with 4-hydroxybenzoates bearing an additional
hydroxy group (Table 1). It should be stressed here that
the estimated turnover rates do not necessarily reflect
the rate of the actual substrate hydroxylation step. For
PHBH from P. fluorescens it was established that with
several substrate analogues, among which was 2,4-
dihydroxybenzoate, the rate of flavin reduction is rate-
limiting in overall catalysis.[13,16] Nevertheless, the steady
state kinetic data presented here suggest that both
electronic and steric effects are involved in determining
the turnover rate. In this respect, it is interesting to note
that both Rhodococcus enzymes have lower Michaelis
constants (Km values) for ortho-substituted 4-hydroxy-

Scheme 1. Reaction cycle of p-hydroxybenzoate hydroxylase from P. fluorescens.[1] BzOH: 4-hydroxybenzoate; Bz(OH)2: 3,4-
dihydroxybenzoate; k1: reduction of enzyme-substrate complex; k2: formation of flavin hydroperoxide; k3: substrate
hydroxylation; k4: dehydration of flavin hydroxide and product release; k5: uncoupling of hydroxylation.
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benzoates than for meta-substituted 4-hydroxyben-
zoates.

A main difference in kinetic behavior of the Rhodo-
coccus enzymes was found in the reaction with 2-fluoro-
4-hydroxybenzoate. In analogy with the properties of
PHBH from P. fluorescens,[30] this compound appeared
to be a strong substrate inhibitor of PHBH from
R. opacus 557. As can be seen from Figure 1, inhibition
of the R. opacus 557 enzyme occurred at substrate
concentrations as low as 20 ± 30 �M and is most likely
due to the stabilization of a complex between the
fluorinated substrate and the reduced enzyme-hydroxy-
flavin intermediate.[5,30] Intriguingly, with PHBH from
R. rhodnii 135, hardly any substrate inhibition with 2-
fluoro-4-hydroxybenzoate occurred (Fig. 1), pointing at
a rapid release of water from the hydroxyflavin with
regeneration of the oxidized enzyme.

Possible uncoupling of substrate hydroxylation (for-
mation of hydrogen peroxide) was analyzed by oxygen
consumption experiments, performed either in the
absence and presence of catalase. These experiments
revealed that 4-hydroxybenzoate, 2-fluoro-4-hydroxy-
benzoate, 3-fluoro-4-hydroxybenzoate and 2,4-dihy-
droxybenzoate were true substrates, showing tight

coupling of NADH reduction to substrate hydroxyla-
tion (Table 2). 2-Chloro-4-hydroxybenzoate and 3-
chloro-4-hydroxybenzoate were also converted byRho-
dococcus PHBH, but with both these chlorinated
compounds the efficiency of hydroxylation was rather
low (Table 2). 3,4-Dihydroxybenzoate, the product of
the enzymatic reaction with the parent substrate, was a
competent non-substrate effector, especially for PHBH
from R. opacus 557 (Tables 1 and 2). The substrate and
effector specificities of the Rhodococcus PHBH en-
zymes are in line with the corresponding properties of
PHBH from P. fluorescens[1,18] and suggest that the
active sites of these actinobacterial and proteobacterial
enzymes are highly conserved.

Regioselectivity of Hydroxylation of 2,4-Dihydroxy-
benzoate

HPLC analysis confirmed that both Rhodococcus
enzymes catalyzed the hydroxylation of 2,4-dihydroxy-
benzoate with more than 95% efficiency (Table 2).
Moreover, one major product with the same retention
time as 2,3,4-trihydroxybenzoate was observed (Fig. 2;
Table 2). The identity of this trihydroxylated product
was confirmed by 1H NMR and checked with the
reference spectrum of 2,3,4-trihydroxybenzoic acid at
http://www.sigmaaldrich.com. Formation of 2,3,4-trihy-
droxybenzoate from 2,4-dihydroxybenzoate was also
reported for wild-type PHBH from P. fluorescens.[13]

However, for the Ser212Ala variant of this enzyme,
the reaction with 2,4-dihydroxybenzoate was less regio-
selective and about equal amounts of 2,3,4-trihydroxy-
benzoate and 2,4,5-trihydroxybenzoate were
formed.[17,18] From this it was concluded that the removal
of Ser212, involved in binding the carboxylic moiety of
the substrate (Fig. 3), creates a favorable hole to
accommodate the 2�-hydroxy group of 2,4-dihydroxy-
benzoate in the flipped orientation with the 2�-substitu-
ent pointing away from the isoalloxazine ring of the
FAD.

Table 1. Kinetic parameters of PHBH from R. rhodnii 135 and R. opacus 557. All kinetic constants have a maximal error of
10%.

Substrate/effector Rhodococcus rhodnii 135 Rhodococcus opacus 557

kcat [min�1][a] Km [�M] kcat/Km [min�1 �M�1] kcat [min�1][a] Km [�M] kcat/Km [min�1 �M�1]

4-hydroxybenzoate 1300 7 186 2500 3 833
2-fluoro-4-hydroxybenzoate 1050 5 210 1100 0.7 1571
3-fluoro-4-hydroxybenzoate 1100 10 110 1600 8 200
2-chloro-4-hydroxybenzoate 190 3.5 54 510 0.9 567
3-chloro-4-hydroxybenzoate 47 70 0.7 380 14 27
2,4-dihydroxybenzoate 15 � 1 15 200 8 25
3,4-dihydroxybenzoate 26 32 0.8 280 215 1.3

[a] NADH oxidation rate.

Figure 1. Relative activity of PHBH from R. rhodnii 135
(135) and R. opacus 557 (557) with 2-fluoro-4-hydroxyben-
zoate in dependence on the concentration of haloaromatic
substrate.
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Regioselectivity of Hydroxylation of Monochlorinated
Substrates

PHBH from R. rhodnii 135 and R. opacus 557 showed
significant differences with respect to the regioselectiv-
ity of hydroxylation of 2-chloro-4-hydroxybenzoate.
HPLC and MS analysis revealed that PHBH from
R. rhodnii 135 mainly converted this compound to 2-
chloro-4,5-dihydroxybenzoate, whereas the enzyme
fromR. opacus 557wasmore specific for the production
of 2-chloro-3,4-dihydroxybenzoate (Fig. 4, Table 2). In
MSanalysis, both aromatic products showedmain peaks
atm/z (M�)� 188 and m/z (M�OH)�� 171, containing
1 chlorine atom. Different regioselectivities for the
hydroxylation of 2-chloro-4-hydroxybenzoate were also
observed for wild-type and several mutant enzymes of
PHBH from P. fluorescens.[18] Again, as for the con-
version of 2,4-dihydroxybenzoate, it was noted that the
ratio ofC3:C5 hydroxylation is linked to the interactions
between the protein and the carboxylic moiety of the

substrate. Experiments performed at high NADH/
substrate ratio (Fig. 5B) revealed that 2-chloro-3,4-
dihydroxybenzoate and 2-chloro-4,5-dihydroxyben-
zoate were not further converted to 2-chloro-3,4,5-
trihydroxybenzoate.

Conversion of 3-chloro-4-hydroxybenzoate by Rho-
dococcus PHBH resulted in the formation of 3-chloro-
4,5-dihydroxybenzoate (Fig. 5A). As can be seen from
Figure 5B, with both Rhodococcus enzymes some 3,4-
dihydroxybenzoate was produced as well. Figure 5B
also shows that PHBH from R. rhodnii 135 was more
effective than the enzyme from R. opacus 557 in
converting 3-chloro-4-hydroxybenzoate. Because 3,4-
dihydroxybenzoate is a rather strong effector for PHBH
from R. opacus 557 (cf. Table 1), the incomplete
conversion of 3-chloro-4-hydroxybenzoate by this en-
zyme at high NADH/substrate ratio (Fig. 5B) is partly
due to the competing NADH oxidase activity with the

Table 2. Efficiency and regioselectivity of hydroxylation of PHBH from R. rhodnii 135 and R. opacus 557.

Substrate Rhodococcus rhodnii 135 Rhodococcus opacus 557

Product [%][a] C3:C5 ratio[b] Product [%][a] C3:C5 ratio[b]

4-hydroxybenzoate 98� 2 ± 98� 2 ±
2-fluoro-4-hydroxybenzoate 92� 2 100 : 0 92� 2 85 : 15
3-fluoro-4-hydroxybenzoate 92� 3 46 : 54 93� 2 52 : 48
2-chloro-4-hydroxybenzoate 35� 1 40 : 60 20� 2 77 : 23
3-chloro-4-hydroxybenzoate 8� 1 28 : 72 4� 1 6 : 94
2,4-dihydroxybenzoate 97� 2 100 : 0 97� 2 100 : 0
3,4-dihydroxybenzoate �1 ± �1 ±

[a] Average hydroxylation efficiency measured by three methods (see Experimental Section).
[b] Regiospecificity of hydroxylation, C3/C5 ratio.

Figure 2. HPLC product analysis of the reaction of PHBH
from R. opacus 557 with 2,4-dihydroxybenzoate. The con-
centrations of 2,4-dihydroxybenzoate and NADH were
300 �M. Detection was at 260 nm. The product was identified
as 2,3,4-trihydroxybenzoate from running reference com-
pounds in parallel and 1H NMR (see Experimental Section).

Figure 3. Substrate binding pocket of wild-type PHBH from
P. fluorescens.[10] The aromatic substrate is light gray, the
isoalloxazine ring of FAD is dark gray and the protein
residues are black.
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3,4-dihydroxybenzoate product. Furthermore, at high
NADH/substrate ratio, no oxidative dehalogenation of
3-chloro-4,5-dihydroxybenzoate to 3,4,5-trihydroxy-
benzoate was observed.

Regioselectivity of Hydroxylation of Monofluorinated
Substrates

In analogy to the reactions with monochlorinated
substrates, the PHBH-mediated conversion of mono-
fluorinated 4-hydroxybenzoates may result in two
different ortho-hydroxylation products.[31] 19F NMR
product analysis showed that conversion of 2-fluoro-4-
hydroxybenzoate by Rhodococcus PHBH mainly re-
sulted in the production of 2-fluoro-3,4-dihydroxyben-
zoate (Fig. 6).With PHBH fromR. rhodnii 135, no other
fluorinated aromatic products were formed but signifi-
cant amounts of fluoride anion were released (Fig. 6B).
HPLC product analysis established that the formation
of fluoride anion was not due to the potential enzymatic
oxidative dehalogenation of 2-fluoro-3,4-dihydroxy-

benzoate to 2,3,4-trihydroxybenzoate. When the con-
version of 2-fluoro-4-hydroxybenzoate by PHBH from
R. rhodnii 135 was performed in the presence of 1 mM
ascorbate almost no fluoride anion was released and
only a small trace of 2-fluoro-3,4,5-trihydroxybenzoate
was observed (not shown). This supports an earlier
finding that in the absence of ascorbate, considerable
non-enzymatic oxidation of fluorinated intermediate
products occurs.[19]

PHBH from R. opacus 557 was less specific for C3
hydroxylation of 2-fluoro-4-hydroxybenzoate.With this
enzyme, significant amounts of 2-fluoro-4,5-hydroxy-
benzoate were formed (Fig. 6). Conversion at high
NADH/substrate ratio resulted in the decrease of both
dihydroxylated products and increase of fluoride anion
(Fig. 6). When this reaction was performed in the
presence of ascorbate, considerable amounts of 2-
fluoro-3,4,5-trihydroxybenzoate and less fluoride anion
were produced. This is in line with the above notion that
ascorbate inhibits the formation of non-enzymatic
oxidation products.

19F NMR analysis indicated that both Rhodococcus
PHBH enzymes formed two products from 3-fluoro-4-
hydroxybenzoate (Fig. 7). Accumulation of fluoride

Figure 4. HPLC product analysis of the reactions of PHBH
from R. rhodnii 135 (135) and R. opacus 557 (557) with 2-
chloro-4-hydroxybenzoate. The concentration of 2-chloro-4-
hydroxybenzoate was 200 �M in all experiments. The sub-
strate/NADH ratio varied from 1 :1 to 1 :8. Detection was at
260 nm. (A) HPLC chromatogram of the reaction of PHBH
from R. opacus 557 with 2-chloro-4-hydroxybenzoate at
substrate/NADH ratio 1 :4. (B) Diagram showing the per-
centage content of substrate (1) and reaction products (2, 3)
at the end of the reactions.

Figure 5. HPLC product analysis of the reactions of PHBH
from R. rhodnii 135 (135) and R. opacus 557 (557) with 3-
chloro-4-hydroxybenzoate. The concentration of 3-chloro-4-
hydroxybenzoate was 150 �M in all experiments. The sub-
strate/NADH ratio varied from 1 :2 to 1 :16. Detection was at
260 nm. (A) HPLC chromatogram of the reaction of PHBH
from R. rhodnii 135 with 3-chloro-4-hydroxybenzoate at
substrate/NADH ratio 1 :8. (B) Diagram showing the per-
centage content of substrate (1) and reaction products (2, 3)
at the end of the reactions.
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anion was taken as evidence for oxidative dehalogena-
tion at C3, leading to 3,4-dihydroxybenzoate. This was
confirmed by HPLC analysis, which showed that in the
presence of equimolar amounts of NADHand aromatic
substrate, conversion of 3-fluoro-4-hydroxybenzoate by
PHBH from R. opacus 557 resulted in the formation of
nearly equal amounts of 3,4-dihydroxybenzoate and 5-
fluoro-3,4-dihydroxybenzoate (Fig. 8). Because forma-
tion of fluoride anion may also originate from the
further hydroxylation of 5-fluoro-3,4-dihydroxyben-
zoate, enzymatic conversion of 3-fluoro-4-hydroxyben-
zoate also was studied at higherNADH/substrate ratios.
When NADH was added in 4-fold excess, with PHBH
from R. rhodnii 135 hardly any change in 5-fluoro-3,4-
dihydroxybenzoate/fluoride anion product ratio oc-
curred (Fig. 7B). The presence of ascorbate only slightly
influenced the amount of free fluoride formed, indicat-
ing that defluorination was not due to non-enzymatic
oxidation of quinone intermediates. With PHBH from
R. opacus 557 and a 4-fold excess of NADH, the amount
of fluoride anion increased at the expense of 5-fluoro-
3,4-dihydroxybenzoate (Fig. 7B). HPLC analysis
showed the formation of a small amount of 3,4,5-

trihydroxybenzoate (Fig. 8) which increased to about
10% of total product when the substrate/NADH ratio
was increased to 1 :10 (not shown).

Conclusions

In this paper we have described the activity and
regioselectivity of two newly characterized PHBH
enzymes from Rhodococcus species. Because of their
preference for NADH as electron donor, these flavoen-
zymes may develop as useful biocatalysts for the
synthesis of commercially unavailable dihydroxyben-
zoates. Besides serving as synthons and antioxidants,
these compounds could be developed into useful drugs
for treating infections.[32]

Monofluorinated 4-hydroxybenzoateswere good sub-
strates for Rhodococcus PHBH with tight coupling of
NADHconsumption to product formation. PHBH from
R. rhodnii 135 turned out to be especially useful for the
regioselective synthesis of 2-fluoro-3,4-dihydroxyben-

Figure 6. 19F NMR product analysis of the reactions of PHBH
from R. rhodnii 135 (135) and R. opacus 557 (557) with 2-
fluoro-4-hydroxybenzoate. The concentration of 2-fluoro-4-
hydroxybenzoate was 250 �M in all experiments. The sub-
strate/NADH ratio varied from 1 :1 to 1 :10. (A) 19F NMR
spectrum of the reaction of PHBH from R. opacus 557 with 2-
fluoro-4-hydroxybenzoate at substrate/NADH ratio 1 :10 in
the presence of ascorbate. Note that the substrate is not
present anymore but that its position is marked. (B) Diagram
showing the percentage content of substrate (1) and reaction
products (2, 3, 4 and F�) at the end of the reactions.

Figure 7. 19F NMR product analysis of the reactions of PHBH
from R. rhodnii 135 (135) and R. opacus 557 (557) with 3-
fluoro-4-hydroxybenzoate. The concentration of 3-fluoro-4-
hydroxybenzoate was 250 �M in all experiments. The sub-
strate/NADH ratio varied from 1 :1 to 1 :4. (A) 19F NMR
spectrum of the reaction of PHBH from R. rhodnii 135 with
3-fluoro-4-hydroxybenzoate at substrate/NADH ratio 1 :1.
(B) Diagram showing the percentage content of substrate (1)
and reaction products (2 and F�) at the end of the reactions.
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zoate as no substrate inhibition with 2-fluoro-4-hydrox-
ybenzoate occurred. Rhodococcus PHBH produced
significant higher amounts of 2-fluoro- and 3-fluoro-
4,5-dihydroxybenzoate than Pseudomonas PHBH,[18,30]

suggesting that the performance of C5 hydroxylation of
monofluorinated 4-hydroxybenzoatesmay be increased
by protein redesign.

Opposite regioselectivity was observed in the reac-
tions of Rhodococcus PHBH with 2-chloro-4-hydroxy-
benzoate. This suggests that the Rhodococcus enzymes
can bind the 2-chloro-4-hydroxybenzoate substrate in
flipped orientations. Another possibility is that the
chlorinated substrate binds in only one orientation and
that enzyme dynamics allow some rotational mobility of
the substrate aromatic ring, allowing the distal oxygen of
the flavin hydroperoxide to approach the C3 and C5
atoms with different efficiency.[19] Clearly, more insight
into the active site topologies of the Rhodococcus
enzymes is needed to address this topic in further detail.

To our best knowledge, PHBH-mediated ortho-hy-
droxylation of 3-chloro-4-hydroxybenzoate has not
been reported before.[33] The strong uncoupling of
hydroxylation observed with this compound points to
a deactivating effect of the 3-chloro group and is in
agreement with the electrophilic aromatic substitution
mechanism, proposed for this class of flavoenzymes.[34]

Our results suggest that the yield of conversion of
chlorinated PHBH substrates may be increased by
efficient cofactor regeneration. Such a system should
also contain catalase and ascorbate to prevent the
formation of unwanted by-products.

Experimental Section

Chemicals

NADH and dithiothreitol (DTT) were from Boehringer. Tris,
ethylenediaminetetraacetate (EDTA) and flavine adenine
dinucleotide (FAD) were from Sigma. Aromatic compounds
were purchased as reported earlier.[33] Fluorinated substrates
were synthesized and purified as described before.[33]

Enzymes

PHBH from Rhodococcus rhodnii 135, PHBH from Rhodo-
coccus opacus 557 and protocatechuate 3,4-dioxygenase from
Rhodococcus rhodnii 135 were purified as recently descri-
bed.[29] Catalase was purchased from Sigma.

Kinetics

Enzyme activity with different substrates was measured
spectrophotometrically at 340 nm, followingNADHconsump-
tion. All experiments were performed in air-saturated 50 mM
potassium phosphate pH 7.2. For determination of kinetic
parameters, activity determinations were carried out in the
presence of saturating concentrations of NADH (300 ±
350 �M). Because of very low Michaelis constants, apparent
Km values for 2-fluoro-4-hydroxybenzoate and 2-chloro-4-
hydroxybenzoate were determined from kinetic substrate
depletion experiments. For this purpose, the reaction mixture
contained 10 ± 30 �M haloaromatic substrate, 300 ± 350 �M
NADH, 50 ± 100 mU/mL PHBH, and about 1 U/mL proto-
catechuate 3,4-dioxygenase from Rhodococcus rhodnii 135.
The reaction was initiated by the addition of PHBH and
changes in absorption at 340 nm were recorded until all
substrate was consumed (tend). Kinetic traces obtained were
numerically differentiated, time of half-maximum rate (t1/2)
was determined, and the apparent Km value was calculated
from the differences in absorbance at t1/2 and tend taking into
account the efficiency of substrate hydroxylation.

Efficiency of Substrate Hydroxylation

The efficiency of substrate hydroxylation was determined by
the following methods:

i) Oxygen consumption and hydrogen peroxide accumula-
tion wasmeasured polarographically with a Clark electrode.[13]

For this purpose excess of aromatic substrate (200 ± 500 �M)
was reacted with limited amounts of NADH (20 ± 200 �M).
The reaction was initiated by the addition of PHBH (1 ± 2 U/
mL) and at the end of the reaction catalase (50 U/mL) was
added to determine the amount of hydrogen peroxide formed.

ii) Spectrophotometric determination of NADH consump-
tion at 340 nm. The reaction mixture contained aromatic
substrate (10 ± 50 �M), excess of NADH (100 ± 350 �M) and
protocatechuate 3,4-dioxygenase (5 U/mL) to remove the
aromatic reaction product. The reaction was initiated by the
addition of PHBH (0.1 ± 0.5 U/mL).

iii) Qualitative information from HPLC and 19F-NMR data
(see below).

Figure 8. HPLC product analysis of the reaction of PHBH
from R. opacus 557 with 3-fluoro-4-hydroxybenzoate. The
concentrations of 3-fluoro-4-hydroxybenzoate and NADH
were 250 �M.
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NMR

Theenzymatic conversions of 2-fluoro-4-hydroxybenzoate and
3-fluoro-4-hydroxybenzoate were analyzed by 19F NMR using
aBrukerDPX400NMRspectrometer, essentially as described
previously.[31] Reaction mixtures contained 250 ± 500 �M fluo-
rinated substrate, varying amounts ofNADHand 0.2 UPHBH
in 2.0 mL air-saturated 50 mM potassium phosphate pH 7.2,
containing 0.5 mMDTT, 1 mMEDTA and 10 �MFAD, either
in the absenceor presenceof 1 mMascorbate.The reactionwas
followed spectrophotometrically at 340 nm until completion
(about 2 hours). The sample was frozen in liquid nitrogen and
stored at � 20 �C. Before 19F NMR analysis, the sample was
thawed and precipitated protein was removed by centrifuga-
tion. 19F NMR spectra were recorded at 7 �C with 4-fluoro-
benzoate serving as internal standard. Usually 3000 ± 15000
scans were collected. Chemical shifts of 19F NMR resonances
at pH 7.2 of 2-fluoro-4-hydroxybenzoate products were
equal to published values:[31] 2-fluoro-4-hydroxybenzoate
� 116.4 ppm; 2-fluoro-3,4-dihydroxybenzoate � 141.2 ppm;
2-fluoro-4,5-dihydroxybenzoate � 126.2 ppm; 2-fluoro-3,4,5-
trihydroxybenzoate � 149.8 ppm. Newly determined
19F NMR chemical shifts for 3-fluoro-4-hydroxybenzoate
and 5-fluoro-3,4-dihydroxybenzoate were � 141.7 ppm and
� 140.7 ppm, respectively.

The conversion of 2,4-dihydroxybenzoate by PHBH from
Rhodococcus sp. was analyzed with 1H NMR. 1H NMR
measurements were performed on a Bruker AMX 500
spectrometer as essentially described previously.[35]

HPLC and MS

The enzymatic conversions of 2-chloro-4-hydroxybenzoate, 3-
chloro-4-hydroxybenzoate and 2,4-dihydroxybenzoate were
analyzed by HPLC using an Applied Biosystems 400 pump
equipped with a Waters 996 photodiode-array detector.
Reaction products were separated with a 4.0� 60 mm C18
reverse-phase column (Spherisorb, ODS 2, Pharmacia). Re-
action mixtures contained 100 ± 200 �M substrate, varying
amounts of NADH and about 1 ± 2 U PHBH in 1 mL air-
saturated 50 mM phosphate pH 7.2, containing 0.5 mM DTT,
1 mM EDTA, 1 mM ascorbate and 10 �M FAD. The reaction
was followed spectrophotometrically at 340 nm. At the end of
the reaction, 35 �L of 2 M sulfuric acid were added and
precipitated protein was removed by centrifugation. HPLC
analysis of the resulting supernatant was carried out by
gradient elution with 0.1% acetic acid and 0 ± 30% methanol
as mobile phase. Relative yields of aromatic products were
determined using the millimolar absorption coefficients of 2-
chloro-4-hydroxybenzoate (�254� 13.0 mM�1 cm�1), 3-chloro-
4-hydroxybenzoate (�254� 14.0 mM�1 cm�1), 3,4-dihydroxy-
benzoate (�254� 10.0 mM�1 cm�1), 2-chloro-3,4-dihydroxyben-
zoate (�254� 8.5 mM�1 cm�1), 5-chloro-3,4-dihydroxybenzoate
(�254� 11.0 mM�1 cm�1) and 2-chloro-4,5-dihydroxybenzoate
(�254� 11.0 mM�1 cm�1).

HPLC analysis of the enzymatic conversions of 2-fluoro-4-
hydroxybenzoate and 3-fluoro-4-hydroxybenzoate was per-
formed on a Waters M600-PDA system using a 4.6� 150 mm
Alltima C18 reverse-phase column running in 20% methanol
containing 0.8% acetic acid at a flow rate of 1.0 mL/min. With
this system, the following retention times (absorptionmaxima)
of substrates, products and reference compounds were ob-

served: 4-hydroxybenzoate, 11.7 min (254 nm); 2-fluoro-4-
hydroxybenzoate, 14.2 min (250 nm); 3-fluoro-4-hydroxyben-
zoate, 16.4 min (253 nm); 2,4-dihydroxybenzoate, 16.0 min
(255, 293 nm); 3,4-dihydroxybenzoate, 6.2 min (260, 293 nm);
2,3-dihydroxybenzoate, 15.1 min (246, 312 nm); 2,5-dihydroxy-
benzoate, 10.3 min (233, 326 nm); 2,6-dihydroxybenzoate,
21.2 min (251, 307 nm); 2-fluoro-3,4-dihydroxybenzoate
6.9 min (257 nm); 5-fluoro-3,4-dihydroxybenzoate 9.5 min
(260, 293 nm); 2,3,4-trihydroxybenzoate, 7.3 min (264,
301 nm); 3,4,5-trihydroxybenzoate, 3.4 min (272 nm); 2,4,6-
trihydroxybenzoate, 7.8 min (255, 293 nm); 2-fluoro-3,4,5-
trihydroxybenzoate, 3.6 min (267, 297 nm). Enzymatic reac-
tion conditions were the same as in 19F NMR experiments.

Mass spectrometry was performed on a Mat95 (Thermo-
Finnigan, San Jose, USA) mass spectrometer by direct
insertion of freeze-dried HPLC fractions dissolved in acetone.
The mass spectrometer was operated in the 70 eV EI mode
with scanning from 24 to 400 amu at 2 s decade�1.

Acknowledgements

We thankDr.Maarten Posthumus (Wageningen University) for
performingMS experiments. This work was supported by grant
047.007.021 for Dutch-Russian research cooperation from the
Dutch Scientific Organisation NWO, by EC-Copernicus grant
ICA-2-CT-2000-10006, and by a grant (to A. P. J.) from the
Dutch Graduate School of Environmental Chemistry and
Toxicology (M&T).

References

[1] B. Entsch, W. J. H. van Berkel, FASEB J. 1995, 9, 476 ±
486.

[2] W. J. H. van Berkel, F. Mueller, in: Chemistry and
biochemistry of flavoenzymes, (Ed.: F. Mueller), CRC
Press, Boca Raton, Florida, 1991, pp. 1 ± 29.

[3] C. S. Harwood, R. E. Parales, Annu. Rev. Microbiol.
1996, 50, 553 ± 590.

[4] R. Y. Stanier, L. N. Ornston, Adv. Microb. Physiol. 1973,
9, 89 ± 151.

[5] M. J. H. Moonen, M. W. Fraaije, I. M. C. M. Rietjens, C.
Laane, W. J. H. van Berkel, Adv. Synth. Catal. 2002, 344,
1023 ± 1035.

[6] N. M. Kamerbeek, D. B. Janssen, W. J. H. van Berkel,
M. W. Fraaije, Adv. Synth. Catal. 2003, 345, 667 ± 678.

[7] M. H. M. Eppink, H. A. Schreuder, W. J. H. van Berkel,
J. Biol. Chem. 1998, 273, 21031 ± 21039.

[8] B. A. Palfey, G. R. Moran, B. Entsch, D. P. Ballou, V.
Massey, Biochemistry 1999, 38, 1153 ± 1158.

[9] D. L. Gatti, B. A. Palfey, M. S. Lah, B. Entsch, V. Massey,
D. P. Ballou, M. L. Ludwig, Science 1994, 266, 110 ± 114.

[10] H. A. Schreuder, P. A. Prick, R. K. Wierenga, G. Vriend,
K. S. Wilson, W. G. Hol, J. Drenth, J. Mol. Biol. 1989,
208, 679 ± 696.

[11] H. A. Schreuder, A. Mattevi, G. Obmolova, K. H. Kalk,
W. G. Hol, F. J. T. van der Bolt, W. J. H. van Berkel,
Biochemistry 1994, 33, 10161 ± 10170.

FULL PAPERS Andrei P. Jadan et al.

374 ¹ 2004 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim asc.wiley-vch.de Adv. Synth. Catal. 2004, 346, 367 ± 375



[12] J. Wang, M. Ortiz-Maldonado, B. Entsch, V. Massey, D.
Ballou, D. L. Gatti, Proc. Natl. Acad. Sci. USA 2002, 99,
608 ± 613.

[13] B. Entsch, D. P. Ballou, V. Massey, J. Biol. Chem. 1976,
251, 2550 ± 2563.

[14] K. Bergstad, J.-E. Baeckvall, J. Org. Chem. 1998, 63,
6650 ± 6655.

[15] B. Entsch, B. A. Palfey, D. P. Ballou, V. Massey, J. Biol.
Chem. 1991, 266, 17341 ± 17349.

[16] K. Eschrich, F. J. T. van der Bolt, A. de Kok, W. J. H.
van Berkel, Eur. J. Biochem. 1993, 216, 137 ± 146.

[17] G. R. Moran, B. Entsch, B. A. Palfey, D. P. Ballou,
Biochemistry 1999, 38, 6292 ± 6299.

[18] F. J. T. van der Bolt, S. Boeren, J. Vervoort, W. J. H.
van Berkel, in: Flavins and Flavoproteins XII, (Eds.: K.
Stevenson, V. Massey, C. Williams, Jr.), Calgary Univer-
sity Press, Calgary, 1996, pp. 331 ± 334.

[19] F. J. T. van der Bolt, R. H. H. van den Heuvel, J. Ver-
voort, W. J. H. van Berkel, Biochemistry 1997, 36,
14192 ± 14201.

[20] T. Fujii, T. Kaneda, Eur. J. Biochem. 1985, 147, 97 ± 104.
[21] A. Suemori, R. Kurane, N. Tomizuka, Biosci. Biotechnol.

Biochem. 1993, 57, 1487 ± 1491.
[22] M. Held, W. Suske, A. Schmid, K.-H. Engesser, H.-P. E.

Kohler, B. Witholt, M. G. Wubbolts, J. Mol. Catal. B:
Enzym. 1998, 5, 87 ± 93.

[23] Z. Li, J. B. van Beilen, W. A. Duetz, A. Schmid, A.
de Raadt, H. Griengl, B. Witholt, Curr. Opin. Chem.
Biol. 2002, 6, 136 ± 144.

[24] B. R. Riebel, P. R. Gibbs, W. B. Wellborn, A. S. Bom-
marius, Adv. Synth. Catal. 2003, 345, 707 ± 712.

[25] A. E. Serov, A. S. Popova, V. V. Fedorchuk, V. I. Tishkov,
Biochem. J. 2002, 367, 841 ± 847.

[26] W. Hummel, Trends Biotechnol. 1999, 17, 487 ± 492.
[27] A. Suemori, K. Nakajima, R. Kurane, Y. Nakamura,

Biotechnol. Lett. 1995, 17, 1063 ± 1068.
[28] A. Suemori, K. Nakajima, R. Kurane, Y. Nakamura, J.

Ferment. Bioengineer. 1996, 82, 174 ± 176.
[29] A. P. Jadan, W. J. H. van Berkel, L. A. Golovleva, E. L.

Golovlev, Biochemistry (Mosc.) 2001, 66, 898 ± 903.
[30] M. Husain, B. Entsch, D. P. Ballou, V. Massey, P. J.

Chapman, J. Biol. Chem. 1980, 255, 4189 ± 4197.
[31] W. J. H. van Berkel, M. H. M. Eppink, W. J. Middel-

hoven, J. Vervoort, I. M. C. M. Rietjens, FEMS Micro-
biol. Lett. 1994, 121, 207 ± 216.

[32] B. A. Palfey, O. Bjornberg, K. F. Jensen, J. Med. Chem.
2001, 44, 2861 ± 2864.

[33] M. H. M. Eppink, S. A. Boeren, J. Vervoort, W. J. H.
van Berkel, J. Bacteriol. 1997, 179, 6680 ± 6687.

[34] V. Massey, J. Biol. Chem. 1994, 269, 22459 ± 22462.
[35] H. M. Awad, M. G. Boersma, S. Boeren, P. J. van Blade-

ren, J. Vervoort, I. M. C. M. Rietjens, Chem. Res. Toxicol.
2002, 15, 343 ± 351.

Biocatalytic Potential of p-Hydroxybenzoate Hydroxylase FULL PAPERS

Adv. Synth. Catal. 2004, 346, 367 ± 375 asc.wiley-vch.de ¹ 2004 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 375


