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Abstract: Vanillyl alcohol oxidase (VAO) from Penicillium
simplicissimum catalyzes the enantioselective hydroxyl-
ation of 4-ethylphenol, 4-propylphenol, and 2-methoxy-
4-propylphenol into 1-(48-hydroxyphenyl)ethanol, 1-(48-
hydroxyphenyl)propanol, and 1-(48-hydroxy-38-methoxy-
phenyl)propanol, respectively, with an ee of 94% for the
R enantiomer. The stereochemical outcome of the reac-
tions was established by comparing the chiral GC reten-
tion times of the products to those of chiral alcohols ob-
tained by the action of the lipases from Candida antarc-
tica and Pseudomonas cepacia. Isotope labeling
experiments revealed that the oxygen atom incorporated
into the alcoholic products is derived from water. During
the VAO-mediated conversion of 4-ethylphenol/4-
propylphenol, 4-vinylphenol/4-propenylphenol are
formed as side products. With 2-methoxy-4-propylphen-
ol as a substrate, this competing side reaction is nearly
abolished, resulting in less than 1% of the vinylic prod-
uct, isoeugenol. The VAO-mediated conversion of 4-
alkylphenols also results in small amounts of phenolic
ketones indicative for a consecutive oxidation step. ©
1998 John Wiley & Sons, Inc. Biotechnol Bioeng 59: 171–177,
1998.
Keywords: 4-alkylphenols; vanillyl alcohol oxidase; cova-
lent flavoprotein; enantioselectivity; 4-vinylphenol

INTRODUCTION

The enantioselective oxidation of aromatic compounds for
the production of chiral synthons and other fine chemicals
by various kinds of biocatalysts has received much attention
during the last years (Crosby, 1991; Stinson, 1995; Zaks and
Dodds, 1995). Relatively little is known about the enzymat-
ic enantioselective hydroxylation of prochiral alkylphenols.
It has been well established that certain bacterial flavocy-
tochromes catalyze the oxygen-independent asymmetric
synthesis of 1-(48-hydroxyphenyl)alkanols from 4-alkyl-
phenols (McIntire et al., 1984; Bossert et al., 1989; Reeve et
al., 1989), but their use in biotechnology applications is

limited by the need of artificial electron acceptors. Oxida-
tion reactions of 4-alkylphenols by heme-dependent en-
zymes like cytochrome P450 and horseradish peroxidase
have also been reported (Thompson et al., 1989, 1995).
However, heme-based oxidations of 4-alkylphenols result in
the formation of highly unstablep-quinone methides, lead-
ing to aspecific polymers as the main products.

Recently, we described a novel flavoprotein fromPeni-
cillium simplicissimumacting on aromatic compounds
which uses oxygen as mild reoxidant and is relatively stable
(van Berkel et al., 1994). This enzyme, referred to as vanil-
lyl alcohol oxidase (VAO), is a homooctamer of 520 kDa
with each subunit containing 8a-(N3-histidyl)FAD as a co-
valently bound prosthetic group (de Jong et al., 1992). Be-
sides oxidizing vanillyl alcohol to vanillin, VAO is also able
to hydroxylate, deaminate, and demethylate a variety of
phenolic compounds (Fraaije et al., 1995).

The reaction mechanism of flavoprotein-mediated hy-
droxylation of 4-alkylphenols has been studied to some ex-
tent. The hydroxylation of 4-ethylphenol by the bacterial
flavocytochromep-cresol methylhydroxylase (PCMH) from
Pseudomonas putidahas been proposed to involve the ini-
tial formation of an enzyme-boundp-quinone methide prod-
uct intermediate (Hopper, 1976; McIntire and Bohmont,
1987). Addition of water then results in the formation of
1-(48-hydroxyphenyl)ethanol (Hopper, 1978). A similar re-
action mechanism has been proposed for the VAO-
catalyzed conversion of 4-allylphenols and is supported by
the observation that the competitive inhibitor isoeugenol
binds in its deprotonated form (Fraaije et al., 1995). For-
mation of thep-quinone methide is followed by an enzyme-
mediated addition of water to the electrophilic methide moi-
ety. Recently, we obtained from rapid reaction studies the
first spectral evidence for the formation ofp-quinone
methide intermediates in VAO-catalyzed reactions (Fraaije
and van Berkel, 1997).

In this report we focus on the stereochemistry of theCorrespondence to:W. J. H. van Berkel
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VAO-mediated hydroxylation of 4-alkylphenols. It is dem-
onstrated that VAO is very enantioselective in the hydrox-
ylation of 4-ethylphenol, 4-propylphenol, and 2-methoxy-
4-propylphenol. Furthermore, as 4-vinylphenols are well-
known flavour compounds (Edlin et al., 1995), attention
was paid to the accumulation of these side products as well.

MATERIALS AND METHODS

GC analysis was performed on a Fisons 8160 gas chromato-
graph equipped with a FID (T 4 260°C). The chiral column
used was a 30-mb-Dex fused silica capillary column (0.25
mm internal diameter; film thickness 0.25mm), having per-
methylatedb-cyclodextrin as the chiral stationary phase. H2

was used as a carrier gas; flow4 0.7 mL min−1. The initial
temperature was 80°C. After sample injection, the tempera-
ture was raised 7°C min−1 up to 150°C (130°C for (R,S)-1-
(48-hydroxy-38-methoxyphenyl)propanol), which was held
until all products were detected.

GC/MS experiments were performed on a Hewlett Pack-
ard (HP) 5890 gas chromatograph with a 30-m DB-17 col-
umn and a HP 5970 MSD. The initial temperature was
80°C. After injection, the temperature was raised 7°C min−1

up to 240°C. Mass spectrum of 4-vinylphenol,m/z(relative
abundance): 120 (M+, 100), 119 (24), 91 (49), 65 (23), 39
(20). Mass spectrum of 4-propenylphenol,m/z (relative
abundance): 134 (M+, 100), 133 (85), 107 (37), 105 (48), 91
(22), 79 (21), 77 (38), 51 (25), 39 (29).

HPLC analysis was performed on a Spark Holland in-
strument with the use of a Gynkotek M480 pump and an
Applied Biosystems 759A double beam UV/VIS detector.
The column used was an S5-ODS 2 (250 mm × 4.6 mm).
The solvent used was methanol/water (1:1) at a flow rate of
0.9 mL min−1. Aromatic compounds were detected at 276
nm. The integrator used was an HP 3395.

1H NMR spectra were recorded on a Bruker AC-200 (200
MHz) spectrometer. Samples were dissolved either in pyr-
idine-d5 or CDCl3 (with TMS as internal standard). Optical
rotation was measured on a Perkin-Elmer 241 polarimeter.
Elemental analysis was carried out on a Carlo Erba elemen-
tal analyser 1106.

Chemicals

4-Hydroxyacetophenone, imidazole, and vanillin were
products of Janssen Chimica;p-cresol, 4-ethylphenol, 4-
propylphenol,tert-butyldimethylsilyl chloride (TBDMSCl),
2-methoxy-4-propylphenol, and H2

18O were obtained from
Aldrich. Ethyl bromide was obtained from Merck. 4-
Vinylphenol was purchased from Lancaster. Tetrabutylam-
monium fluoride (TBAF) (1M in tetrahydrofuran) was from
Acros. All solvents used were distilled before use.

(R,S)-1-(4*-Hydroxyphenyl)ethanol

To a stirred solution of 3.4 g (0.025 mol) ofp-hydroxyace-
tophenone in 50 mL of methanol was added a solution of

sodium borohydride (0.57 g, 0.015 mol of NaBH4 in 10 mL
of 0.2 M NaOH) at a rate of 0.5 mL min−1, with occasional
cooling to keep the temperature at 18–25°C. The reaction
was followed by TLC with chloroform/methanol (20:1) as
eluent. When the reaction was complete, most of the metha-
nol was removed by evaporation and the residue was diluted
with 100 mL of water. The mixture was extracted with
ether, after which the ether layer was washed with water and
dried over magnesium sulphate. The ether was removed by
evaporation, yielding a mixture of (R,S)-1-(48-hydroxy-
phenyl)ethanol and residual 4-hydroxyacetophenone. 4-
Hydroxyacetophenone was removed by washing with chlo-
roform, y ie ld ing 300 mg of pure (R,S) -1-(48 -
hydroxyphenyl)ethanol. Mp 130.6–131°C (mp 132–133°C
for R/S mixture; McIntire et al., 1984).1H NMR (d5-
pyridine) dH (ppm): 1.67 (d, 3H, −CH3), 5.16 (q, 1H, CH),
7.23 and 7.57 (2 × d, 4H, Ar-H). Mass spectrum,m/z(rela-
tive abundance): 138 (M+, 26), 123 (100), 95 (76), 77 (56),
65 (23), 43 (41), 39 (28). HRMS calcd for C8H10O2 m/z
138.0681, foundm/z 138.0681. Elemental anal. calcd for
C8H10O2: C, 69.54; H, 7.30. Found: C, 69.81; H, 7.42.
These values are all in accordance with the values reported
by Everhart and Craig (1991).

(R,S)-1-(4*-Hydroxyphenyl)propanol

To a stirred solution of 3.75 g (0.025 mol) of 4-
hydroxypropiophenone in 50 mL of methanol was added a
solution of sodium borohydride (0.57 g, 0.015 mol of
NaBH4 in 10 mL of 0.2M NaOH) at a rate of 0.5 mL min−1,
with occasional cooling to keep the temperature at 18–25°C.
The next steps in the synthesis were the same as for the
synthesis of (R,S)-1-(48-hydroxyphenyl)ethanol. In the final
step, the product was purified by silica column chromatog-
raphy yielding 1.2 g of pure (R,S)-1-(48-hydroxy-
phenyl)propanol.1H NMR (CDCl3) dH (ppm): 0.90 (t, 3H,
CH3), 1.73–1.80 (m, 2H, CH2), 4.55 (t, 1H, CH), 6.77 and
7.14 (2 × d, 4H, Ar-H). Mass spectrum,m/z(relative abun-
dance): 152 (M+, 10), 123 (100), 95 (51), 77 (41), 39 (16).

(R,S)-1-(4*-Hydroxy-3*-methoxyphenyl)propanol
(Fig. 1)

4-[(1-tert-Butyl-1,1-dimethylsilyl)oxy]-3-methoxy-
benzaldehyde (2)

To a stirred solution of 2 g (13.2 mmol) of 4-hydroxy-3-
methoxybenzaldehyde (1) in 20 mL of DMF were added
1.79 g (26.4 mmol) of imidazole and 2.38 g (15.8 mmol) of
TBDMSCl. The mixture was stirred at room temperature
under a nitrogen atmosphere for 40 h and then poured into
80 mL of water. The mixture was extracted twice with 100
mL of petroleum ether (bp 40–60°C), which was subse-
quently washed with 100 mL of brine, dried over MgSO4,
and evaporated, yielding 3.75 g of2 as a yellow oil which
was used for the Grignard reaction without further purifi-
cation.1H NMR (CDCl3) dH (ppm): 0.21 (s, 6H, Si-CH3),
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1.03 (s, 9H, C4H9), 3.89 (s, 3H, OCH3) 6.95–7.41 (m, 3H,
Ar-H), 9.86 (s, 1H, CHO). Mass spectrum,m/z (relative
intensity): 209 (M+ − C4H9, 81), 195 (18), 194 (100), 193
(44), 59 (23), 57 (17), 41 (29), 29 (31).

1-{48-[(1-tert-Butyl-1,1-dimethylsilyl)oxy]-38-
methoxyphenyl}propanol (3)

In a three-necked flask equipped with a reflux condenser,
dropping funnel, and a stirrer was placed 0.36 g of magne-
sium turnings. To this was added anhydrous ether (dried
over sodium) until all the magnesium turnings were cov-
ered. The whole setup was under a nitrogen atmosphere. A
small crystal of I2 was added, after which a few drops of
ethyl bromide were added until the reaction started. Here-
after, 1.64 g of ethyl bromide in 20 mL of anhydrous ether
was dropped to the stirred solution as rapidly as the reflux-
ing of the ether allowed. When all the ethyl bromide was
added, the reaction was stirred for another hour.

A solution of 3.5 g of2 in 20 mL of anhydrous ether was
dropped to the stirred Grignard reagent. When all of2 was
added, the reaction mixture was heated (with gentle boiling)
for another hour. The reaction mixture was poured into a
solution of 10 g of NH4Cl in 120 mL of crushed ice. The
resulting mixture was extracted twice with 150 mL of ether
and washed with 100 mL of brine. The ether was evapo-
rated, yielding 3.03 g of3 as a yellow oil which was used
without further purification.1H NMR (CDCl3) dH (ppm):
0.17 (s, 6H, Si-CH3), 0.92 (t, 3H, CH3), 1.02 (s, 9H, C4H9),
1.78–1.86 (m, 2H, CH2), 3.89 (s, 3H, OCH3), 4.55 (t, 1H,
CH), 6.73–6.88 (m, 3H, Ar-H). Mass spectrum,m/z(relative
intensity): 239 (M+ − C4H9, 61) 195 (100), 167 (22), 75
(18), 73 (30), 59 (21), 57 (25), 41 (21), 29 (31).

(R,S)-1-(48-Hydroxy-38-methoxyphenyl)propanol (4)

To a stirred solution of 2.0 g of3 in 40 mL of dry DMF was
added 16 mL of TBAF (1M in tetrahydrofuran). The reac-
tion mixture was stirred at room temperature until the reac-

tion was complete (90 min). The resulting green mixture
was poured into 50 mL of water and extracted twice with
100 mL of ether. The ether was washed with brine, dried
over Na2SO4, and evaporated. Purification of the reaction
product by silica column chromatography (eluent: 5%
MeOH in CHCl3) gave 0.46 g (20%) of (R,S)-1-(48-
hydroxy-38-methoxyphenyl)propanol.1H NMR (CDCl3) dH

(ppm): 0.91 (t, 3H, CH3), 1.73–1.87 (m, 2H, CH2), 3.89 (s,
3H, OCH3), 4.55 (t, 1H, CH), 6.77–6.90 (m, 3H, Ar-H).
Mass spectrum,m/z (relative intensity): 182 (M+, 23), 153
(92), 125 (38), 93 (100), 65 (52), 53 (16), 39 (19), 29 (33),
27 (28). HRMS calcd for C10H14O3 m/z 182.0943, found
m/z182.0943.

Enzymes

Vanillyl alcohol oxidase (EC 1.1.3.7) was purified fromP.
simplicissimum(Oudem.) Thom. CBS 170.90 (ATCC
90172) as described by Fraaije et al. (1995). Lipase (EC
3.1.1.3) fromPseudomonas cepaciawas a gift from Bio-
catalysts Ltd. (Pontypridd, UK). Lipase fromCandida ru-
gosawas purchased from Sigma, and lipase B fromCan-
dida antarctica was a generous gift from Boehringer
(Mannheim, Germany).

Enzyme Kinetics

VAO activity was measured at pH 10.0 by spectrophoto-
metrically recording the formation of aromatic product at
260 nm (to determineKm values) and by following oxygen
consumption using a Clark electrode (to determinekcat val-
ues) (Fraaije et al., 1995).

Enzymatic Conversion of 4-Alkylphenols

The reaction mixture containing 1.0 mM 4-ethylphenol in
50 mM glycine/NaOH buffer, pH 10.0, and 0.05 U of VAO
in 2 mL was incubated for 3 h at 30°C. Product samples

Figure 1. Scheme for the synthesis of 1-(48-hydroxy-38-methoxyphenyl)propanol.
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were prepared by extraction of the reaction mixture with 2
× 1.0 mL of ether. After evaporation, the products were
dissolved in 10mL of methanol and analyzed using GC and
GC/MS. For larger scale accumulation of the alcohol prod-
uct formed after the enzymatic conversion of 4-ethylphenol,
15 mg of 4-ethylphenol and 100mg of VAO in 50 mL of 50
mM glycine/NaOH (pH 10.0) were incubated at 30°C.
Samples of 0.5 mL were extracted with 1 mL of ether and
analyzed by HPLC. When all 4-ethylphenol was consumed,
another 15 mg of 4-ethylphenol was added. Further addi-
tions of 4-ethylphenol were made to a total of 100 mg.
Isolation of the products was done essentially according to
Reeve et al. (1990). The reaction mixture was extracted two
times with 100 mL of ether, dried over Na2SO4, and evap-
orated. The solid obtained was washed with 20 mL of light
petroleum (bp 40–60°C) to remove 4-ethylphenol and 4-
vinylphenol and with 20 mL of chloroform to remove 4-
hydroxyacetophenone, yielding 33.2 mg (28%) of 1-(48-
hydroxyphenyl)ethanol. The conditions for the enzymatic
conversion of 4-propylphenol and 2-methoxy-4-propyl-
phenol were the same as for the oxidation of 4-ethylphenol.
A large scale conversion was also performed for 2-
methoxy-4-propylphenol. After extraction, the alcohol
product was purified by column chromatography (eluent:
5% MeOH in CHCl3), yielding 52 mg (45%) of 1-(48-
hydroxy-38-methoxyphenyl)propanol as a yellow oil.

For 18O incorporation experiments, 0.5-mL samples of
1.0 mM 4-ethylphenol were freeze-dried and resuspended in
0.5 mL of 33% w/w H2

18O. After addition of vanillyl alco-
hol oxidase (100mg) the samples were incubated for 3 h at
25°C. Hereafter, the samples were extracted twice with 0.5
mL of ether, evaporated, and analyzed by GC/MS.

Establishment of the Absolute Configurations of
Chiral Products

The absolute configuration of the hydroxyalkylphenols pro-
duced by VAO were determined using a chiral GC column
in combination with the well-established stereoselectivity of
the lipases fromP. cepaciaand C. antarctica,essentially
according to the procedure of Reeve et al. (1990). A typical
experiment is described below.

Racemic (1-(48-hydroxyphenyl)ethanol was injected on a
b-cyclodextrin chiral GC column. The enantiomers were
well separated, giving peaks at 49.3 and 51.2 min. Subse-
quently, this alcohol was enzymatically esterified with vinyl
acetate. Racemic 1-(48-hydroxyphenyl)ethanol (40 mg) was
dissolved in 2 mL of freshly distilled vinyl acetate, and 100
mg of lipase fromP. cepaciawas added. The mixture was
incubated at 28°C. At regular time intervals, the lipase was
removed by centrifugation and the supernatant was ana-
lyzed on the chiral column. During the first 50 h of the
reaction, the peak at 49.3 min decreased whereas the area of
the peak at 51.2 min remained unchanged. Earlier studies of
P. cepacialipase have revealed that it very selectively reacts
with secondary alcohols having the 3D structure as shown
below in Fig. 2 (Kazlauskas et al., 1991; Cygler et al.,

1994). This means in our case that the lipase preferably
reacts with theR-alcohol, leaving theS-alcohol unchanged.
From these results, we could assign theR-structure to the
peak at 49.3 min and theS-configuration to the peak at 51.2
min. Injection of the product obtained by VAO-mediated
hydroxylation of 4-ethylphenol on the chiral GC column
under the same conditions showed a large peak at 49.3 min
and a very small one at 51.2 min, which leads to the con-
clusion that VAO producesR-1-(48-hydroxyphenyl)ethanol
with 94% ee.

An identical experiment with racemic 1-(48-hydroxy-
phenyl)propanol andP. cepacialipase gave peaks at 61.2
and 62.5 min; the peak at 61.2 min decreased during incu-
bation with the lipase and vinyl acetate. The main product of
the reaction of 4-propylphenol with VAO displayed a peak
at 61.2 min, which means that VAO producesR-1-(48-
hydroxyphenyl)propanol (94% ee). Since bothP. cepacia
andC. rugosalipase were unreactive toward 1-(48-hydroxy-
38-methoxyphenyl)propanol, the lipase ofC. antarcticawas
used. This enzyme is also very stereoselective toward sec-
ondary alcohols and has the same stereochemical preference
as the other two lipases according to literature (Uppenberg
et al., 1995). Indeed, in our handsC. antarcticalipase dis-
played the same stereochemical preference for 1-(48-
hydroxyphenyl)ethanol asP. cepacialipase, i.e. the peak of
the R-isomer decreased during incubation with the lipase
and vinyl acetate. Racemic 1-(48-hydroxy-38-methoxy-
phenyl)propanol gave peaks at 139.7 and 144.6 min;C.
antarcticalipase-mediated esterification in vinyl acetate re-
sulted in a decrease of the peak at 139.7 min while the area
of the peak at 144.6 min remained unchanged. Incubation of
VAO with 2-methoxy-4-propylphenol gave a large peak at
139.7 min and a small one at 144.6 min, so VAO produces
R-1-(48-hydroxy-38-methoxyphenyl)propanol (94% ee).

RESULTS

Steady-state kinetics were performed in order to determine
the catalytic efficiency of VAO with 4-alkylphenols. The
kinetic parameters for 4-ethylphenol, 4-propylphenol, and
2-methoxy-4-propylphenol (Table I) were in the same range
as reported for other VAO substrates (Fraaije et al., 1995).

HPLC analysis showed that two major products are
formed during the enzymatic oxidation of 4-ethylphenol.
GC/MS and1H NMR analysis revealed that one of these
major products is 1-(48-hydroxyphenyl)ethanol (78%). The

Figure 2. Stereochemical preference ofP. cepacialipase toward second-
ary alcohols. ‘‘L’’ represents a large substituent; ‘‘M’’ represents a me-
dium-sized substituent.
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other major product was 4-vinylphenol (18%) according to
GC/MS analysis. The vinylic product was not formed by
autocatalysis as prolonged incubation of either 4-
ethylphenol or 1-(48-hydroxyphenyl)ethanol in the absence
of VAO did not result in the formation of 4-vinylphenol.
Conversion of 4-ethylphenol also resulted in some forma-
tion of 4-hydroxyacetophenone (4%) indicative of some
subsequent VAO-mediated oxidation of the formed alcohol.

Similar results as with 4-ethylphenol were obtained for
the VAO-catalyzed conversion of 4-propylphenol. This re-
action resulted in the formation of 1-(48-hydroxy-
phenyl)propanol (78%), 4-propenylphenol (18%), and 1-
(48-hydroxyphenyl)propanone (4%). HPLC, GC/MS, and
1H NMR analysis revealed that 2-methoxy-4-propylphenol
was mainly converted by VAO into 1-(48-hydroxy-38-
methoxyphenyl)propanol. In contrast to the above-
mentioned reactions, only minor amounts (<1%) of the un-
saturated product, isoeugenol, and 1-(48-hydroxy-38-
methoxyphenyl)propanone were formed in this case.

In order to identify the origin of the oxygen atom incor-
porated in the alcohol product, conversion of 4-ethylphenol
by VAO was performed in H2

18O-enriched buffer. The
mass spectrum of 1-(48-hydroxyphenyl)ethanol, isolated
from the reaction mixture enriched with H2

18O, resulted in
an additional ion atm/z 140 (4 M+ + 2) (Fig. 3). This
indicates that the incorporated oxygen atom is derived from
water. The labeled alcohol represented 34% of the total
amount of alcohol product, which is in good agreement with
the 33% enrichment of H2

18O in the reaction mixture.
The absolute configuration of the chiral alcohols formed

during the VAO-mediated conversion of 4-alkylphenols
was determined using a chiral GC-column and lipase from
P. cepaciaandC. antarctica.These lipases specifically es-
terify the R-isomer of secondary alcohols (see Reeve et al.,
1990, and Kazlauskas et al., 1991, forP. cepacialipase and
Uppenberg et al., 1995, forC. antarcticalipase). This pro-
cedure revealed that hydroxylation of 4-ethylphenol occurs
enantioselectively, giving theR-isomer with an ee of 94%.
Optical purity analysis of purified 1-(48-hydroxy-
phenyl)ethanol ([a]20

D 4 +40.1°) resulted in an ee of 82%
(Everhart and Craig, 1991).1H NMR revealed that this ap-

parent lower ee resulted from the presence of some 4-
hydroxyacetophenone. The positive optical rotation is in
accordance with the optical rotation measured by Reeve et
al. (1990) and Everhart and Craig (1991), confirming that
(R)-1-(48-hydroxyphenyl)ethanol is the main product
formed from 4-ethylphenol. Furthermore, the melting point
of the purified alcohol (148–151°C) again confirmed enan-
tioselective hydroxylation (mp for one enantiomer, 157°C
(Everhart and Craig, 1991); mp forR/S mixture, 130.6–
131°C (see Materials and Methods)).

Stereochemical analysis of the 4-hydroxybenzylic alco-
hols formed from 4-propylphenol and 2-methoxy-4-
propylphenol again revealed a 94% ee in favour of theR-
isomer. Lipase treatment showed that VAO predominantly
hydroxylates 4-propylphenol to theR-enantiomer of 1-(48-
hydroxyphenyl)propanol.

DISCUSSION

This paper reports on the asymmetric synthesis of optically
active short-chain 1-(48-hydroxyphenyl)alkanols by the co-
valent flavoprotein vanillyl-alcohol oxidase fromP. simpli-
cissimum.Hydroxylation of 4-ethylphenol resulted in the
enantioselective formation of (R)-1-(48-hydroxy-
phenyl)ethanol with an ee of 94%. For the hydroxylation of
4-propylphenol and 2-methoxy-4-propylphenol also an ee
of 94% for theR-isomer was found. Previous studies have
shown that the bacterial flavocytochromes PCMH (McIntire
and Bohmont, 1987) and 4-ethylphenol methylenehydroxy-
lase (EPMH) (Reeve et al., 1990), both isolated fromP.
putida strains, also enantioselectively hydroxylate 4-
e t h y l p h e n o l . I n c a s e o f P C M H , (S) - 1 - ( 48 -
hydroxyphenyl)ethanol was formed with an ee of 31.2%
when phenazine methosulphate was used as electron accep-
tor (McIntire et al., 1984), whereas an ee of 94% for the
S-isomer was found with cytochromec as electron acceptor
(McIntire and Bohmont, 1987). On the other hand, more

Figure 3. Mass spectra (M+ – peak) of 1-(48-hydroxyphenyl)ethanol ob-
tained after incubation of 4-ethylphenol with VAO in the absence (solid
bars) or presence (striped bars) of H2

18O.

Table I. Kinetic parameters for the conversion of 4-alkylphenols by
vanillyl alcohol oxidase fromP. simplicissimum(pH 10.0, 25°C).

Substrate kcat (s−1) Km (mM)

4-Ethylphenol 2.7 7

4-Propylphenol 3.9 3

2-Methoxy-4-
propylphenol 4.8 <10
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similar with VAO, EPMH catalyzes the hydroxylation of
4-ethylphenol into (R)-1-(48-hydroxyphenyl)ethanol with an
ee of 98% (Reeve et al., 1990). However, no data have been
reported for the enantioselectivity of the bacterial flavocy-
tochromes with 4-propylphenols.

Using H2
18O it was found that in the VAO-catalyzed

reactions, the oxygen atom introduced in the alcohol prod-
uct originates from water. This is in line with the reaction
mechanism postulated for the VAO-mediated conversion of
4-(methoxymethyl)phenol (Fraaije and van Berkel, 1997),
involving the initial formation of ap-quinone methide prod-
uct intermediate. As the addition of water to thep-quinone
methide is enzyme-mediated (Fraaije and van Berkel,
1997), it is apparent that the reaction with prochiral 4-
alkylphenols results in optical active products (Fig. 4).

During the VAO-catalyzed conversion of 4-alkylphenols,
4-vinylic phenols are formed as side products (Fig. 5).
McIntire and Bohmont (1987) have suggested that the for-
mation of these unsaturated compounds might result from
the rearrangement of thep-quinone methide intermediate.
Interestingly, almost no isoeugenol was formed in the VAO-
mediated conversion of 2-methoxy-4-propylphenol. This
shows that introduction of substituents in the substrate aro-
matic ring may influence the absolute yield of chiral product
formed. Rapid reaction studies have indicated that the elec-
trophilic p-quinone methide product intermediates become
stabilized in the active site of the reduced enzyme to a
different extent, depending on the substrate, and that nu-
cleophilic attack by water to these intermediates only occurs
after flavin reoxidation (Fraaije et al., 1997). This suggests
that the differences in the extent of formation of unsaturated
products from 4-propylphenol and 2-methoxy-4-
propylphenol result from subtle changes in susceptibility of
the correspondingp-quinone methide intermediates toward
rearrangement in the active site of the reduced enzyme.

VAO oxidizes 4-hydroxybenzylalcohols and catechol-
amines to the corresponding aldehydes or ketones (Fraaije
et al., 1995). However, during the conversion of 4-alkyl-
phenols, VAO produces only limited amounts of 4-
hydroxyacetophenones. The inefficient formation of these
compounds may be caused by the relatively weak binding of
the 1-(48-hydroxyphenyl)alkanols and the fact that the vi-
nylic side products act as strong competitive inhibitors (Fra-
aije et al., 1995). A similar inhibition by 4-vinylphenol was
reported in case of PCMH (McIntire and Bohmont, 1987).
Because nearly no isoeugenol is formed from 2-methoxy-
4-propylphenol, another likely explanation for the low yield
of 4-hydroxyacetophenones is that VAO may be enantiose-
lective in oxidizing preferably theS-isomers of 1-(48-
hydroxyphenyl)alkanols, while theR-isomers are predomi-
nantly formed.

Recently, the crystal structure of VAO has been deter-
mined in the native state and in complex with several in-
hibitors (Mattevi et al., 1997). These studies clearly estab-
lished that the structure of the VAO subunit closely re-
sembles that of the flavoprotein subunit of PCMH
(Mathews et al., 1991). The crystal structure has provided a
rationale for the poor reactivity of VAO toward 4-
methylphenol (Fraaije et al., 1997), the physiological sub-
strate of PCMH. Upon binding of 4-methylphenol, a cova-
lent adduct is formed between the substrate and the reduced
flavin which is rather stable under aerobic conditions (Mat-
tevi et al., 1997). Steric constraints imposed by the shape of
the active-site cavity most likely prevent such an adduct
formation with more bulkier 4-alkylphenols, which is con-
sistent with the present results.

In summary, this study strongly supports an earlier con-
clusion (Fraaije et al., 1995) that the reaction mechanism of
VAO is similar to PCMH and EPMH. However, several
marked differences exist between the catalytic properties of

Figure 4. Proposed mechanism for the hydroxylation of 4-ethylphenol by vanillyl alcohol oxidase (EFAD, oxidized enzyme; EFADH–, reduced enzyme).

Figure 5. Reaction pathway for the conversion of short-chain 4-alkylphenols catalyzed by VAO (4-ethylphenol, R1, R2 4 H; 4-propylphenol, R1 4 CH3,
R2 4 H; 2-methoxy-4-propylphenol, R1 4 CH3, R2 4 OCH3).
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the bacterial flavocytochromes and VAO. These differences
include the substrate specificity and the nature of the elec-
tron acceptor involved in flavin reoxidation. In view of
potential biotechnological applications, it should be stressed
that, opposite to the flavocytochromes, VAO does not need
an artificial electron acceptor for flavin reoxidation but uses
dioxygen instead. Therefore, like glucose oxidase (Wilson
and Turner, 1992) andD-amino acid oxidase (Buto` et al.,
1994), VAO can be classed among an emerging group of
flavoprotein oxidases that catalyze transformations of in-
dustrial relevance.

NOMENCLATURE

coniferyl alcohol 4-hydroxy-3-methoxycinnamyl alcohol
ee enantiomeric excess
EPMH 4-ethylphenol methylenehydroxylase
eugenol 4-allyl-2-methoxyphenol
isoeugenol 1,2-(methylenedioxy)-4-propenylbenzene
kcat turnover rate
Km Michaelis–Menten constant
PCMH p-cresol methylhydroxylase
p-cresol 4-methylphenol
TBAF tetrabutylammonium fluoride
TBDMSCl tert-butyldimethylsilyl chloride
TLC thin-layer chromatography
U unit of enzyme activity
vanillin 4-hydroxy-3-methoxybenzaldehyde
vanillyl alcohol 4-hydroxy-3-methoxybenzyl alcohol
VAO vanillyl alcohol oxidase
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Butò, S., Pollegioni, L., D’Angurio, L., Pilone, M. S. 1994. Evaluation of
D-amino acid oxidase fromRhodotorula gracilisfor the production of
a-keto acids: A reactor system. Biotechnol. Bioeng.44: 1288–1294.

Crosby, J. 1991. Synthesis of optically active compounds: A large scale
perspective. Tetrahedron47: 4789–4841.

Cygler, M., Grochulski, P., Kazlauskas, R. J., Schrag, J. D., Bouthiller, F.,
Rubin, B., Serreqi, A. N., Gupta, A. K. 1994. A structural basis for the
chiral preference of lipases. J. Am. Chem. Soc.116: 3180–3186.

de Jong, E., van Berkel, W. J. H., van der Zwan, R. P., de Bont, J. A. M.
1992. Purification and characterization of vanillyl-alcohol oxidase
from Penicillium simplicissimum.Eur. J. Biochem.208: 651–657.

Edlin, D. A. N., Narbad, A., Dickinson, J. R., Lloyd, D. 1995. The bio-
transformation of simple phenolic compounds byBrettanomyces
anomalus.FEMS Microbiol. Lett.125: 311–316.

Everhart, E. T., Craig, J. C. 1991. A facile general route to enantiomeric
1-(48-hydroxyphenyl)alkanols, and an improved synthesis of 4-
vinylphenol. J. Chem. Soc., Perkin Trans. 1, 1701–1707.

Fraaije, M. W., Veeger, C., van Berkel, W. J. H. 1995. Substrate specificity
of flavin-dependent vanillyl alcohol oxidase fromPenicillium simpli-
cissimum.Eur. J. Biochem.234: 271–277.

Fraaije, M. W., Drijfhout, F. P., Meulenbelt, G., van Berkel, W. J. H. 1997.
Vanillyl-alcohol oxidase fromPenicillium simplicissimum:Reactivity
with p-cresol and preliminary structural analysis, pp. 261–264. In: K.

Stevenson, V. Massey, and Ch. Williams, Jr. (eds.), Flavins and Fla-
voproteins XII. University Press, Calgary, Canada.

Fraaije, M. W., van Berkel, W. J. H. 1997. Catalytic mechanism of the
oxidative demethylation of 4-(methoxymethyl)phenol by vanillyl-
alcohol oxidase. J. Biol. Chem.272: 18111–18116.

Hopper, D. J. 1976. The hydroxylation ofp-cresol and its conversion to
p-hydroxybenzaldehyde inPseudomonas putida.Biochem. Biophys.
Res. Commun.69: 462–468.

Hopper, D. J. 1978. Incorporation of [18O]water in the formation ofp-
hydroxybenzyl alcohol by thep-cresol methylhydroxylase fromPseu-
domonas putida.Biochem. J.175: 345–347.

Kazlauskas, R. J., Weissfloch, A. N. E., Rappaport, A. T., Cuccia, L. A.
1991. A rule to predict which enantiomer of a secondary alcohol reacts
faster in reactions catalyzed by cholesterol esterase, lipase fromPseu-
domonas cepaciaand lipase fromCandida rugosa.J. Org. Chem.56:
2656–2665.

Mathews, F. S., Chen, Z.-W., Bellamy, H. D., McIntire, W. S. 1991. Three-
dimensional structure ofp-cresol methylhydroxylase (flavocyto-
chromec) from Pseudomonas putidaat 3.0 Å resolution. Biochemistry
30: 238–247.

Mattevi, A., Fraaije, M. W., Mozarelli, A., Olivi, L., Coda, A., van Berkel,
W. J. H. 1997. Crystal structures and inhibitor binding in the octameric
flavoenzyme vanillyl-alcohol oxidase: the shape of the active-site cav-
ity controls substrate specificity. Structure5: 907–920.

McIntire, W. S., Hopper, D. J., Craig, J. C., Everhart, E. T., Webster, R. V.,
Causer, M. J., Singer, T. P. 1984. Stereochemistry of 1-(48-hydroxy-
phenyl)ethanol produced by hydroxylation of 4-ethylphenol byp-
cresol methylhydroxylase. Biochem. J.224: 617–621.

McIntire, W. S., Bohmont, C. 1987. The chemical and stereochemical
course of oxidation of 4-ethylphenol and other 4-alkylphenols byp-
cresol methylhydroxylase, pp. 677–686. In: D. E. Edmondson and
D. B. McCormick (eds.), Flavins and Flavoproteins IX. W. de Gruyter,
Berlin.

Reeve, C. D., Carver, M. A., Hopper, D. J. 1989. The purification and
characterization of 4-ethylphenol methylhydroxylase, a flavoprotein
from Pseudomonas putidaJD1. Biochem. J.263: 431–437.

Reeve, C. D., Carver, M. A., Hopper, D. J. 1990. Stereochemical aspects of
the oxidation of 4-ethylphenol by the bacterial enzyme 4-ethylphenol
methylenehydroxylase. Biochem. J.269: 815–819.

Stinson, S. C. 1995. Chiral drugs. Chem. Eng. News73: 44–74.
Thompson, D., Norbeck, K., Olsson, L.-I., Despina, C.-T., Van Der Zee, J.,
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