Enzyme Catalysis

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201207916
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The stereoselective addition of water across C=C bonds
transforms prochiral alkenes to nonracemic alcohols and
represents a major challenge in synthetic organic chemistry.
In general, alkene hydration is an equilibrium reaction
slightly favoring the alcohol side in 1,4-additions and some-
what disfavored on isolated C=C bonds.!"! Acid-catalyzed
alkene hydration, which follows the rule of Markovnikov,
usually proceeds with low regioselectivity and is often
accompanied by rearrangement yielding regioisomeric prod-
uct mixtures; with a few exceptions,? no generally applicable
protocol has been developed so far. Likewise, base-catalyzed
1,4-addition of water to o,fB-unsaturated (Michael) acceptors
is impeded by the poor nucleophilicity of water.”! Overall, an
astonishingly limited number of asymmetric alkene-hydration
protocols are reported: 1) The stereoselective hydration of
a,B-unsaturated carboxylic acids by using a heterobimetallic
chiral biopolymer (wool-Pd"-Co™) catalyst furnished p-
hydroxy carboxylic acids in high optical purities,”! and
2) the asymmetric syn-hydration of a,f-unsaturated acyl
imidazoles while applying a DNA-based Cu" catalyst yielded
B-hydroxy carbonyl compounds with moderate ee values.” To
compensate for the insufficient nucleophilicity of water,
indirect methods using strong nucleophiles (alkoxides, N-
silyloxycarbamates, oximes, silicon and boron reagents) have
been employed, which require cumbersome reductive or
oxidative follow-up chemistry to yield the desired f-hydroxy
carbonyl compounds.”
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Asymmetric addition of water across isolated or conju-
gated C=C bonds is an important process in biology," which is
catalyzed by lyases (termed “hydro-lyases” or “hydratases”).
Mechanistically, these enzymes can be divided into two
categories: 1) acting through (Lewis) acid-catalyzed 1,2-
addition and 2) acting through (Michael-type) nucleophilic
1,4- or 1,6-addition involving quinone methide enolates.l!

Among group (1), acetylene hydratase (AH) is a rare
tungsten-dependent protein that catalyzes the hydration of
acetylene to furnish acetaldehyde.” Likewise, several
enzymes catalyze the hydration of nonconjugated C=C
bonds in fatty acids (for example, oleate hydratase),® natural
products (kievitone and phaseollidin hydratase,””’ carotenoid
1,2-hydratase),'” and terpenoids (linalool dehydratase-iso-
merase)."!! Unfortunately, the high substrate specificity of
these enzymes severely limits their practical applicability.

In contrast, enzymes of group (2) appear to be more
flexible: Fumarase is industrially applied for the anti-hydra-
tion of fumarate yielding (S)-malate (ca. 2000 t/a)."?! How-
ever, fumarase and its relatives malease, citraconase, and
mesaconate hydratase exhibit a very narrow substrate spec-
trum.™ Enoyl-CoA hydratases are key enzymes in the f-
oxidation pathway and require the (ATP-consuming) activa-
tion of their monoacid substrates through formation of
a thioester bond to the cofactor coenzyme A (CoA).l'"
Despite their complexity, a few processes operate on indus-
trial scale. Owing to the dependence on ATP, whole cells
are employed. In a related fashion, hydroxycinnamoyl-CoA
hydratase-lyase (HCHL) requires ATP-dependent substrate
activation with CoA and catalyzes the two-step degradation
of feruloyl-CoA through stereospecific hydration of the C=C
bond, followed by retroaldol C-C-cleavage to yield vanillin
and acetaldehyde.[%'¥ Recently, Michael hydratase alcohol
dehydrogenase (MhyADH)!"! was shown to be a bifunctional
enzyme requiring Mo, Fe, and Zn as cofactors.'¥ MhyADH
catalyzes the 1,4-hydration of a range of a,f-unsaturated
carbonyl compounds followed by oxidation of the f-hydroxy
moiety to yield the corresponding f-oxo-aldehydes or
-ketones in the presence of an oxidant; in the absence of an
electron acceptor, the hydration product could be identi-
fied.'” In view of the general narrow substrate tolerance of
hydratases, MhyADH is exceptional owing to its broad
substrate spectrum.

Herein we describe the unprecedented stereoselective
asymmetric hydration of hydroxystyrene-type substrates by
employing phenolic acid decarboxylases (PADs; Table 1).
The promiscuous'® catalytic “hydratase activity” of these
enzymes was discovered during studies on the regioselective
B-carboxylation of p-vinylphenol™ which unexpectedly
furnished (S)-1-(p-hydroxyphenyl)ethanol derived through
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Table 1: Conversions and stereoselectivities of the asymmetric enzymatic hydration of hydroxystyrenes 1a-6a.l!

2294

R enolic aci R
D Gecaronase_ N
HO F KHC03 buffer, HO &
30°C, 24h
1a-6a (S)-1b—-6b
Entry  Substrate Product PAD_Lp PAD_Ba PAD_Mc PAD_Ms PAD_Ps  PAD_LI FDC_Es  Control®
conv. [%] conv.[%] conv.[%] conv.[%] conv.[%] conv.[%] conv.[%] conv.[%]
(ee[%])  (ee[%])  (ee[%])  (ee[%])  (ee[%])  (ee[%])  (ee[%])  (ee[%])
) HOJ@A\ ﬁOH 82 64 2 779 75 739 779 6
HO (“3(5) (53(8)  (nd) (40(5) G6(S) (55N (41 (S)  (rac)
Ta 1b
MeO o
5 ]@A\ MOQ/LOH <1 30 <1 241 394 450 274 14
Ho HO ) GO G| (8(s) (2 (28(5) () (rac)
2a 2b
Cl
] DA\ ¢ OH 73 73 <1 63 76 73 741 17
Ho HO (28(s) (6(S) () @7(s) (o) (20(s) @B (S) (rac)
3a 3b
X
4 o\/©/\ OH 46 46 <1 45! 44 474 340 39
. HO 29(5) (44(5) B7()  B2E)  (8(S) (71 (S)  (rac)
4a 4b
EtO X EtO
s U\ OH 8 3 <1 5 12 35 17 10
Ho HO (nd.) (nd.) ) (nd.) (3) 8 (10 (rac)
S5a 5b
Meoj;j/\ MeOD)\OH
6 HO <1 <1 <1 <1 <1 <1 <1 <1
Ome " e 6 O O 8 6 ) ) )
6a 6b

[a] All conversion data in Table 1 are corrected for the control in the absence of biocatalyst; reaction conditions: whole lyophilized cells containing the
overexpressed enzyme (30 mg), substrate (10 mm), KHCO; (3 M), phosphate buffer (pH 8.5, 100 mm), 30°C, 120 rpm (orbital shaker), 24 h;
n.d.=not determined owing to low conversion; phenolic acid decarboxylases from Lactobacillus plantarum (PAD_Lp), Bacillus amyloliquefaciens
(PAD_Ba), Mycobacterium colombiense (PAD_Mc), Methylobacterium sp. (PAD_Ms), Pantoea sp. (PAD_Ps), Lactoccocus lactis (PAD_LI), and ferulic
acid decarboxylase from Enterobacter sp. (FDC_Es) were used; [b] spontaneous (nonenzymatic) hydration in the absence of biocatalyst; [c] the
corresponding (substituted) benzaldehyde was detected as minor side product; [d] absolute configuration not determined owing to low ee.

enzymatic hydration of the C=C bond, next to the expected
carboxylation product p-coumaric acid.

Detailed analysis revealed that recombinant phenolic acid
decarboxylases from Lactobacillus plantarum (PAD_Lp) and
from Bacillus amyloliquefaciens (PAD_Ba) were able to
hydrate the C=C bond of p-vinylphenol (1a), thereby forming
(8)-4-(1-hydroxyethyl)phenol (1b) with good conversions and
remarkable stereoselectivities (PAD_Lp: conv. 82 %, ee 43 %;
PAD_Ba: conv. 64%, ee 53%, Table1, entry1) in the
presence of carbonate buffer (3m, pH 8.5) used as CO,
source for carboxylation. Interestingly, the expected carbox-
ylation product (p-coumaric acid) was observed only as minor
side product (<5%).*! To exploit the potential of this
method, the following enzymes were chosen based on
a similarity search (40-80% sequence identity): phenolic
acid decarboxylases from Mycobacterium colombiense

[*] For enzymes, which showed very low hydration activity, such as
PAD_Mc, the carboxylation reaction was dominant.
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(PAD_Mc), Methylobacterium sp. (PAD_Ms), Pantoea sp.
(PAD_Ps), Lactoccocus lactis (PAD_LI), ferulic acid decar-
boxylase from Enterobacter sp. (FDC_Es), and (for reason of
comparison) p-hydroxycinnamoyl CoA hydratase-lyase from
Pseudomonas fluorescens (HCHL). All genes were synthe-
sized by Geneart AG (Regensburg) and subcloned in a pET
vector (pET 21a or pET 28a). A standard E. coli BL21(DE3)
host was transformed with the obtained plasmids and IPTG
was used to induce overexpression. According to SDS-PAGE
analysis, successful overexpression was obtained for all
enzymes, which were employed as lyophilized whole-cell
biocatalyst to a range of substrates. The absence of competing
hydratase activity of empty E. coli host cells was verified by
separate control experiments. To our delight, almost all
decarboxylases were able to catalyze the hydration of
hydroxystyrene-type substrates 1a—5a except for PAD_Mc
from Mycobacterium colombiense (Table 1). The broad range
of hydratase activities was even more remarkable, since the
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‘real” hydratase, hydroxycinnamoyl-CoA hydratase-lyase did
not show any hydratase activity at all.

All active enzymes displayed similar levels of conversion
with respect to a given substrate (conv. 64-82 % for 1a, conv.
24-45% for 2a, conv. 63-76 % for 3a, conv. 34-47 % for 4a,
conv. 3-35% for 5a, conv. <1% for 6a). The hydroxy group
in the para-position appears to be mandatory for enzyme
activity, meta-analogues were unreactive, and ortho-substi-
tuted substrates turned out to be unstable. Overall, the data
indicate that steric effects play a major role, because p-
vinylphenol (1a) and the chloro analogue 3a gave the highest
conversions (conv. 63-82 %, Table 1, entries 1,3), while the
conversion continuously dropped upon increasing size and/or
number of substituents. An additional methyl or methoxy
group (2a, 4a) led to moderate conversions (conv. 24-47 %,
Table 1, entries 2,4), and more bulky substituents like on 5a
resulted in a significant decrease of conversion (Table 1,
entry 5). Compound 6a, carrying three substituents on the
phenyl ring, was not accepted (conv. <1, Table 1, entry 6).
Comparison of results obtained with substrates bearing alkyl,
alkoxy, and chloro groups shows that electronic effects play
a minor role.

To elucidate the effect of bicarbonate, a set of experiments
with various buffer systems were performed using p-vinyl-
phenol (1a) and whole cells of E. coli harboring PAD_Lp
(Figure 1). The data clearly show that the hydration indeed

conversion / %

0 0,5 1 1,5 2 25 3
bicarbonate / m
Figure 1. Hydration (resulting in 1b; ——m——) versus carboxylation
(resulting in p-coumaric acid; ——aA——) of p-vinylphenol (1a)

employing PAD_Lp at various concentrations of bicarbonate. For 1b
the ee values are plotted (———e——-). The control (-----x-----) corre-
sponds to spontaneous (nonenzymatic) hydration in the absence of
biocatalyst.

depends on the bicarbonate concentration, and the conver-
sion reached its maximum at approximately 3m. Moreover,
the stereoselectivity of hydration (expressed as ee of 1b) also
strongly increased from near racemic (in the absence of
bicarbonate) to reach a maximum (ca. 62% ee) at a bicar-
bonate concentration of approximately 0.5M, followed by
a continuous decrease to a plateau of approximately 43 % ee.
In contrast, the carboxylation product (p-coumaric acid) was
observed only as minor side product (<5 %) independent on
the bicarbonate concentration. These results strongly suggest
that bicarbonate is mechanistically involved in the enzymatic
hydration.

To provide a rationale for the promiscuous catalytic
hydratase activity of phenolic acid decarboxylases, detailed
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literature studies revealed puzzling similarities between the
(proposed) mechanism of p-coumaric acid decarboxylase
from Lactobacillus plantarum,® ferulic acid decarboxylase
from Enterobacter sp.,*! and hydroxycinnamoyl-CoA hydra-
tase-lyase from Pseudomonas fluorescens:"**) All enzymes
act via a central quinone methide intermediate,*! which
represents a Michael-acceptor for the nucleophilic 1,6-addi-
tion of water. Based on literature!*1**2%2l and experimental
results, in silico docking and energy minimization studies
(based on the crystal structure of ferulic acid decarboxylase
from E. sp.) were performed,” which result in the mecha-
nistic proposal depicted in Scheme 1.

oz Ao GI/jiZ prgao
HN__NH e
o Qe Ny A 0”0 I’-'!‘NYNHZ
g [
HO ' nucleophilic :
€]
(7\<o\' i addition o H
a ,:O\H —_— _\!‘H_.---O~H
-H A~
Q Q oy
H wAT1
MeO quinone methide
‘ MeO oxyanion
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H v
8-Tyr19 HO-Tyr19
HO,
(S) front-side
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addition H20
MeO
OH
Ca = Ch
Glu72 Arg49
o | ®
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HO\</O" |
Q. e H
HO, o |
~H
MeO
Q
OH O-Tyr19

Scheme 1. Proposed catalytic mechanism for hydration of substrate 2a
supported by docking experiments based on the crystal structure of
ferulic acid decarboxylase from Enterobacter sp.”"! (see Figure 2, PDB-
Code: 3NX2). WAT1 =water molecule 1, see Figure 2.

In contrast to the mechanism suggested by Gu et al.?" we
recognized that the active-site pocket provides productive
substrate binding through formation of hydrogen bonds to
Glu72 and Arg49, supported by a hydrophobic environment
for the aromatic system (I1e29, Ile41, Trp70, Val78, Leu80, and
11e93). Tyrl9 lies within an appropriate distance for the
deprotonation of the p-hydroxy group of the substrate
(supported by Tyr21, Figure 2), thereby initiating an electron
flow along the p-hydroxy styrene structure. The shift of
electrons enhances the nucleophilicity of the Cf atom, which

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[*] Also reported for vanillyl-alcohol oxidase™ and 4-ethylphenol
methylenehydroxylase.’!
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Figure 2. Energy-minimized oxyanion quinone methide intermediate of
substrate 2a (blue) in the active site of ferulic acid decarboxylase from
Enterobacter. sp. (PDB-Code: 3NX2).”"! The active-site surface is
colored by hydrophobicity from red (hydrophobic) to blue (hydro-
philic). Coordinated water molecules (WAT) are shown as balls; WAT1
is ideally positioned to launch a nucleophilic front-side attack resulting
in the formation of (S)-alcohol 2b (see Scheme 1 and Table 1). Figure
was prepared by using PyMOL.?

performs a nucleophilic attack onto bicarbonate, which is
coordinated by Glu72 and Arg49 through hydrogen bonds
and salt bridges, respectively. The latter results in an oxy-
anion-like p-quinone methide intermediate, which is stabi-
lized by water molecules WAT1-WAT3 (Figure 2),*) which
were found in the original crystal structure.

Interestingly, the polar residues that interact with the
substrate and those forming the hydrophobic environment for
the aromatic substrate moiety are strictly conserved among
the enzymes used in this study (Figure S3 in the Supporting
Information), although the overall sequence identities are
only between 40 and 80 %.

In the carboxylation reaction that is catalyzed by the
enzyme in nature, deprotonation at Cf (accompanied by
tautomerization) yields cinnamic acid derivatives as products.
In contrast, hydration takes place through nucleophilic 1,6-
addition of a water molecule (WAT1, Figure 2) across the
quinone methide intermediate, followed by collapse of the
oxyanion, thereby causing a heterolytic cleavage of the
CB—Ceupoxylae bONd through protonation of CB by WATI.
The latter yields the hydration product and reforms bicar-
bonate. The preference for (S)-alcohols is explained by
a nucleophilic front-side attack, which is favored by the
highly coordinated water network (WAT1-3).

In summary, we have presented for the first time the
enzyme-catalyzed addition of water to the C=C double bond
of hydroxystyrene-type substrates in an asymmetric fashion.

[*] The docking calculations were initially performed without water
molecules present. During energy minimization water molecules
were added again automatically.
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