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The asymmetric decarboxylation of prochiral a-disubstituted
malonic acids is an attractive route to produce homochiral a-
substituted carboxylic acids. Various metal-catalysed and
organocatalytic methods have been explored for related
enantioselective decarboxylative protonation (EDP) reac-
tions.'l However, the synthetic EDP methods can only deliver
chiral carboxylic acids or esters with moderate enantioselec-
tivities (ee).! On the other hand, enzymatic decarboxylation
offers a cleaner, more sustainable and more efficient
approach to deliver carboxylic acids of very high ee. Notably,
the arylmalonate decarboxylase (AMDase) isolated from
Bordetella bronchiseptica™ has been shown to be highly
effective in the decarboxylation of a-arylmalonates to give
enantiomerically pure a-arylcarboxylic acids (Scheme 1).4
The fact that the AMDase is highly robust and does not
require co-factors further increases the potential of this
enzyme for biocatalysis. Despite this, the pool of substrates
accepted by the enzyme is limited to malonates that possess o-
aryl substituents. Indeed a number of other bacterial
AMDases have been discovered from sequence similarity
searches,! or selective enrichment experiments.”l While all
these enzymes could catalyse the decarboxylation of a-
arylmalonates, none have so far been demonstrated to
decarboxylate malonates which do not possess a-aryl sub-
stituents.

In order to rationalise this, and guide the development of
new enzymes which could catalyse a wider range of reactions,
we solved the X-ray crystal structure of the B. bronchiseptica
AMDase.! Our first high-resolution structurel” reveals a
“dioxyanion hole” motif, which can donate six hydrogen
bonds to potentially stabilize a putative high-energy enedio-
late intermediate, along with a small hydrophobic cavity likely
favouring the formation of the neutral CO,. From this we
were able to suggest a mechanism for the AMDase
(Scheme 1). From comparison of the AMDase structurel
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Scheme 1. Proposed mechanism of the AMDase.” Preferred malonate
substrates for the AMDase possess a larger substituent (L=aryl or
alkenyl), which binds to a solvent-accessible cavity, and a smaller
substituent (S=H, Me, OH, NH,). The neutral leaving group CO,
develops within the small hydrophobic pocket and the resulting
enediolate is stabilised by the dioxyanion hole. In the case of the
model substrate 2-methyl-2-phenylmalonate (L=Ph, S=Me) decarbox-
ylation has been shown to occur through loss of the pro-R carboxylate
and subsequent protonation of the si-face by Cys 188, resulting in
overall inversion of configuration.”!

with structures of Asp/Glu racemases,® we proposed that
conserved dioxyanion hole motifs could have evolved to
stabilise common enediolate intermediates in these mecha-
nistically related enzymes. Indeed, up until our structure of
the AMDase, there was no evidence to suggest how the
AMDase or Asp/Glu racemases stabilised common putative
high-energy enediolate intermediates.”) However, our pro-
posal was based on a structure which only possessed
phosphate as an active-site ligand.”! To lend further support
to our proposal, we here present a second B. bronchiseptica
AMDase structure with a mechanism-based inhibitor that
more closely resembles the enediolate intermediate bound to
the active site of the enzyme. This allowed us to rationalise the
mechanism of this simple yet intriguing enzyme and design
new and effective malonate substrates for the AMDase. Also,
the new structure guided directed evolution of new AMDase
mutants with significantly enhanced catalytic efficiency with a
range of substrates.
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The natural substrate of the B. bronchiseptica AMDase is
not known, however phenylmalonic acid (1a) is the best
substrate that has been described to date. Based on this, and
the fact that phosphate was previously shown to bind to the
dioxyanion hole,’! benzylphosphonate (2) was selected as a
potential mechanism-based inhibitor. Benzylphosphonate (2)
is both sterically and electronically similar to the proposed
enediolate intermediate 3 resulting from decarboxylation of
phenylmalonate (Figure 1). In support of this, kinetic studies
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Figure 1. A) Active-site structure of the B. bronchiseptica AMDase with
the benzylphosphonate inhibitor bound to the active site. This was
derived by soaking crystals of the enzyme with benzylphosphonate.

B) Model of the AMDase as derived from the original phosphate-
bound structure® by docking a putative enediolate intermediate 3 into
the active site using the H-bonds of the dioxyanion hole to establish
orientation. Residues of the dioxyanion hole are coloured in green in
structure A and blue in structure B. The Tyr126, which forms a sixth
H-bond of the dioxyanion hole has been removed from these struc-
tures for clarity.
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revealed benzylphosphonate to be a competitive inhibitor of
the AMDase (K;=5.2 mm). Consequently, co-crystallisation
of the AMDase with the benzylphosphonate was undertaken.
The corresponding crystal structure shows the phosphonate
dianion 2 bound to the active site by the same six hydrogen
bonds that make up the dioxyanion hole (Figure 1 A). More-
over, the phenyl group of the phosphonate side chain is
positioned in the larger solvent-accessible cavity, with the
phenyl ring stacking, through van der Waals interactions,
between the Gly 189-Gly 190 amide bond and the edge of the
Pro 14 residue. This is similar to a model that was generated,
based on the first X-ray crystal structure of the AMDase
(Figure 1B and Figure S1 in the Supporting Information),
with the enediolate intermediate 3 docked to the dioxyanion
hole.”! This structure thus provides additional evidence that
the AMDase catalyses decarboxylation of arylmalonates
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through formation of an enediolate intermediate, which is
entirely consistent with the previous proposal.l”!

Asymmetric decarboxylation of aliphatic a-disubstituted
malonates would be highly desirable. To rationalise why these
substrates are not accepted by the enzyme, a model of 2-
methyl-2-propylmalonate bound to the AMDase active site
was generated (Figure S3). This substrate fits well within the
active site, suggesting that electronic rather than steric effects
must account for the substrate selectivity in this case. Indeed,
the AMDase structures (Figure 1) indicate that the stacking
interaction between Pro14 and Gly 189-Gly 190 amide bond
necessitate that the phenyl group must be coplanar with the -
system of the enediolate. Therefore, in addition to the H-
bonding with the dioxyanion hole, delocalisation of electron
density into the phenyl group is likely to further help stabilise
the enediolate. To explore this, malonate S¢ with a trans-
propenyl substituent was prepared by modification of liter-
ature procedures (Scheme S1).) Notably, this substrate 5c¢ is
decarboxylated by the B. bronchiseptica AMDase to give the
R-configured acid 6 ¢, with 99 % ee (Table 1). Kinetic param-
eters were determined for this transformation, using the
method described previously.”'”) The results revealed that the
catalytic efficiency for conversion of the trans-propenyl
derivative Sc is lower than for the 2-methyl-2-phenylmalo-
nate (5a) (Table 1).

In light of this promising result, a range of substrates
possessing alkenyl substituents were prepared, through
modification of literature procedures (Scheme S1).5!Y
Remarkably, all of these compounds proved to be substrates
for the AMDases giving decarboxylation products with very
high enantioselectivities, albeit with slightly lower catalytic
efficiencies compared with the corresponding phenylmalo-

Table 1: Kinetic parameters for AMDase catalysed decarboxylations.

1S=H @ 4S=H

5S=CH, HOZC\|/L’> e 65=CH, LYS

7S=0H 8S=0H

95=NH, CO.H 10S=NH, ©OH

ceO o U

% Y% % %
Subst. K, [mm] ke [s7] Kear/ Ko Productl?  eef
[s'mm] (config.)  [%]

1a 1074080 316436 2064609 4a () -
5a 269421 279432  104+21  6a(R) 99
5b 7.84£0.6 428449  55+1.1 6b (R) 99
5¢ 128410 462453  3.6+038 6¢c (R) 99
5d 144411 239427 17403 6d (R) 99
Se 35403 52406  1.5+03 6e (R) 99
7a 302424  1014£12 33407 8a (R) 96
7b 9.1+0.7 476455 52411 8b (R) 98
7e 73406 207+24 28+06 8e (R) 76
9a n.d.[ n.d.[ n.d.[ 10a (R) 330
9b n.d.[ n.d.[ n.d.[ 10b (R) 610

[a] Kinetic parameters for B. bronchiseptica AMDase.”! [b] Product ee
determined by chiral-phase GC. [c] Configuration was confirmed by
comparison with available homochiral standards or optical rotations
from the literature. [d] The absence of kinetic parameters and the low ee
observed are due to competing non-enzymatic decarboxylation.
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nate derivatives. Interestingly, the alkenyl substrates with a-
methyl (5b—e) or a-hydroxy groups (7b, 7e) possess lower K,
values than the corresponding phenyl derivatives (5a, 7a).
This suggests alkenyl substrates, particularly those with more
substituted double bonds (5e, 7e), have higher affinity for the
AMDase. On the other hand, the turnover number is lower
for the alkenyl substrates compared with corresponding
phenyl derivatives. Given that the decarboxylation step to
generate the enediolate is most likely rate-limiting, this could
be explained by the greater delocalisation that is afforded by
phenyl compared with alkenyl substituents. Indeed the lowest
turnover numbers are observed for the substrates with more
electron-donating alkyl-substituted double bonds (e.g. Se,
7e), which would be predicted to result in greater destabili-
sation of the transition state leading to the enediolate. Similar
results were also obtained with the AMDase from Mesorhi-
zobium sp.”! (Table S1).

Previously the AMDase-catalysed decarboxylation of 2-
amino-2-phenylmalonate was reported to give (R)-phenyl-
glycine in 96% ee.'” In our hands, this proved difficult to
reproduce as the background non-enzymatic decarboxylation
was found to compete with the enzyme-catalysed reaction,
which is in line with literature observations." Despite this, 2-
amino-2-vinylmalonate (9b) was prepared (Scheme S1) and
incubated with the AMDase. Whilst significant background
decarboxylation was again observed, it was possible to obtain
(R)-vinylglycine (10b) in 61 % ee. It is likely that the ee could
be improved using a milder and more efficient synthesis of 9b
that does not involve aggressive base-catalysed hydrolysis in
the final step. It may also be possible to increase the rate of
the enzymatic decarboxylation, through the directed evolu-
tion of the AMDases.

Based on the AMDase structure, five key active-site
residues were identified, and divided into two groups, for
saturation mutagenesis. The first group includes residues from
the large solvent-exposed aryl/alkenyl-binding pocket
(Pro14, Pro15 and Gly190) and the second group form the
smaller, more hydrophobic cavity (Val43 and Met159)
(Figure S4 A). The two groups of active-site residues were
separately mutated, using the NNK degenerate codon,
following a strategy that is similar to iterative saturation
mutagenesis (ISM).!" Following this strategy, mutation of the
aryl binding pocket group (Pro14, Pro15 and Gly190) led in
all cases to a first generation of single mutants of each residue
(Figure S4B). Those single mutants, which proved to be active
decarboxylases, were then subjected to a second round of
mutagenesis. Similarly, the second generation of active double
mutants were mutated to generate a library of triple mutants.
Phenylmalonic acid was used for initial screening, because
turnover of this substrate by AMDases is considerably faster
than any of the disubstituted malonates. Using this substrate,
mutant AMDases can be screened rapidly in 96-well plates,
using the pH indicator bromothymol blue (BTB). This assay
allows mutants to be selected visually through colour change,
and also accurate kinetic parameters can be determined as
described previously.”’

In the case of the small binding pocket, we were able to
generate single mutants of Met 159, but no mutants of Val43
could be isolated. Single mutants of Met 159 were subjected to
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further mutagenesis of Val43, but no active double mutants
were isolated. Despite this, we were able to generate a library
of single, double and triple mutants with significantly
improved efficiency for phenylmalonate decarboxylation
(Table 2). In light of this, successful mutants were further
screened with the pool of aryl and alkenylmalonates that had
been synthesised. Notably, the M159V mutant shows a 51-fold
improvement in activity with phenylmalonate 1a. Such a large

Table 2: Kinetic parameters of the selected mutant AMDases.

dte

Chemie

Subst. Mutants® Ko [mM] ke [s7] Keat/ Kn Rel.
[s"'mmMT] actH
Ta M159V 0.3+£0.02 450+£52 1499+£290 51
M159G 0.43+£0.03 246+28 570£115 19
P14V +P15G 3.5+03 1143 +£131 326+62 1
M159S 5.0+0.4 386+ 44 77.2+£16 2.6
M159C 121£1.0 489+56 40.4+87 1.4
S5a M159C 3.24+03 47.8+55 148+36 14
5b G190A 0.8+0.1 20.8+2.4 252449 46
Se M159V 1.6£0.1 4.6+0.5 29+0.5 2.1
7a G190S+P14V+P15G 143£1.1 944+11 66+14 1.9
P14V +P15G 153+1.2 99.8+11 6.5+£1.4 1.9
M159C 4.1+£0.3 23.4+27 58%£1.1 1.7
Te P14V +P15G 8.0+0.6 344440 43+£09 1.5
[a] Relative activity was calculated using: Rel. act. = (k../K., of mutant)/

(keat/ Ky of wild-type). [b] B. bronchiseptica AMDase mutants were charac-

terised by DNA sequencing and ESI-MS.

increase in activity, from a single-point mutant, suggests that
phenylmalonate is not the natural substrate for the B.
bronchiseptica AMDase. Indeed, nature has presumably
sampled this mutation as the Mesorhizobium sp. AMDase
possesses V rather than M at the position corresponding to
159, the only difference between the active sites of both
enzymes. The M159V mutant also shows a 2-fold increase in
catalytic efficiency with the new alkenyl malonate Se.
Modelling of M159V and also M159G mutations suggests
these appear to generate more space around the catalytic
C188 residue, which can result in elevated flexibility of this
residue and closer interaction with bound substrate and/or
enediolate. The double mutant P14V +P15G proved to be
one of the most versatile variants, since it has enhanced
activity towards three different substrates, phenylmalonate
(1a) (11-fold), 2-hydroxy-2-phenylmalonic acid (7a) (1.9-
fold) and the corresponding alkenyl derivative 7e (1.5-fold).
This double mutation provides more space and flexibility in
the large aryl-binding pocket, which can better accommodate
the larger alkenyl side chain of 7e as well as the phenyl groups
of 1a and 7a. Another notable mutant, G190A, showed a 4.6-
fold increase in activity towards the smallest aliphatic
substrate, 2-vinyl-2-methylmalonic acid (5b). Presumably
the G190A mutation decreases the size of the aryl-binding
pocket consequently providing tighter binding to the smaller
substrate 5b. Indeed, the K, of the G190A mutant for this
substrate is 0.8 mM, compared with 7.8 mMm observed for the
wild-type enzyme. Finally, analysis of the chiral products
obtained from the decarboxylation with the mutant enzymes
showed that there was no change in ee compared with the
reaction catalysed by the wild-type AMDase.
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In summary, we have obtained a new crystal structure of
the B. bronchiseptica AMDase with benzylphosphonate
bound in the active site, suggesting that an enediolate is the
most probable intermediate formed during decarboxylation.
Although the presence of a dioxyanion hole stabilises the
enediolate, this appears insufficient for decarboxylation to
ensue, and viable substrates also need either an aryl or alkenyl
group in conjugation with the enediolate m-system to further
stabilise the developing negative charge concomitant with
decarboxylation. Other substituents possessing a m-system,
such as alkynyl groups, would presumably facilitate enzymatic
decarboxylation. These findings allowed us to design a library
of novel a-alkenyl malonate substrates which were decar-
boxylated with very high ee by the AMDase. Many of the
corresponding products are difficult to prepare, in such high
ee, using non-enzymatic asymmetric synthesis methods.
Furthermore, the double bond in these products is an ideal
handle for further synthetic modification, with the newly
installed a-stereogenic centre providing a means of control-
ling the configuration of additional stereocentres.> " The a-
aryl and a-alkenylmalonate AMDase substrates are also very
cheap and readily available from natural sources. In addition
to malonic acid, many of the substrates can be derived from
ketomalonate (Scheme S1) which is available from oxidation
of glycerol, a by-product of biodiesel production.'®! Coupled
with the key environmentally benign enzymatic decarboxy-
lation, this makes for a more sustainable route to these key
chiral precursors. Finally, we used our refined inhibitor-bound
structure of the AMDase (PDB code 3IP8)! to guide the
directed evolution of new decarboxylases, with up to 50-fold
increase in activity. Moreover, mutants were selected which
showed improved catalytic activity with a range of a-aryl and
a-alkenyl malonates. Indeed, we have demonstrated that
AMDase displays considerable plasticity in the substrate
binding pocket, and is thus ideal for further rational redesign
and directed evolution.
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