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Abstract: The utilization of carbon dioxide as a C;-
building block for the production of valuable chemi-
cals has recently attracted much interest. Whereas
chemical CO, fixation is dominated by C—O and C—
N bond forming reactions, the development of novel
concepts for the carboxylation of C-nucleophiles,
which leads to the formation of carboxylic acids, is
highly desired. Beside transition metal catalysis, bio-
catalysis has emerged as an attractive method for the
highly regioselective (de)carboxylation of electron-
rich (hetero)aromatics, which has been recently fur-
ther expanded to include conjugated a,f-unsaturated
(acrylic) acid derivatives. Depending on the type of
substrate, different classes of enzymes have been ex-
plored for (i) the ortho-carboxylation of phenols cat-
alyzed by metal-dependent ortho-benzoic acid decar-
boxylases and (ii) the side-chain carboxylation of
para-hydroxystyrenes mediated by metal-independ-
ent phenolic acid decarboxylases. Just recently, the
portfolio of bio-carboxylation reactions was comple-
mented by (iii) the para-carboxylation of phenols
and the decarboxylation of electron-rich heterocyclic
and acrylic acid derivatives mediated by prenylated

FMN-dependent decarboxylases, which is the main
focus of this review. Bio(de)carboxylation processes
proceed under physiological reaction conditions em-
ploying bicarbonate or (pressurized) CO, when run-
ning in the energetically uphill carboxylation direc-
tion. Aiming to facilitate the application of these en-
zymes in preparative-scale biotransformations, their
catalytic mechanism and substrate scope are ana-
lyzed in this review.
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1 Introduction

Although carbon dioxide (CO,) is predominantly re-
garded as an undesired greenhouse gas, its utilization
in carboxylation reactions as a C;-building block for
the synthesis of value-added compounds has become
highly attractive in recent years. Being a weak elec-
trophile, carbon dioxide can react with N-, O-, and C-
nucleophiles in a formal addition reaction, leading to
carbamates, ureas, carbonate esters!! and carboxylic
acids.”) The fact that these reactions proceed with
100% atom economy and the low (no) cost of the re-
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agent renders CO, an attractive resource for industri-
al processes. In particular, the production of urea
(~95 Mt/a), organic (poly)carbonates (~150 kt/a) and
salicylic acid (~70kt/a) proceeds on a very large
scale, in addition to the (chemical) reduction of CO,
to (predominantly) methanol (~60 Mt/a). Despite
these impressive large-scale processes, the contribu-
tion of ‘chemical’ CO, fixation during the synthesis of
organic molecules is only marginal (<1%, ~200 Mt/a)
compared to its massive generation in combustion
processes (~37 Gt/a)P¥! for the generation of energy,
which proceeds with a modest efficiency of 30-35%,
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dictated by the second law of thermodynamics.*! Con-
sequently, carboxylation for the synthesis of organic
compounds is irrelevant in the balance of the carbon
cycle.’! In contrast to industrial processes, carboxyla-
tion is only scarcely used in small molecule synthesis,
owing to the low reactivity and kinetic and thermody-
namic inertness of CO,, which requires significant cat-
alytic activation and/or substantial energy input. The
harsh reaction conditions required in traditional car-
boxylation processes!! are often the cause for limited
selectivities. Over the last decades, various strategies
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have been developed in order to overcome these limi-
tations. Traditionally, beside strong nucleophilic or-
ganometallic (organolithium or Grignard) reagents,!”!
which often suffer from poor chemoselectivity, highly
strained substrates (such as epoxides, aziridines, etc.),
which are restricted to C—O and C—N bond-forming
reactions, were employed to overcome the energetic
barrier to yield the corresponding linear or cyclic
(poly)carbonates/carbamates.”) The enormous prog-
ress in transition metal catalysis and cross-coupling
reactions has paved the way for the most desired
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carbon dioxide fixation via C—C bond formation to
furnish the corresponding carboxylic acids.”l The
latter is the second most abundant functional group
occurring in small molecules produced by chemical
synthesis.®! The most commonly used pre-activated
substrates for transition metal-catalyzed carboxyla-
tions include allylstannanes, organoboronic esters, or-
ganozinc reagents and aryl halides.”) Unsaturated
compounds (olefins, allenes, alkynes) can be reduc-
tively carboxylated in a formal ‘hydrocarboxylation’!"”’
at the expense of a co-reactant providing hydride spe-
cies.’**""! The progress in organocatalytic!'” and elec-
trochemical!™®! methods further expands the scope of
carbon dioxide fixation reactions in organic synthesis.
In this context, modern reaction/process engineering
tools (such as continuous flow technologies,'* etc.)
are being developed for process design.

In nature, four major pathways for biological CO,
fixation have been evolved:®™"! (i) the Calvin-
Benson-Bassham cycle, (ii) the Arnon-Buchanan (‘re-
ductive TCA”) cycle, (iii) the Wood-Ljungdahl (‘re-
ductive AcetylCoA’) cycle, and the (iv) acetyl-CoA
pathways. Common to all these pathways is the fact
that they belong to the primary metabolism, hence
the enzymes involved are highly specialized (evolved)
for one (or a few) substrate(s)."" Consequently, they
are generally of limited use for the biotransformation
of non-natural organic compounds. In contrast, en-
zymes involved in defence and detoxification — the
secondary metabolism — are ‘generalists’, as they act
on a broad variety of substrates and hence are more
useful as biocatalysts for organic synthesis.[®!1%]

The major goal of detoxification is making (lipo-
philic) toxins more polar to assist their removal from
the cell. Among several pathways (such as oxidation,
glycosylation, phosphorylation, sulfation, peptide con-
jugation), carboxylation is a viable option to convert
lipophilic aromatics into water-soluble carboxylic
acids.

Arenes are widely distributed in nature and serve
as substrates for aerobic and anaerobic organisms.
Most natural aromatic compounds are derived from
secondary plant metabolism and often contain phe-
nolic groups, such as products from lignin degrada-
tion, tannins and flavonoids, which predominantly
consist of substituted phenols, benzaldehydes, benzoic
and cinnamic acids. Whereas oxidative biodegradation
of aromatics mainly involves oxygenases, anaerobic
bacteria apply reductive pathways!"”! or redox-neutral
carboxylation.”*"!

The utilization of nature’s tools — (de)carboxylases
— to establish biocatalytic concepts for the (de)carbox-
ylation of (hetero)aromatic substrates and conjugated
a,B-unsaturated carboxylic (acrylic) acids as a sustain-
able alternative to chemical methods (such as the
Kolbe-Schmitt process) has been intensively investi-
gated over the past years. In this review, various
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methods are described together with the mechanism
of the respective enzymes and their substrate toler-
ance with particular focus on the very recently ex-
plored reversible (de)carboxylation reactions mediat-
ed by prenylated FMN-dependent decarboxylases.
The latter are applicable to the decarboxylation of
acrylic acid derivatives as well as the para-carboxyla-
tion of phenols. Furthermore, a general overview is
given for the ortho- and side-chain (de)carboxylation
of phenol- and hydroxystyrene-type substrates by
metal-dependent and cofactor-independent decarbox-
ylases, both summarized in a recent comprehensive
review by I. C. Tommasi.!!

2 Enzymatic (De)Carboxylation

Enzymes have developed a diverse set of strategies
for the attachment or release of CO, to or from vari-
ous substrates by exploiting metal ions or cofactors,
like pyridoxal phosphate (PLP), thiamine diphosphate
(ThDP, vitamin B6) or prenylated FMN (prFMN)."?
The following requirements to facilitate the carboxy-
lation of a C—H bond to install a carboxylate group
need to be fulfilled (Scheme 1): (i) abstraction of a
proton (commonly with a pK, of 15-18) to generate
an intermediary carbanion equivalent, (ii) stabiliza-
tion of the accumulating negative charge through de-
localization within the substrate structure (mostly as
metal ion-chelated enolate) or a cofactor conjugate,
and (iii) activation of carbon dioxide toward nucleo-
philic attack of the carbanion equivalent.!

(i) activation of CO,

(i) (de)protonation

| [P
o
S
\O}
1#
o

o : -0_0
CHY e ,)
2, | Fr ===

(i) carbanion stabilization

Scheme 1. Generic carboxylation of a C—H bond: deproto-
nation forms a carbanion, which attacks a CO, electrophile.

The question of whether CO, or bicarbonate serves
as a uniform co-substrate in enzymatic carboxylation
is still under debate.” Although the majority of car-
boxylases utilize the electrophilic, yet poorly water-
soluble carbon dioxide, fewer enzymes like phosphor-
enol pyruvate carboxylase and biotin-dependent car-
boxylases exploit the considerably less reactive (but
water-soluble) bicarbonate ion for carboxylation.!
These enzymes are proposed to possess a dual carbox-
ylase/carbonic anhydrase activity, which allows them
to interconvert bicarbonate and CO, and use the
latter as actual co-substrate for carboxylation. On the
other hand, a specific motif responsible for binding
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CO, in carboxylases in analogy to the CO, binding
site. of phosphoenol pyruvate carboxykinase,” has
not been identified yet.

3 Biocatalytic (De)Carboxylation of
(Hetero) Aromatics and o,p-Unsaturated
(Acrylic) Acids

Compared to carboxylases and decarboxylases (car-
boxylyases, EC 4.1.1.X) acting on amino acids, carbo-
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hydrates (including oxalate and pyruvate) and other
aliphatic substrates, which are widespread in primary
metabolic pathways, less enzymes are known to cata-
lyze the (de)carboxylation of aromatic substrates,
found in secondary metabolism. Among them, a re-
markable number of enzymes for potential biocatalyt-
ic applications has been identified which can be classi-
fied into three major categories based on mechanistic
aspects (Figure 1): (i) divalent metal-dependent decar-
boxylases from the amidohydrolase superfamily, (ii)
cofactor- and metal-independent phenolic acid decar-
boxylases, and (iii) prenylated FMN-dependent
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Figure 1. Phylogenetic tree showing an overview of the three major classes of biocatalytically relevant arene (de)carboxy-

lases.
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(prFMN) decarboxylases from the UbiD superfamily.
The latter display activity for a wide array of structur-
ally diverse substrates [Figure 1, (iii)] and are associat-
ed with the reversible (de)carboxylation of phenols
(highlighted in orange), heteroarenes (green), a,f-un-
saturated (acrylic) acids (yellow), and other arenes
(blue), respectively. Since prFMN was discovered
only recently the biocatalytic characterization of
prFMN-dependent decarboxylases is at its early stage
assuming that the identification of further enzyme
candidates is most likely and their use for biocatalytic
application is an intriguing future aim. Several 3,4-*
and 4,5-dihydroxyphthalate®”’ decarboxylases have
been identified, however, it is not clear yet whether
these enzymes are members from the UbiD super-
family.

Owing to its stability and straightforward reconsti-
tution with the prFMN cofactor, the Fdc subfamily
can be regarded as the most versatile and applicable
decarboxylation biocatalyst of the UbiD family as of
NOw.

In order to drive the equilibrium towards the ener-
getically disfavored carboxylation direction, an excess
of bicarbonate (usually 2-3M)! is most commonly
applied as CO, source, alternatively pressurized
(=30 bar)®! or sub-/supercritical® carbon dioxide is
used to a minor extent.

3.1 Divalent Metal-Dependent Decarboxylases

All of the metal-dependent decarboxylases [Figure 1,
()] identified so far are members of the amidohydro-
lase superfamily (AHS). They share significant struc-
tural and mechanistic similarities, in particular the
characteristic (f/a)gs-barrel fold harbouring one cata-
lytically relevant divalent metal ion in the active
site.’”) Whereas the overall sequence similarity be-
tween distinct subclasses is rather low (around
30%),°% several amino acid residues relevant for
catalysis are conserved. Although members of the
AHS commonly catalyze the hydrolysis of ester and
amide bonds attached to either a carbon or phospho-
rus atom on a wide range of structurally diverse sub-
strates,”” some members obviously evolved to cata-

Glu
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lyze the reversible decarboxylation of benzoic acid
derivatives and nitrogen-heterocyclic ~derivatives
thereof.

Density functional theory (DFT) calculations em-
ploying large active site models based on crystal struc-
tures of ortho-benzoic acid decarboxylases (0-BDCs)
strongly support a general mechanistic proposal,
which resembles a (reverse) electrophilic aromatic
substitution by feasible energy barriers and bears a
strong resemblance to the Kolbe-Schmitt reac-
tion.!* In more detail, this general mechanism in-
volves the metal ion (predominantly manganese or
zinc) chelating the carboxylate and phenolate group
of the arene substrate, thereby stabilizing their nega-
tive charge. Coordination arranges the nucleophilic
phenolate for protonation at the carboxylate ipso-
carbon by a nearby conserved catalytic acid (Asp),
which is accompanied by dearomatization of the
arene. The latter is restored upon loss of carbon diox-
ide, which dissociates together with the decarboxylat-
ed phenol from the metal center (Scheme 2).5'>%

The stability and broad substrate tolerance of o-
BDCs®! (such as 2,3-dihydroxybenzoic acid decar-
boxylases from Aspergillus and Fusarium species, sali-
cylic acid decarboxylase from Trichosporon monili-
iforme, and 2,6-dihydroxybenzoic acid/y-resorcylate
decarboxylases from Agrobacterium, Rhizobium, Pan-
doraea, Rhodococcus and Polaromonas species)****
recommended them as excellent biocatalysts for the
regioselective ortho-carboxylation of phenols also on
a preparative scale. This also applies for 5-carboxyva-
nillate decarboxylases (LigWs, from Sphingomonas
and Novosphingobium species), although they exhibit
a more restricted substrate tolerance.”'**! The mini-
mal structural requirements (shown in Figure 2) are
characterized by a phenolic motif, in which the aro-
matic system supports the resonance stabilization of
the carbanion intermediate. The phenolic OH group
seems to be mandatory, since NH, (aniline) and SH
variants (thiophenol) are not accepted due to inaccu-
rate electronic (lower or significantly higher pK, of
the SH or NH protons, respectively) and/or structural
(atomic diameter) properties. Carboxylation is inevi-
tably associated to a free ortho-position.”'**! Regard-
ing the substitution pattern, the meta-position (m,,

Glu CISlu )
X 2+4\st X,,’AM2+.\H\S
0"\ No=c=0 H* o”

ﬁ Asp~</_
— o)
\ /,\R OH
oy
O3
X
R

Scheme 2. General mechanism for the ortho-(de)carboxylation of M**-dependent decarboxylases from the amidohydrolase

superfamily; M** =Zn**, Mn**.
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phenolic OH required

small to medium sized
substitution well --------7
accepted V OH

preferred substitution position
(e™ donating groups favored, -~
elongation to polyphenols)

T é

----- substitution restricted
(R =H, OH, CHy)

substitution well accepted

(R = e~ withdrawing groups)
Figure 2. General substrate model of M**-dependent decar-
boxylases: ortho-benzoic acid decarboxylases (0-BDCs) and
5-carboxyvanillate decarboxylases (LigWs) for the reversible
(de)carboxylation of phenol-type substrates.

Figure 2) opposite to the carboxylation site is most
flexible tolerating weakly e”-withdrawing (halogens)
and in particular e -donating groups (alkyl, alkoxy,
hydroxy, and amino functionalities), which can be
even extended to (conjugated) aromatic systems to
encompass remarkably large polyphenols, such as re-
sveratrol.****! The meta-position (m,) adjacent to the
carboxylation site is less flexible, only OH and CHj;
substitution is reported. The para-position favours
weak e -donors and -acceptors and seems to be
unique in the acceptance of strongly e -withdrawing
carbonyl/carboxyl moieties as well as elongated (un)-
saturated propionic/acrylic acids.*”! Substituents in the
non-reactive ortho-position (0,) are well accepted as
long as they are small. The tolerance of multiple func-
tionalized substrates is diverse and depends on the
electronic and steric nature of the substituents. In
general, the electronic properties of the functionaliza-
tion seem to play a more significant role than steric
effects.

In contrast, the biocatalytic characterization of an-
other member of this class of enzymes — iso-orotate
decarboxylase (IDCase) — acting on a heterocyclic
substrate analogue, revealed a very narrow substrate
specificity and only acts in the energetically favoured
decarboxylation direction.!

Process engineering, such as the addition of quater-
nary ammonium salts to induce the precipitation of

HO,C
\Glu

(0]
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X X C
e _ = e A W
Tyr—Q;) /@/\)\o Tyr O|:| ‘ﬁ\)\o Tyr O\\ /@/\ Y
< gl —_— N R \
H=0 o} ) HO
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the corresponding carboxylated products as ion
pairs™® as well as enzyme engineering, e.g., for para-
aminosalicylic acid production® significantly im-
proved the efficiency and operability of biocatalytic
ortho-carboxylations, which is particularly important
for their industrial application.

3.2 Cofactor-Independent Decarboxylases

Cofactor-independent phenolic acid decarboxylases
[PADs, Figure 1, (ii)] are involved in the biodegrada-
tion of coumaric acid derivativest®” (arising from the
breakdown of lignin) and have been explored to cata-
lyze the reversible carboxylation of styrene-type sub-
strates at the expense of bicarbonate as carboxylating
agent.’ Several enzymes originating from bacteria or
plants have been biocatalytically characterized: phe-
nolic acid decarboxylase from Lactobacillus planta-
rum, Bacillus amyloliquefaciens, B. licheniformis, B.
subtilis, Mycobacterium colombiense, Methylobacteri-
um sp., Pantoea sp., Candida guilliermondii, Pedio-
coccus pentosaceus, Conocephalum japonicum as well
as ferulic acid decarboxylase from FEnterobacter sp.
and B. pumilus.®*)

PADs exclusively act on the B-carbon of the styrene
side chain to yield the corresponding (E)-coumaric
acids, which is of particular interest since apart from
the Pd-catalyzed alkenyl bond carboxylation of func-
tionalized 2-hydroxystyrenes yielding coumarin deriv-
atives,*”! general chemical methods are lacking.

PADs strictly require a fully conjugated system be-
tween the Cy carbon atom and the mandatory para-
hydroxy group to facilitate a substrate-based reso-
nance stabilization of the negative charge via a qui-
none methide intermediate in the acid-base-catalyzed
(de)carboxylation reaction (Scheme 3).1414%

The overall robustness and substrate tolerance of
PADs is more limited compared to those of o-
BDCs.”'*! The introduction of functionalization is
mainly restricted to the ortho-positions (o0; and/or 0,)
tolerating e -donating (alkyl, alkoxy) and -withdraw-
ing groups (halogens), whereas meta-substitution (m;,
m,) led to unstable products. Variations in the o- or
[-position of the styrene side chain as well as replace-
ment of the para-OH group (e.g., by Cl, OMe, NH,)
is prohibited and causes a total loss of enzymatic ac-
tivity. In general, the steric properties of the substitu-

“0,C
G

quinone-methide

Scheme 3. General catalytic acid—base mechanism for the side chain (de)carboxylation by cofactor-independent PADs.
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Figure 3. General substrate model of phenolic acid decar-
boxylases catalyzing the reversible (de)carboxylation of hy-
droxystyrene type substrates.

ents seem to play a more crucial role than electronic
effects (Figure 3).

3.3 prFMN-Dependent Decarboxylases

The remarkably broad substrate tolerance, excellent
regioselectivity, and the robustness of most ortho-ben-
zoic acid decarboxylases facilitate their widespread
utilization in biocatalytic applications for the ortho-
specific (de)carboxylation of phenolic substrates to-
wards the corresponding aromatic carboxylic acids as
a biocatalytic equivalent to the Kolbe-Schmitt!* reac-
tion. An enzymatic route to the regiocomplementary
para-carboxylation of phenols is highly desired since
the chemical counterpart suffers from unsatisfactory
regioselectivities.

para-Selective CO, fixation was described for phe-
nylphosphate carboxylases (PPC), which require
ATP-dependent activation of the phenol substrate via
phosphorylation prior to the carboxylation step
(Scheme 4).**] Two enzymes from Pseudomonas
strain K172 (PsPPC)***! and Thauera aromatica
(TaPPC, Mn** dependent)*¥l have been purified
and characterized. Although the biocatalytic applica-
bility of TaPPC with a TON of up to 16000 was dem-
onstrated after stabilization of the oxygen-sensitive
enzymes by immobilization on Agar beads* the
scope of this enzyme class is limited to phenyl phos-
phate and catechyl phosphate!* substrates. Both the
narrow substrate specificity and the dependence on

expensive ATP limit the usability of these enzymes
for biocatalytic applications.

Just recently, an alternative to the ATP-dependent
para-carboxylation was discovered. With the identifi-
cation and subsequent characterization of a novel co-
factor, first described as ‘modified FMN’ by Marsh
et al.! and later identified as prenylated flavin mo-
nonucleotide (prFMN) by Leys et al.,*™ new concepts
for biocatalytic (de)carboxylation strategies emerged.
As a consequence of these seminal studies, numerous
decarboxylases of the UbiD superfamily [named after
UbiD involved in the ubiquinone (co-enzyme Q) bio-
synthesis pathway in prokaryotes®!] depending on
this modified flavin cofactor were identified and par-
tially characterized.”! Biosynthetically, the prFMN
cofactor is provided by an associated prenyltransfer-
ase (UbiX) under anaerobic conditions. This enzyme
uses the unusual Cs-metabolite v,y-dimethylallyl
monophosphate (DMAP) as co-substrate to build up
the prenyl moiety resulting in a fourth six-membered
ring between N-5 and C-6 of the isoalloxazine ring
system of the reduced flavin [Scheme 5, (b)]. In con-
trast, the fungal UbiX analogue Padl uses the (meta-
bolically more common) diphosphate DMAPP in-
stead of DMAP for producing prFMN.®? In order to
obtain the catalytically active iminium species of the
cofactor (prFMN™""™) " oxidative maturation of re-
duced prFMN (prFEMN™®%) by molecular oxygen in
the presence of apo-decarboxylase appears to be cru-
cial [Scheme 5, (b)].”® Although the exact oxidation
mechanism of the reduced UbiX product to
prEMN™" ™ s unknown as of yet, a Glu-Arg-Glu
motif as catalytic acid in the active site of the decar-
boxylase seems to assist this process.™ Notably, the
prenyl modification in its catalytically active iminium
form entirely eliminates the chemical properties of
FMN as a redox mediator for hydride transfer and
confers a 1,3-dipolar azomethine ylide and electro-
philic iminium ion character, respectively [Scheme 5,
(b)].

3.3.1 Mechanistic Aspects of prFMN-Dependent
Decarboxylases

Detailed mechanistic scenarios were reported for the
prEMN-assisted (de)carboxylation of two structurally

o) o
ATP H,0 oty o) H
IO O E NG R BN SN e
P032\_ :\‘ (0]
HO " o L o HO

MP + P;

Scheme 4. para-Carboxylation of phenol via phenyl phosphate catalyzed by phenyl phosphate carboxylase. Hydrolysis of the
phenyl phosphate generates a reactive phenolate anion, which attacks a CO, electrophile in the active site of the enzyme fol-

lowing an SpAr mechanism.

Adv. Synth. Catal. 2019, 361, 2402 -2420

2408 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://asc.wiley-vch.de

asc.wiley-vch.de

Synthesis &
Catalysis
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(ii)

decarboxylation

(a) (de)carboxylation of conjugated,
unsaturated carboxylic acids by Fdc1

_— e
-

retro [3+2] cycloaddition

_—
—_———

N=C
o= AZ;N\_g _c*°

H

R?

-0,C
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enoic a‘ch
o:/ %;
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conjugated acrylic T5-dlpolar
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H

At
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o (iv)
R - =
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M O2Q re-aromatization
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+, OH WD
H3N‘ H2N\ OH
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Scheme 5. (a) prFMN-dependent catalytic 1,3-dipolar cycloaddition mechanism for the (de)carboxylation of conjugated, un-
saturated substrates by ferulic acid decarboxylase (Fdcl) from Aspergillus niger; (b) simplified schematic representation of
the production of prFMN™""": (¢) prFMN-dependent catalytic mechanism for the (de)carboxylation of catechol-type sub-
strates via a quinoid-cofactor intermediate by 3,4-dihydroxybenzoic acid decarboxylase (AroY) from Enterobacter cloacae.

distinct (aromatic) substrates regarding the position
of the carboxylic acid, either directly attached to the
aromatic system or linked via a C=C bridge.["?*
Fdcl (ferulic acid decarboxylase) from Aspergillus
niger catalyzes the reversible decarboxylation of a,(3-
unsaturated carboxylic acids employing the azome-
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thine ylide form of a catalytically active prFMN imini-
um species [Scheme 5, (a)]. The catalytic mechanism
was elucidated in detail by DFT® and QM/MM cal-
culations,™® kinetic isotope effects,*” as well as mech-
anism-based inhibitor studies!® and was shown to in-
volve an intermolecular 1,3-dipolar cycloaddition
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step. The polarized C=C bond of the acrylic acid sub-
strate acts as a dipolarophile, which undergoes a
[342] cycloaddition with the azomethine ylide dipole
in prFMN™"™ " forming a five-membered, pyrroli-
dine-type substrate-cofactor intermediate [Scheme 5,
(a), (i)]. Decarboxylation is accompanied by fragmen-
tation [Scheme 5, (a), (ii)], which allows for delocali-
zation of the negative charge within the aromatic pyr-
imidine and carbonyl groups of the cofactor. This neg-
ative charge is utilized to reform the five-membered
product—cofactor adduct with concomitant protona-
tion at C, of the intermediate [Scheme 5, (a), (iii)] by
a catalytic acid within the conserved Glu-Arg-Glu
motif (Glu282 in AnFdcl). Finally, retro [3+42] dipolar
cycloaddition as the rate-limiting stept’™? liberates
the decarboxylated alkene [Scheme 5(a), (iv)]. Over-
all, the prFMN cofactor allows for delocalization of
the accumulating negative charge to enable the stabi-
lization of anionic intermediates during the decarbox-
ylation process.

A distinct mechanism was proposed for the (de)car-
boxylation of protocatechuic acid-type substrates cat-
alyzed by prFMN-dependent 3,4-dihydroxybenzoic
acid decarboxylases (AroY) [Scheme 5, (c)]. Based
on DFT calculations, the 1,3-dipolar cycloaddition
mechanism was ruled out due to prohibitively high
energy barriers arising from the generation of a
highly strained intermediate (Figure 4). Instead, the
electrophilic character of the iminium ion of

VS.

‘Lys363

7.6 kcal mol~1 37 kcal mol~!

Figure 4. DFT-calculated energies of the mono-covalently
versus di-covalently bound substrate—cofactor intermediate
compared to the E:S complex.

prEMN™" ™ enables reversible decarboxylation via a
mono-covalently bound quinoid—cofactor intermedi-
ate with feasible energy barriers. Initiated by deproto-
nation of the phenolic OH group by a lysine residue,
an electron flow across the protocatechuic acid sub-
strate facilitates nucleophilic attack of C-1" onto the
iminium ion in prEMN™"" Formation of the mono-
covalently bound quinoid substrate—cofactor inter-
mediate is hence accompanied by breaking of the aro-
maticity [Scheme 5, (¢), (i)] and a subsequent (de)pro-
tonation/re-aromatization sequence [Scheme 5, (c),
(ii)—(iv)] furnishes the decarboxylated catechol. The

Adv. Synth. Catal. 2019, 361, 2402 -2420

residues Glu-289 and Lys-363 are within H-bond dis-
tance (~4 A) and are assumed to be responsible for
the acid-base catalytic steps.”

3.3.2 Substrate Scope of (Putatively)
prFMN-Dependent Decarboxylases

Although only a few UbiD members (AroY, Fdc,
phthtalate decarboxylase) have been proven to
depend on prFMN until now, sequence comparison
and gene organization strongly suggest that this cofac-
tor is also involved in the (de)carboxylation of other
(hetero)arene carboxylate substrates.”! Figure 1 (iii)
gives a current overview of enzymatic (de)carboxyla-
tion reactions catalyzed by (putatively) prFMN-de-
pendent UbiD decarboxylases which encompass the
following types of substrates (Figure 5): (a) reversible
(de)carboxylation of non-aromatic a,f-unsaturated
(acrylic) acid derivatives (Figure 6), (b) activated and
non-activated aromatic substrates, such as reversible

R
(b) o
= OH B
| | J * co
HO % HO™ R
0
LY oo Y
LR k‘:\’
0
OH __ + CO,
o) o
SCoA SCoA
0

Figure 5. Types of substrates of (putatively) prFMN-depen-
dent (de)carboxylation reactions.
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para-(de)carboxylation of catechol (Table 1) and 4-hy-
droxybenzoic acid derivatives (4-HBAs, Table 2), de-
carboxylation of phthaloyl-CoA (Figure 8), carboxyla-
tion of phenyl phosphate going hand in hand with
phosphate ester cleavage and carboxylation of poly-
cyclic, aromatic hydrocarbons representing CO,-fixa-
tion under anaerobic conditions (Figure 7), (c) rever-
sible (de)carboxylation of heterocyclic substrates,
such as pyrrole-2-carboxylic and indole-3-carboxylic
acid, and decarboxylation of 6-hydroxyquinolinic and
2,5-furandicarboxylic acid (Figure 9).

o.B-Unsaturated (acrylic) acids: While Fdcl is re-
sponsible for the decarboxylation of cinnamic, ferulic
and 2,4-hexanedienoic (sorbic) acid in vivo,”®" a broad
spectrum of non-natural substituted acrylic acids was
readily decarboxylated by ubiX-coexpressed enzymes
from Candida dubliniensis (CdFdc), Aspergillus niger
(AnFdc) and Saccharomyces cerevisiae (ScFdc) in pu-
rified form or E. coli whole-cell preparations. De-
pending on the structure and electronic nature of the
substrates, conversions ranged from excellent (>
99%), good (50-95%) to moderate (30-40%) and
poor (<15%) (Figure 6).°2 Numerous cinnamic acid
derivatives were well accepted by Fdcs tolerating a
variety of substitutions at the aromatic core and also
to some extent at the a,3-C=C bond involved in the
[34+2] cycloaddition. The electronic nature of the
para-substituents is highly flexible (conversion
>99%), including weak (4-Me) and strong (4-NH,, 4-
OMe, 4-OH) e"-donating as well as weakly e -with-
drawing (4-halogen) groups. Fdcs also accept sub-
strates lacking para-substitutuents, which is in stark
contrast to PADs, which need an activating p-OH

group. Only strong e -withdrawing (4-NO,, 4-CO,H)
and more bulky para-substituents (4-Ph) hampered
the decarboxylation activity to some extent. Substitu-
tion in meta- and ortho-positions of the aromatic ring
is less flexible compared to the para-position. In the
meta-position weak e -donating groups (3-OMe) are
most favoured whereas strong e -donating substitu-
ents (3-OH) lead to lower conversions. The ortho-po-
sition is rather restricted to small and less polar (F,
Me) groups leading to reduced decarboxylation in the
case of larger (OMe) and more polar (NO,, OH) sub-
stituents. Furthermore, these enzymes also accepted
heterocyclic analogues of cinnamic acid as substrates
(Figure 6, 26a—29a). Substitution at the a- or [3-carbon
atom is well accepted by the enzymes, a further differ-
ence to PADs, as long as they are not too bulky
(Figure 6, 32a-35a). Non-aromatic conjugated 2,4-di-
enoic acids (Figure 6, 36a, 37a) were well accepted,
the latter being a valuable extension of the substrate
panoply for biocatalytic decarboxylations and allow-
ing access to 1,3-dienes from the corresponding fatty
acids. In addition, kinetic parameters of AnFdc” and
ScFdc™ with selected cinnamic acid substrates were
reported.

Overall, the minimum structural substrate require-
ments are marked by the obligatory conjugation of
the E-configured o,B-C=C bond involved in the 1,3-
dipolar cycloaddition to (at least) one other C=C
bond, which may be part of a larger (aromatic) -
system.

Attempts to carboxylate alkenes matching the mini-
mal substrate requirements (using bicarbonate or CO,
as co-substrate) were unsuccessful.*”)

) o)
. x Fdc1
3 | X OH | X + CO,
4 .6 aqueous buffer pH = 7.5 X
5 R 30°C, 18 h R
1a—25a 1b—25b
Conv, <€ >999 — 50—95%—— ——30—409 <15%

R = H:1alb 4-NH,: 6alb 2,3,4,56-F5 11alb  4-Ph: 16alb 4-OH,3,5-(OMe),: 21alb
4-F:2alb  4-OMe: 7alb 4-OH: 12alb 3-OH: 17alb 3-NO,: 22a/b
4-Cl:3alb  5.0Me: 8a/b 2,6-F,: 13alb 2,5-(OMe),: 18alb  3,4,5-(OMe);: 23alb
j:m_“;;'fb 3-OMe-4-OH: 9alb  2-NO,: 14alb 3,4-(OH)y: 19alb  4-CO,H: 24alb

: 3,4-(OMe),: 10alb  4-NO,: 15a/b 2,3- (OMe :20a/b 2-OH: 25alb
o) o)
Yoy o \
\_x \=N
26a: X = 0: >99% 28a: <5% 32a:R R2 =H: 97% 30a: >99%

27a: X = S: >99%

O
SN OH
NH

29a: 42%

(0]

36a: R = Me: >99%
37a: R =H: >99%

33a:R Me R2=H: 60%
34a: R1 H, R? = Me: 85%

0
35a: R' = NHCOMe, R2 = H: <6% O
X OH

31a: >99%

Figure 6. Substrate scope of AnFdc, ScFdc and CdFdc (applied as purified enzyme or lyophilized E. coli whole-cell prepara-

tion containing the heterologously expressed decarboxylase).
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tautomycetin (39b)

Scheme 6. SmdK and TtnD-catalyzed decarboxylation in the
biosynthesis of polyketides.

Two related decarboxylases, SmdK!®! (34% identity
to ScFdc) involved in the biosynthesis of the poly-
ketide 9-methylstreptimidone (38b, Scheme 6) from
Streptomyces himastatinicus and TtnD!® from Strepto-
myces griseochromogenes involved in the biosynthesis

of the polyketide tautomycetin (39b, Scheme 6) act
on large polyfunctionalized 2,4-diunsaturated carbox-
ylic acids illustrating the versatility of this enzyme
class.

Protocatechuic acid/catechol-type substrates and
4-hydroxybenzoic acids: In contrast to the syntheti-
cally very versatile ortho-(de)carboxylation by o-
BDCs (see above), studies on the substrate profile of
the regio-complementary para-(de)carboxylation of
phenolic substrates are rare.>***! Two protocatechuic
acid decarboxylase homologues, 3,4-dihydroxybenzoic
acid decarboxylases (AroY) from Enterobacter cloa-
cae (EcAroY) and Klebsiella pneumoniae (KpAroY),
which show high similarity in structure and sequence
(89% sequence identity), were explored in the rever-
sible (de)carboxylation of catechol-type substrates. A
set of substituted catechol and protocatechuic acid de-
rivatives was applied to evaluate the substrate toler-
ance of these enzymes employed as lyophilized E. coli
whole-cell preparations harbouring the heterologously
expressed decarboxylase and endogeneous UbiX for
providing prEMN (Table 1).

The assumed natural substrate (40a, protocatechuic
acid) and the meta-substituted (5-OH, 41a, gallic
acid) derivative were quantitatively decarboxylated,
whereas no reaction was observed with isogallic acid
(42a). Interestingly, also the reverse, thermodynami-
cally disfavoured carboxylation reaction of several
catechol derivatives was observed in the presence of
bicarbonate (3M) or pressurized CO, (30 bar) as CO,
source (Table 1, entries 4-8). Overall, substrate profile
studies illustrated that the meta-position is most flexi-
ble and tolerates e -withdrawing and -donating sub-
stituents (5-OH, -F, -OMe, -Me, 41b-45b) whereas
substitution in the ortho-position (2-OH, 42a) was not
accepted for steric reasons. The catechol motif (two
hydroxy groups) seems to be crucial, since substituted
phenols were not accepted as substrates.

Table 1. Substrate scope of 3,4-dihydroxybenzoic acid decarboxylase from E. cloacae (EcAroY).1!

2 o . carboxylation site
HO N OH decarboxylation HO N
| ‘ _ | ] + co,
=X 6 carboxylation 2
HO™ L HO R
40a—45a 40b—45b
Entry Decarboxylation Entry Carboxylation
Substrate Conversion [% ] Substrate Conversion [% ]
1 40a R=H >99 4 40b R=H 16/6")
2 41a R=5-OH >99 5 41b R=5-OH 15
3 42a R=2-OH <1 6 43b R=5-F 13
_ 7 44b R =5-OMe 2
- 8 45b R=5-Me 9

[} EcAroY substrate screening with lyophilized E. coli whole cells containing the heterologously expressed decarboxylase

using potassium bicarbonate (3M) as CO, source.

] Pressurized CO, (30 bar) was used as CO, source in the carboxylation mode.
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Table 2. Substrate scope of 4-hydroxybenzoate decarboxylases (EC 4.1.1.61), protocatechuate decarboxylases (EC 4.1.1.63),
gallate decarboxylases (EC 4.1.1.59) and vanillate decarboxylases (no EC number assigned). Substrates with highest activi-
ties are marked with an asterisk (*).

5 O
3 R decarboxylation X
| o bl - | . + CO,
4 5/\R6 carboxylation “R
40a-42a 40b-42b
46a-63a 46b-63b
substrates o o o
. . MeO
o 37 X" "OH Bl S ol OH
on ORI g 50a:2,3-0H), HOKTW _J,  42a:2.34-(0H),
Y 51a:2,4-(OH), 5 #1a:34,5-(OH), HO
a: 2,6- 2 a: 2,4,0- 3
, 0 40a: 3,4-(OH), , o 58a
54a; 3,5-
3N\ “OH a: 3,5-(OH), o) 3 AP OH
HO+- MeO X on HNg
4 \F 6 4Ta: 2-OH OH 1N~ 6 61a:2-NHy
5 48a: 3-OH HO 59a: X=F 5 62a: 3-NH,
49a: 4-OH HO 57a 60a: X = Cl 63a: 4-NH,
Organism (enzyme name) Accepted Tested non- Ref.
substrates substrates

4-Hydroxybenzoate decarboxylases
Sedimentibacter hydroxybenzoicus JW/Z1 (basonym Clostridi- 492, %] 40a [ 47a, 48a, 50a, 51a, 52a, 42a, 41a [66]

um hydroxybenzoicum)*< 57a, 59a, 60a
Cryptoanaerobacter phenolicus'®® 49a 48a (67)
Enterobacter cloacae P240 (4-HBD)" 492, 40a 46a, 47a, 48a, 53a, 56a, 41a, 57a, [
63a
B. subtilis (BsdBCD)"! 49a, * 574l - [6569]
E. coli O157:H7 (EcdCD) 49,1 57301 - (65.70)
Salmonella typhimurium (StdBCD) 49a *! 574l - (631
Chlamydia pneumoniae AR39™ 492! 51a 71
Klebsiella aerogenes (Klebsiella pneumoniae) (KpBCD)[*] 492,41 52a,40a, 46a, 47a, 48a, 50a, 51a, 53a, 54a, 77
41a, 57al! 42a, 61a, 62a, 63a, 56a
Desulfovibrio sp./Methanospirillium hungatei consortium!® 49a* 41a, 59a, - (73]
(two decarboxylases, one carboxylase) 60a
Clostridium thermoaceticum (basonym Moorella thermoaceti- 49a.* 40a, 57a, 46a, 47a, 48a, 50a, 51a, 52a, 53a, (74
ca)lP<d 60a, 59a 54a, 41a, 58a
Protocatechuate decarboxylases
Enterobacter cloacae P240 (EcAroY) 402l - 73]
Sedimentibacter hydroxybenzoicus JW/Z1 (basonym Clostridi- 40al°! 47a, 48a, 49a, 50a, 51a, 52a, 42a, [66a.76]
um hydroxybenzoicum) (3,4-DHBD)4 41a, 57a, 59a
Gallate decarboxylases
Citrobacter sp.[) 40a, 41a,* 54a,  46a, 47a, 51a, 52a, 53a, 41a, 61a, "7
48a, 50a 62a
Arxula adeninivorans (Agdclp)® 40a, 41a* 48a-52a 8]
Lactobacillus plantarum LpdC® (UbiX-like LpdB required for 40a, 41a* - (7]
activity)
Pantoea agglomerans T7109 41al0 46a, 40a-42a, 46a—57a, 62a, 63a [
Vanillate decarboxylase
Streptomyces sp. D7 (VedCD)&! 57al°! 49a, 40a, 41a, 58a [6581]

[l Recombinant decarboxylase expressed in E. coli.

'] (Partially) purified from wild-type strain.

[l (Induced) resting cells (in vivo decarboxylation).

4] Oxygen-sensitive protein and/or anaerobic strain.

[} Reverse carboxylation of the respective phenol in the presence of excess bicarbonate was demonstrated.
1 Carboxylation was tested, but no product acid was detected.
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Besides the biocatalytically characterized prFMN-
dependent AroY enzymes, related UbiD-like (and
hence putatively prFMN dependent) para-carboxylas-
es from various microbial sources can be found in the
literature. Table 2 gives an overview of (partially char-
acterized) para-carboxylases and their substrate and
non-substrate scope. The preference for a certain sub-
strate allows classification into 4-hydroxybenzoate,
protocatechuate (including AroY), gallate and vanil-
late decarboxylases. However, the oxygen sensitivity
of some of these proteins severely impedes their ap-
plication in biotransformations.

Recent discoveries in the organization of ubiD/
ubiX genes and other associated genes encoding for
proteins of yet unknown function,%! as well as the
knowledge of in vitro activation with the catalytically
active cofactor outlined above opens new possibilities
for prFMN-dependent phenol para-carboxylases for
biocatalytic purposes.

Polycyclic aromatic hydrocarbons (PAHs): The
degradation of polycyclic aromatic hydrocarbons
(PAHs) in polluted soil and aquifers under anoxic
conditions proceeds via enzymatic carboxylation as
one of the initial steps towards mineralization of
these environmental hazards. Meckenstock et al. pro-
vide a comprehensive overview of the recent develop-
ments in this field, with a special focus on microbiolo-
gy, ecology, and biochemistry.®?! Although research is
still in its infancy, these enzymes pose highly interest-
ing biocatalysts given their potential ability to directly
functionalize chemically non-activated aromatics
under mild, anoxic conditions to yield the correspond-
ing carboxylic acids without the need for ATP or
other expensive co-substrates. Carboxylated metabo-
lites of benzene®™ biphenyl,®™ naphthalene®! and
phenanthrenel®! were detected in supernatants of
anaerobic  sulfate-reducing enrichment cultures
[Figure 7, (a)]. In a more detailed study with crude
cell extracts of culture N47, the carboxylation of
naphthalene in the 2-position was demonstrated to in-
volve incorporation of *C bicarbonate into the prod-
uct. Dynamic enzyme-catalyzed carboxylate “C-iso-
tope label exchange suggests reversibility of the pro-
cess [Figure 7, (b)].’”? How exactly carboxylation of
non-activated aromatics lacking electron-donating
substituents is accomplished in the active site of these
enzymes is a subject of ongoing research. A crude
mechanistic proposal suggests nucleophilic attack at
the 2-position of the arene with CO, as electrophile,
while the resulting carbocation is delocalized in the
(annulated) aromatic system (SgAr) [Figure 7, (c)].*
In any case, the carboxylation of non-activated aro-
matics is a ‘difficult’ reaction, as domonstrated by the
very low reaction rates.’*

Genetic studies of the benzene-induced putative
anaerobic benzene carboxylases reveal a cluster or-
ganization with two subunits (abcA and abcD) and a

Adv. Synth. Catal. 2019, 361, 2402 -2420

a) (Preliminary) substrate scope of benzene/naphthalene carboxylases
O, O,

0 OH

b) Isotope label incorporation from 3C bicarbonate and dynamic
exchange of the labelled carboxylate

13CO,H 12CO,H
H13CO,~
— O =

63b i O 5c-63a | O 63a

carboxylate exchange
3.2 nmol min~! mgprot ™"

carboxylation
0.12 nmol min=" Mgy~

c) Electrophilic aromatic substitution (SgAr) as mechanistic proposal
for PAH carboxylation

Tl
&8
S

Figure 7. Enzymatic carboxylation of PAHs.

gene sequence similar to that of ATP-dependent
phenyl phosphate carboxylases from A. aromaticum
of the UbiD family.®™ In addition, genes similar to
the ubiD/ubiX system were highly transcribed in ben-
zene-degrading nitrate-reducing enrichment cul-
tures,® which suggests a possible role of prFMN in
the carboxylation of PAHs.

Phthaloyl-CoA decarboxylases: The anaerobic
degradation of ortho-phthalic acid formed from the
corresponding esters originating out of plasticizers of
domestic origin”! features yet another class of decar-
boxylases (Figure 8). Recent pioneering studies
showed that cell extracts of Azoarcus strain PAO1
(phtDa),”"! Azoarcus evansii KB740, Aromatoleum ar-
omaticum EbN1, and Thauera chlorobenzoica 3CB-1

2414 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(a) Decarboxylation of ortho-phthalate via ortho-phthaloyl-CoA

O
CoA
succmyl CoA PCD
@ ©¢ o @(
succinate
653—66a 65b- 66b
spont. 65:R=H
fast (KM =121+27 IJM
keat = 0.14 s71)
66: R=F

Figure 8. Phthalate decarboxylases.

anaerobically grown on phthalate as sole carbon
source are catalyzing the formation of benzoyl-CoA
with succinyl-CoA as co-substrate. Among the upre-
gulated genes, homologues of ubiD and a succinyl-
CoA :ortho-phthalate-CoA transferase are involved in
the anaerobic conversion of ortho-phthalate to benzo-
yl-CoA.1*?

In order to intercept the labile phthaloyl-CoA in-
termediate, decarboxylation must proceed at a faster
rate than the spontaneous formation of phthalic anhy-
dride, which recycles to phthalate through hydrolysis.
Whereas succinyl-CoA :ortho-phthalate-CoA transfer-
ase is highly substrate specific, PCD accepted 3-
flouro-ortho-phthaloyl-CoA as substrate with 16% ac-
tivity of the native substrate. Since the reverse car-
boxylation of benzoyl-CoA in the presence of bicar-
bonate (2M) and isotope exchange between *C-bicar-
bonate and the substrate failed, decarboxylation ap-
pears to be irreversible.”” In any case, the require-
ment for CoA-activated substrates excludes these
(biochemically interesting) enzymes from practical
application.

In order to explain the involvement of a CoA-sub-
strate conjugate, an activating role of the thioester
linkage (in analogy to the 1,3-dipolar cycloaddition in
Fdcl) was proposed, where the C=C bond between
the carboxylate moieties acts as dipolarophile, while
the negative charge is delocalized across the cofac-
tor’s isoalloxazine ring.[*

Heteroaromatic substrates: The first example for a
non-oxidative, reversible decarboxylation of a hetero-
aromatic carboxylate is the conversion of pyrrole-2-
carboxylic acid (73a) to pyrrole (73b) by pyrrole-2-
carboxylate decarboxylase from Bacillus megaterium
PYR2910 [Figure 9, (a)].” The synthetic utility of
the reverse carboxylation of pyrrole was demonstrat-
ed using excess bicarbonate (80% conversion, 52%
isolated yield),”™ pressurized CO, in a flow-setup
(2447 pmol/h space-time yield),” or supercritical
CO, (59% conversion).”” Since the activity depends
on the presence of (small) organic acids, a mechanism
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(b) Non-substrates of PhtDa from Azoarcus sp.
PAO01 and PCD from T. chlorobenzoica

@SCM )\ﬂjﬁ(SCOA ¢SCOA
69a

//

+ C02

OH

SCoA SCoA

70a:R=NO, O 72a O
71a: R = Me

including an external carboxylate acting as catalytic
base was proposed [Figure9, (b)]. However, other
heterocyclic substrates fulfilling the structural require-
ments for this mechanism to happen (except 77) were
not converted [Figure 9, (c)].l*¥

Indole-3-carboxylate decarboxylase from Arthro-
bacter nicotianae catalyzes the reversible decarboxyla-
tion of indole-3-carboxylic acid [Figure 9, (d)-(g)].
Resting cells are able to catalyze the reverse carboxy-
lation of indole 74b and 2-methylindole 83b at the ex-
pense of bicarbonate yielding the corresponding het-
eroaromatic carboxylic acids (34% conversion of
74b). Only trace activity with quinoxaline-2-carboxyl-
ic acid (82a) and quinoxaline (82b) in the carboxyla-
tion and decarboxylation direction was detected.”®
Primary sequence data are still elusive for both pyr-
role-2-carboxylate and indole-3-carboxylate decarbox-
ylases, therefore no conclusions on their role within
the UbiD superfamily can be drawn.

Heteroarene decarboxylases with sequences related
to other UbiD members®**! [see Figure 1, (iii)], and
hence putative dependency on prFMN, have been dis-
covered but the mechanistic role of this cofactor in
the decarboxylation of heterocyclic substrates is un-
known so far.

An UbiD-like decarboxylase, YclC from Bacillus
amyloliquefaciens, is involved in the decarboxylation
of indole-3-pyruvate in the biosynthesis of the phyto-
hormone indole-3-acetic acid [Figure 9, (g)].!"""

Another enzyme purified from Alcaligenes sp.
strain UK21 is involved in the highly substrate specif-
ic non-oxidative decarboxylation of 6-hydroxyquinoli-
nate (85a) to 6-hydroxypicolinic acid (85b) [Figure 9,
(h)-(i)]. The decarboxylase shows some similarity to
phthalate decarboxylases of the UbiD family, al-
though no requirement for cofactors was reported.
Attempts to run the process in the reverse carboxyla-
tion direction were unsuccessful.""!!

Recently, also the decarboxylation of phenazine-1-
carboxylic acid (99a) by the UbiD-like enzyme PhdA
from Mycobacterium fortuitum associated to the
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Figure 9. Substrate portfolio of heteroarene carboxylate decarboxylases.
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UbiX homologue PhdB was reported
()]

The decarboxylation of furan-2,5-dicarboxylic acid
(100a) in the furoic alcohol-metabolizing strain Cu-
priavidus brasilensis HMF14 is associated with the
enzyme couple HmfF and HmfG [Figure 9, (k)]. Cell
extracts of C. brasilensis and P. putida heterologously
expressing HmfF/G catalyzed the single decarboxyla-
tion of 100a to 2-furoic acid (100b). Expressing either
the isolated UbiD-homologue HmfF or the UbiX-ho-
mologue HmfG in P. putida resulted in no or signifi-
cantly reduced decarboxylation activity,'” underpin-
ning a putative requirement of UbiX-derived prFMN.
In the presence of elevated concentrations of CO,
[1M bicarbonate and/or pressurized CO, (32 bar)] the
reversed carboxylation reaction of 2-furoic acid
(100b) to 100a was observed employing FDCA (2,5-
furandicarboxylic acid) decarboxylase (HmfF/HmfG)
from Pelotomaculum thermopropionicum albeit with
low yield.['™

In retrospect, little is known about biocatalytic het-
eroarene (de)carboxylation as of yet, but with the
advent of prFMN-dependent catalysis and the knowl-
edge available for providing active reconstituted en-
zymes, the conversion of these substrates by UbiD-
family members poses an interesting research aim.

[Figure 9,

4 Conclusion

Overall, enzyme-catalyzed (de)carboxylation concepts
have been established as suitable synthetic tools,
using carbon dioxide as C;-building block for the pro-
duction of valuable chemicals. The biocarboxylation
of electron-rich (hetero)arenes proceeds under mild
reaction conditions in a highly regioselective fashion.
As such, these methods offer particular benefits over
chemical methods like the Kolbe-Schmitt reaction,
which often require high pressure and temperature
and suffer from incomplete regioselectivities.

Metal-dependent ortho-benzoic acid decarboxylases
and cofactor-independent phenolic acid decarboxylas-
es are remarkably stable under biotransformation
conditions, and have been exploited for the regiose-
lective carboxylation of a range of electronically and
structurally diverse phenolic and coumaric acid deriv-
atives, respectively. Despite that, process engineering
needs to be further developed to drive the equilibri-
um in the thermodynamically disfavoured carboxyla-
tion direction in order to facilitate large-scale applica-
tions.

Ever more prenylated FMN-dependent decarboxy-
lases of the widespread UbiD family are being discov-
ered, which catalyze highly interesting preparative re-
actions. Examples include the (de)carboxylation of
(hetero)aromatic substrates and extension of the bio-
catalytic toolbox towards the decarboxylation of cin-

Adv. Synth. Catal. 2019, 361, 2402 -2420

namic and 2,4-hexadienoic acid derivatives. Nonethe-
less, due to the recent discovery of the modified FMN
cofactor the investigation of the chemistry implied by
the prFMN structure is a subject of ongoing research.
Hence, at present several limitations for prFMN-de-
pendent decarboxylases need to be addressed in order
for this highly interesting enzyme class to become a
widely applicable biocatalytic tool for organic synthe-
sis. These limitations include, but are not limited to,
the light sensitivity of prFMN™""™ the O, sensitivity
of some UbiD family members, co-expression of the
prenyl transferase UbiX, as well as efficient in vitro
reconstitution of apo-decarboxylases as well as the
role of other allosteric factors during catalysis.
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