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Abstract Enzymatic kinetic resolution is a widely used
biotechnological tool for the production of enantiomeri-
cally pure/enriched compounds. This technique takes
advantage of the enantioselectivity or enantiospecificity
of an enzyme for one of the enantiomers of a racemic
substrate to isolate the desired isomer. N-Carbamoyl-D-
and L-amino acid amidohydrolases (D- and L-carbamoy-
lases) are model enzymes for this procedure due to their
strict enantiospecificity. Carbamoylase-based kinetic reso-
lution of amino acids has been applied for the last three
decades, allowing the production of optically pure D- or
L-amino acids. Furthermore, this enzyme has become
crucial in the industrially used multienzymatic system
known as “Hydantoinase Process,” where the kinetic
resolution produced by coupling an enantioselective
hydantoinase and the enantiospecific carbamoylase is
enhanced by the enzymatic/chemical dynamic kinetic
resolution of the low-rate hydrolyzed substrate. This
review outlines the properties of D- and L-carbamoylases,
emphasizing their biochemical/structural characteristics
and their biotechnological applications. It also pinpoints
new applications for the exploitation of carbamoylases
over the forthcoming years.
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Introduction

Enzymes comprised in E.C. 3.5.1. act on carbon—nitrogen
bonds in linear amides. Among these hydrolases, several
enzymes present a common hydrolyzing function on carba-
moyl derivatives of amines. D- and L-N-carbamoyl-amino
acid amidohydrolases (D-carbamoylase, E.C. 3.5.1.77; L-
carbamoylase, 3.5.1.87) hydrolyze enantiospecifically the
amide bond of the carbamoyl group in D- or L-N-
carbamoyl-amino acids, respectively, yielding the
corresponding enantiomerically pure amino acid, ammonia,
and CO, (Fig. 1). Both enzymes attracted the attention of the
scientific community because of their steorespecificity and
substrate promiscuity, characteristics of considerable interest
in the field of kinetic resolution, which allowed these
enzymes to be widely used in industrial manufacturing
processes (May et al. 2002; Clemente-Jiménez et al. 2008).
Due to the interest in their biotechnological applications, little
attention has been paid to other characteristics which might be
interesting to understand the evolution of these enzymes and
for new applications in the field of amino acid production.
This review aims to provide an overview of the
research carried out on D- and L-carbamoylases over
recent decades. Firstly, we will discuss the biochemical
properties of both enzymes. The second section will be
devoted to structural features of carbamoylases, using the
sequence and structural information available, to enlighten
their evolutionary relationship with other amidohydro-
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lases. The third and final part highlights different ways in
which carbamoylases are, or can be exploited for the
biotechnological production of amino acids, thus provid-
ing a global idea of the versatility of these enzymes for
industrial application.

Enzymatic properties
D-Carbamoylases

To the best of our knowledge, in 1979, Olivieri et al. made
the first mention in the literature of an isolated D-
carbamoylase, belonging to the genus Agrobacterium. In
the same work, they already proposed its use together with
a hydantoinase “to develop a one-step process for the
preparation of D-amino acids.” Besides Agrobacterium
enzymes (Hils et al. 2001; Louwrier and Knowles 1996;
Nanba et al. 1998; Sareen et al. 2001), other organisms in
which D-carbamoylases have been reported are Arthro-
bacter (Moller et al. 1988), Blastobacter (Ogawa et al.
1994), Comamonas (Ogawa et al. 1993), Pseudomonas
(Yokozeki and Kubota 1987; Ikenaka et al. 1998c),
Sinorhizobium (Wu et al. 20006), Flavobacterium, and
Pasteurella (Nozaki et al. 2005). Moreover, a recent paper
shows new organisms which are able to convert 5-
monosubstituted hydantoins to the corresponding D-amino
acids, highlighting that these genera might also contain a D-
carbamoylase: Brevibacillus, Empedobacter, Microbacte-
rium, and Staphylococcus (Mei et al. 2007). Particularly
noteworthy is the work carried out by Dorrington’s group,
in which they experimentally show the presence of two
distinct enzymes with D-carbamoylase activity in the same
organism for the first time (AtuC1 and AtuC2, Jiwaji et al.
2009). p-Carbamoylases optimum pH has been found in the
range of 7.0 to 9.0, and they are generally known not to be
thermostable (Table 1); in fact, the most thermostable
enzyme found to date is the one from Pseudomonas sp.
KNKO003A, which retained 50% of residual activity after
20-min incubation at 73°C. Optimum reaction rates are
found between 40°C (Comamonas sp., Ogawa et al. 1993)
and 70°C (Agrobacterium sp., Louwrier and Knowles

(o]
L~ N@arbamoylase
NH _NH. NH, +CO, + NH
HO)%( Tr 2 HO& H A 5

H R O H R
L-N-carbamoyl-g—amino acid L-o-amino acid
o
HO)%NH\[(NHZ D-N-carbamoylase H0)$/NH2 +CO, + NH,
H R O H. O

D-N-carbamoyl-o—amino acid D-g-amino acid

Fig. 1 General reaction of D- and L-carbamoylases

@ Springer

1996). p-Carbamoylases are inhibited by metal ions and
sulphydryl reagents; they are not affected by chelating
agents, and they are reactivated by treating with reducing
agents (Table 1). These characteristics suggested that
cations were not necessary for enzymatic activity and that
cysteine residues were involved in catalysis. The latter
was firstly supported by oxidative susceptibility and
mutagenesis studies of Agrobacterium D-carbamoylase
(Grifantini et al. 1996). Subsequently, X-ray structures of
the enzyme would completely confirm this hypothesis (see
below).

D-Carbamoylases present broad substrate specificity, with
affinity toward different N-carbamoyl-D-amino acids in the
millimolar range (Tables 1 and 2). It is difficult to establish a
classification based on the kind of N-carbamoyl-amino acids
hydrolyzed, although there seems to be a tendency toward
long aliphatic (N-c-Met and N-c-norleucine) and phenylal-
anine derivatives (N-c-phenylglycine (N-c-PG) and N-c-
para-hydroxy-phenylglycine (N-c-pHPG), whereas
charged/polar amino acids are not good substrates (N-c-
Ser, N-c-Thr, N-c-Asp). Activity toward other N-
substituted amino acids (N-acetyl or N-formyl derivatives,
Table 1) was negative for Agrobacterium, Comamonas, or
Blastobacter enzymes (Nanba et al. 1998; Ogawa et al.
1993, 1994; Olivieri et al. 1979; Sareen et al. 2001),
contrary to what is observed for L-carbamoylases.

Inhibition of D-carbamoylases has been reported by (1)
substrates, (2) substrate analogs, (3) reaction products, and
(4) reaction product analogs. Louwrier and Knowles (1996)
showed that Agrobacterium sp. D-carbamoylase was
inhibited by the substrate N-c-D-pHPG at high concen-
trations (Ksi 50.3 mM) and by ammonium, one of the
spontaneous decomposition products of the reaction. The
latter is described as an inhibitor for D-carbamoylases from
Agrobacterium (Nanba et al. 1998), Blastobacter (Ogawa et
al. 1994), and Comamonas (Ogawa et al. 1993). The
reaction product D-Phe slightly inhibited Comamonas D-
carbamoylase (Ogawa et al. 1993), whereas L-Phe, L-Ala,
N-acetyl-D-Phe, or N-acetyl-D,L-Met did not. Blastobacter
D-carbamoylase was also inhibited by D-Phe, and in this
case, an N-L-carbamoyl-amino acid derivative inhibited the
reaction (N-c-L-Phe) (Ogawa et al. 1994). Agrobacterium
enzyme was inhibited by N-c-L-PG (Olivieri et al. 1979),
with a Ki value of 2.5x10>M, thus indicating strong
inhibition compared to the substrate.

L-Carbamoylases and 3-ureidopropionases
with L-carbamoylase activity

Lieberman and Kornberg (1954) found that Zymobacte-
rium (Clostridium) oroticum was able to hydrolyze
L-ureidosuccinate (N-carbamoyl-L-aspartic acid) to L-
aspartic acid. Although they named this enzyme ureido-
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succinase, this is the only reported ureidosuccinase in the
literature, and it might be the first L-carbamoylase
described. However, it was not until in the late 1980s that
other researchers focused their attention on these enzymes
(Yamashiro et al. 1988b; Yokozeki and Kubota 1987,
Yokozeki et al. 1987a), due to the ability of Bacillus,
Pseudomonas, and Flavobacterium microorganisms to
produce optically pure amino acids from their corresponding
carbamoylated cyclic amides (hydantoins). Other genera in
which L-carbamoylase activity has been detected are Alcali-
genes (Ogawa et al. 1995), Arthrobacter (Wilms et al. 1999),
Blastobacter (Yamanaka et al. 1997), Microbacterium (Suzuki
et al. 2005), and Sinorhizobium (Martinez-Rodriguez et al.
2005). Furthermore, two [3-ureidopropionases have been
shown to be active toward N-carbamoyl-L-x-amino acids
(Ogawa and Shimizu 1994; Martinez-Gémez et al. 2009). In
their search for new organisms with hydantoinase and
carbamoylase activity, Mei et al. (2007) have shown that
Kurthia, Brevibacillus, and Aneurinibacillus genera present L-
carbamoylase activity. Bacillus-related L-carbamoylases are
the most studied of these enzymes (Batisse et al. 1997; Hu et
al. 2003; Ishikawa et al. 1994; Yamashiro et al. 1988Db).

The pH interval for optimal activity of L-carbamoylases
with known activity ranges from 7.0 to 9.0, and the
temperatures at which maximum conversion rates are
observed range from 30°C to 70°C. The studied enzymes
present low thermostability in general, although Bacillus
kaustophilus 1-carbamoylase retained its activity at 50°C
for at least 15 days in the presence of Mn** and even up to
36 days at the same temperature with the addition of D- or
L-carbamoyl substrates (Hu et al. 2003). L-Carbamoylases
are metalloenzymes, as several divalent cations (partic-
ularly Mn?" and Co?", see Table 3) greatly enhance their
activity, and chelating agents such as EDTA inhibit their
catalysis. Sulphydryl reagents affect the activity of these
enzymes, although no cysteine seems to be directly
involved in catalytic activity (see discussion below), thus
suggesting a putative structural role. Carbonyl groups
have also been shown to be involved in catalysis/
structure, as carbonyl-blocking reagents also diminished
the activity of the enzyme (Ogawa et al. 1995; Ogawa
and Shimizu 1994).

The substrate spectrum seems to be even broader than that
of D-carbamoylases, although at the same affinity levels
(millimolar range, Tables 3 and 4). On the other hand,
substrate promiscuity is even greater for L-carbamoylases:
they often hydrolyze not only the N-carbamoyl moiety of
amino acids, but also the N-formylated and N-acetylated
species (Table 4). Authors have tried to classify the enzymes
as (1) aliphatic, (2) aromatic, or (3) with no clear preference
for aliphatic/aromatic substrates (Table 4). However, the
more enzymes are studied, the more difficult it becomes to
determine a clear tendency.

The inhibition of L-carbamoylases by substrate, prod-
ucts, substrate/product analogs, or by compounds other than
those discussed above, has not been studied as much as the
inhibition of D-carbamoylases. The most studied enzymes
in this field are the homolog (-ureidopropionases from
Pseudomonas putida and Agrobacterium tumefaciens
(Ogawa and Shimizu 1994; Andujar-Sanchez et al. 2009).
The former was inhibited by nonhydrolyzed N-carbamoyl-
amino acids (N-c-L-Leu, N-c-L-Phe, and N-c-D-Ala) and
reaction products (3-Ala and L-Ala). Sinorhizobium meliloti
enzyme binds several N-carbamoyl-D-amino acids (N-c-D-Trp,
N-c-D-Met, N-c-D-pHPG; Martinez-Rodriguez et al. 2006),
but inhibition by these compounds has not been studied; on
the other hand, Alcaligenes enzyme is not inhibited by N-c-D-
Ala or N-c-D-Val (Ogawa et al. 1995). Glycine buffer
decreased the activity of B. kaustophilus enzyme (Hu et al.
2003), and this was also observed for A. tumefaciens 3-
ureidopropionase (Martinez-Gémez et al. 2009). Together
with the inhibition caused by L-alanine in the [3-
ureidopropionase from P putida (see above), this might
indicate product inhibition for these enzymes, though more
studies must be carried out to confirm this. Reaction product
analogs such as propionate and other organic acids are
inhibitors of 3-ureidopropionases with L-carbamoylase activ-
ity (Ogawa and Shimizu 1994; Andgjar-Sanchez et al. 2009),
but as far as we know, only propionate has been tested and
proved as an inhibitor with a “strict” L-carbamoylase from
Alcaligenes (Ogawa et al. 1995). The latter was also inhibited
when treated by serine—protease inhibitors (phenylmethylsul-
fonyl fluoride, diisopropyl fluorophosphate), whereas Pseu-
domonas sp. NS671 L-carbamoylase, was inhibited by ATP
(Ishikawa et al. 1996).

Structural features of p- and L-carbamoylases
D-Carbamoylases

A primary sequence comparison between D-carbamoylases
with proven activity (Fig. 2) shows sequence homology of
over 90% for those from Agrobacterium and Sinorhizobium
(except the second paralog belonging to the same genus,
AtuC2); those from Flavobacterium and Pasteurella show
similarities of 80%, while those from Pseudomonas,
Arthrobacter, and AtuC2 are less similar. Experimental
relative molecular masses of D-carbamoylase monomers
range between 32 and 40 kDa, whereas the native enzymes
vary from 67 to 150 kDa; dimeric, trimeric, and tetrameric
quaternary structures have been suggested in the literature
as the native form presented by these enzymes (Table 1).
The involvement of thiol groups in D-carbamoylase activity
was soon discovered (Olivieri et al. 1979) and was further
supported by oxidative susceptibility of these enzymes,
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Fig. 2 Amino acid sequence
alignment of D-carbamoylases
with proven activity generated
with the Espript software (Gouet
et al. 1999), using the CLUS-
TALW alignment as input,
together with PDB 1FO6.
D-Carbamoylases belonging to
Agrotu Agrobacterium tumefa-
ciens GenBank ID Q44185,
AspKNK Agrobacterium sp.
(strain KNK712) GenBank ID
P60327, AspIP Agrobacterium sp.
IP 1671 GenBank ID Q8VT65,
AtuC1 Agrobacterium tumefa-
ciens HyuC1 GenBank ID
ABSI11193, AtuC2 Agrobacte-
rium tumefaciens HyuC2 Gen-
Bank ID ABS11194, Sinomo
Ensifer adhaerens (Sinorhizobium
morelens) GenBank 1D
AAV53595, Pseusp Pseudomo-
nas sp. KNKOO3A GenBank ID
BADO00008, Flavsp Flavobacte-
rium sp. AJ11199 translated from
GenBank ID AR890757, Pastpn
Pasteurella sp. AJ11221 translat-
ed from GenBank ID AR930237,
Arther Arthrobacter crystallo-
poietes GenBank ID AA024770.
CEK triad (asterisks), substrate
binding residues according to
PDB 1UF5, Hashimoto et al.,
unpublished results (crosses),
residues which have been mutat-
ed to study thermostability and/or
oxidative susceptibility (dollar

Signs)

@ Springer

Agrotu
AspKNK
AspIP
AmcCl
AtuC2
Sinomo
Pseusp
Flavsp
Pastpn
Arther

Agrotu
AtuCl

AsSpENK
Sinomo
AspIP

Flavsp
Pastpn
Atuc2

Fseusp
Arther

Agrotu
AtucCl

AspENK
Sinomo
AspIP

Flavsp
Pastpn
AtuCz

Pseusp
Arther

FPseusp
Arther

Agrom
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sequence analysis, and mutagenesis experiments (Grifantini
et al. 1996). Crystal structures of two Agrobacterium D-
carbamoylases confirmed it and pinpointed the existence of
a catalytic C—-E-K (Cys—Glu—Lys) involved in catalytic
activity (Nakai et al. 2000; Wang et al. 2001). A DALI
search (Holm et al. 2008) with one of these structures
(Protein Data Bank (PDB) 1FO6) reveals that p-carba-
moylase shares 10-30% sequence similarity with several
putative and active-proven C—N hydrolases, among them, f3-
ureidopropionase from Drosophila melanogaster (PDB
2VHH, Lundgren et al. 2008), aliphatic amidases from
Pseudomonas aeuroginosa (PDB 2UXY, Andrade et al.
2007) and Geobacillus pallidus (PDB 2PLQ, Agarkar et al.
2006), and formamidase from Helicobacter pyroli (PDB
2DYU, Hung et al. 2007). They belong to one of the
branches of the nitrilase superfamily, sharing a common
structural framework constituted by (1) an o-3-f3-« fold and
(2) an o-B-PB-o:x-B-p-o¢ dimerization arrangement,
though D-carbamoylase is not necessarily a dimer in its
native form (Table 1). This core contains a completely
conserved catalytic C—-E—K triad, highlighting a putative
divergent evolution from a common ancestor.

The reaction mechanism of the conserved C-E-K triad
(Fig. 2) seems to take place via an acylation—deacylation
process (Wang et al. 2001), and this has been further
confirmed by experimental X-ray structures of D-
carbamoylase mutants cocrystallized with several substrates
(unpublished results, PDB 1UF4, 1UF7, and 1UF8; Fig. 3).
Cys acts as a nucleophile; Lys stabilizes the transition state
intermediate, whereas Glu has a two-task proton shuffle
role. To explain this in greater detail, acylation occurs when
the carbonyl carbon of the carbamoyl moiety is attacked by

Fig. 3 C171A/V236A p-carbamoylase mutant structure from Agro-
bacterium sp., complexed with the substrate N-carbamoyl-D-methio-
nine (PDB 1UF5, Hashimoto et al., unpublished results). Surface
representation of the dimeric structure where the catalytic cleft can be
observed (leff). Catalytic center of the enzyme (right ), where the
substrate binding residues and their corresponding interactions can be

the preactivated thiol group (formed after abstraction of the
S—H proton, by the carboxy group of the catalytic glutamate).
Reaction takes place mediated by a tetrahedral intermediate
where the conserved Lys would stabilize the formed oxy-
anion adduct of the reaction, after which a molecule of NH;
is liberated (expected to be accompanied by protonation of
the amine group by the conserved Glu); the deacylation
process then occurs, by the nucleophilic attack of a water
molecule (which might be activated by deprotonation, once
again by the conserved Glu). The reaction finishes by
spontaneous decomposition of the N-carboxy-o-amino acid
to the corresponding amino acid and COs,.

L-Carbamoylases

Despite their similar activities, D- and L-carbamoylases are
structurally unrelated, with sequence identities lower than
15%. Amino acid sequence analysis of L-carbamoylases with
proven activity shows sequence similarities over 90% for
enzymes belonging to Bacillus genus, decreasing in the rest
of the cases to 25-45% (Fig. 4). When compared to f3-
ureidopropionases from Saccharomyces and Agrobacterium
genera, values range between 27% and 39%, except for that
of Sinorhizobium, which has the highest similarity to
Agrobacterium {3-ureidopropionase (80%). L-Carbamoylases
are described as homodimers, except for the one belonging
to Pseudomonas sp. ON-4, which presents a homotetrameric
species (Ohmachi et al. 2004; Table 3). Their monomeric
relative molecular mass is around 45 kDa in all cases except
for Alcaligenes, which was determined as 65 kDa (Ogawa et
al. 1995). Ogawa et al. and Ishikawa et al. demonstrated the
cation requirement of L-carbamoylases in 1995 and 1996,

visualized, together with the C—-E—K triad (in this structure, Cys171 is
mutated to Alal71; the catalytic triad is formed by Cysl71-Glu46—
Lys126). NcDMet N-carbamoyl-D-methionine (CPK code). Manual
modeling and image creation was performed using PyMOL (DeLano
2002)
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Fig. 4 Amino acid sequence
alignment of L-carbamoylases
and (3-ureidopropionases with
proven activity toward L-x-
carbamoyl-amino acids, gener-
ated with the Espript software
(Gouet et al. 1999), using the
CLUSTALW alignment as input
together with PDB 1R3N.
SkiBup Saccharomyces kluyveri
3-ureidopropionase GenBank
ID Q96W94, AtuBup Agrobac-
terium tumefaciens (3-
ureidopropionase GenBank ID
A47771, BacKau Bacillus
kaustophilus CCRC1123 Gen-
Bank ID Q8GQGS, BacstNS
Bacillus stearothermophilus
NS1122A GenBank ID Q53389,
BacstNCIB Bacillus stearother-
mophilus NCIB8224 GenBank
1D P37113, ArtAur Arthrobacter
aurescens DSM 3747 GenBank
ID Q9F464, PsespNS, Pseudo-
monas sp. NS761 GenBank 1D
Q01264, PsespON Pseudomo-
nas sp. ON-4a GenBank 1D
Q9FBO0S5, Sinmel Sinorhizobium
meliloti CECT 4114 GenBank
ID Q92MZ4. Residues forming
the conserved bimetallic center
(asterisks), substrate binding
and hydrolysis residues
(crosses)
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Glul33

A

His386
Enzyme Metal 1 Br@gmg Metal 2 General

residue base

Sinmel His87 His194 Asp98  His386 Glul33  Glul32
SkiBup Hisl14 His226 Aspl25 His421 Glul60  Glul59
CPG2 Hisl12 Glu200 Aspl4l His385 Glul76  Glul75
PePV  His87 Aspl77 Aspll9 His439 Glul54  Glul53
PepTSt His78 Aspl96 Aspl40 His379 Glul74  Glul73
EcAam His83 His192 Asp94  His384 Glul29 Glul28

Fig. 5 Bimetallic center present in L-carbamoylases and other
members of the peptidase M20/M25/M40 family. Superposition of
the bimetallic centre of L-N-carbamoylase model (up) from Sinorhi-
zobium meliloti CECT4114 (Sinmel, orange), (3-ureidopropionase
from Saccharomyces kluyveri (SklBup, gray, PDB 1R3N), carboxy-
peptidase G2 from Pseudomonas sp. (CPG2, cyan, PDB 1CG2),
peptidase V from Lactobacillus delbrueckii (PePV, pink, PDB 1LFW),
peptidase T from Salmonella typhimurium (PepTSt, green, PDB
1FNO), and allantoate amidohydrolase from Escherichia coli (EcAam,
blue, PDB ID 1Z2L). The original numbering of metal atoms from the
X-ray structures has been changed in order to compare similar
residues. Manual model building of the structures and image creation
was performed with PyMOL (DeLano 2002). Corresponding residues
in each enzyme (down), also showing the conservation of the general
base (Glu) used to activate the hydroxyl group which hydrolyzes the
substrate

respectively. Whether the metal was structurally or catalyt-
ically related was not known until 2006, when a bimetallic
center was found conserved between a large set of
carbamoyl-amidohydrolases (Martinez-Rodriguez et al.
2006; Fig. 5). Based on the comparison of their amino acid
sequences and the preliminary crystallographic data of L-
carbamoylase from Bacillus stearothermophilus CECT43
(Martinez-Rodriguez et al. 2008), L-carbamoylases belong to
the peptidase family M20/M25/M40. They share a common
scaffold with allantoate-amidohydrolase (PDB 1Z2L,
Agarwal et al. 2007), (-alanine synthase (PDB 1R3N,
Lundgren et al. 2003), carboxypeptidase G2 (PDB 1CG2,
Rowsell et al. 1997), peptidase T (PDB 1FNO, Hékansson
and Miller 2002), and peptidase V (PDB 1LFW, Jozic et al.
2002). This common architecture is formed by two domains
which are known as (1) “catalytic” and (2) “lid” or
“dimerization” domains. The catalytic domain is larger and

contains the metal binding and hydrolysis-responsible
residues (Martinez-Rodriguez et al. 2006). This catalytic
domain must accomplish large-scale rearrangements toward
the dimerization domain for substrate hydrolysis, in order to
allow the carbamoyl moiety of the substrate to enter the
catalytic center.

The involvement of several residues in substrate recog-
nition (Fig. 4) and more concretely a key role for a
conserved Arg in the dimerization domain both in L-
carbamoylases and (3-ureidopropionases were highlighted
recently (Martinez-Rodriguez et al. 2006; Andersen et al.
2008). This conserved Arg binds the carboxyl group of N-
carbamoyl-amino acids in a previous step of the substrate
hydrolysis (Fig. 6a, b). After binding, large-scale move-
ments of the enzyme were hypothesized to occur, allowing
the ureido group of the substrate to reach the bimetallic
center site (Martinez-Rodriguez et al. 2006). This was
further confirmed by the crystalline structure of Saccharo-
myces kluyveri {3-ureidopropionase homolog bound to the
substrate and reaction product (Andersen et al. 2008).
Activation of a water molecule by a proton shuffle glutamic
residue (Fig. 6b), (also conserved in the homologous
enzymes, Figs. 4 and 5) then occurs, forming a hydroxyl
group which produces a nucleophilic attack on the carbonyl
carbon in the carbamoyl group. This produces the hydrolysis
of'the carbon—nitrogen bond, and the subsequent release of the
reaction product, ammonia, and carbon dioxide (produced by
spontaneous decomposition of the carbamoyl group) allows
the cycle to start again (Fig. 6b, c).

Natural function of p- and L-carbamoylases:
are we biased by their industrial application?

There is a degree of uncertainty as to the natural function of
both enzymes. As carbamoylases are principally studied
due to their ability to produce optically pure amino acids
from cheap precursors in industrial applications, most of the
research focuses on N-carbamoyl-x-amino acids as sub-
strates. Furthermore, their functions have been frequently
associated to hydantoinases/dihydropyrimidinases, as these
enzymes provide the linear N-carbamoyl-o-amino acid
starting from the cyclic amide known as hydantoin, and
the genes encoding for hydantoinases/dihydropyrimidinases
and carbamoylases normally appear in a cluster at the
genetic level (Fig. 7). This, together with the work carried
out by Taillades et al. (1998), who proved that formation of
hydantoins and N-carbamoyl-x-amino acids in the primi-
tive hydrosphere was more favored than the formation of
free amino acids, led Syldatk et al. (1999) to speculate that
“primitive microorganisms on earth may have been able to
use hydantoins and N-carbamoyl-x-amino acids as C and/
or N sources, by evolving a hydantoinase and a carbamoy-
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Fig. 6 Scheme of the reaction carried out by L-carbamoylases, inferred from the data obtained from Sinorhizobium meliloti CECT4114 L-N-carbamoylase
mutants (Martinez-Rodriguez et al. 2006) and its similarity with (3-ureidopropionase from Saccharomyces kluyveri (Lundgren et al. 2003)

lase.” In this sense, these enzymes would constitute two
alternative routes to produce D- or L-amino acids for the cell
starting from monosubstituted hydantoins.

So far, everything fits, and it is perfectly understandable
that carbamoylases could constitute part of an alternative
ancestral route to produce «-amino acids for the cells.
However, such a conclusion might convert this topic into a
more difficult question if we try to account for all the
information known about: (1) the natural function of
hydantoinases/dihydropyrimidinases and their relationship
with carbamoylases, (2) the genetic organization of carba-
moylases, (3) amino acid sequences and structural topology
of D- and L-carbamoylases, and (4) the substrate specificity
of carbamoylases. As this is not the first case in which
enzymes have been industrially applied before their natural
function has been demonstrated, we will try to summarize
all this information, although it is difficult to establish a
firm conclusion from it.

@ Springer

Genetic organizations of hydantoinases/dihydropyrimi-
dinases and D- and L-carbamoylases occur commonly in a
cluster, as also occurs with dihydropyrimidinase and f3-
ureidopropionase (Fig. 7; Clemente-Jiménez et al. 2008;
Diirr et al. 2008, and references therein); whether hydan-
toinases and dihydropyrimidinases are the same enzyme
has been extensively discussed, but it seems clear nowa-
days that almost all the so-called hydantoinases in the
literature are dihydropyrimidinases', as they hydrolyze the
natural substrates of this enzyme, 5,6-dihydrouracil or 5,6-
dihydrothymine (EC 3.5.2.2). Dihydropyrimidinase is in-
volved in the reductive pathway of pyrimidine degradation,
catalyzing the hydrolysis of dihydrouracil and dihydrothy-

" As Diirr and colleagues have recently highlighted in their work
about hydantoinases/dihydropyrimidinases (2008), “only a few real
hydantoinases are known and except for biochemical data no further
differentiation is known.”
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Fig. 7 Different genetic organizations found for b- and L-carbamoylases
(and B-ureidopropionases) with respect to a hydantoinase/dihydropyr-
imidinase in different microorganisms. a Arthrobacter aurescens,
Microbacterium liquefaciens, and Delftia sp. b Brevibacillus agri. ¢

mine to the corresponding N-carbamoyl-(3-amino acids,
which are further degraded to the (-amino acid by N-
carbamoyl-f-alanine amidohydrolase ({3-alanine synthase,
[3-ureidopropionase, EC 3.5.1.6). The relationship among
[3-ureidopropionases and carbamoylases has been shown
previously (Gojkovic et al. 2001; Hu et al. 2003). Amino
acid sequences and structural topologies of carbamoylases
relate them to two different classes of (3-ureidopropionases: D-
carbamoylases would be related to a first general class,
constituted by eukaryotic enzymes, whereas L-carbamoylases
would be homolog to a phylogenetically different class,
constituted by fungal enzymes (Hu et al. 2003; Lundgren et
al. 2008). At this stage, it would be easy to think that
carbamoylases and ureidopropionases might be the same
enzyme, or that they are intimately related in evolution. This
would be supported by the results of Matcher et al. (2004)
showing that the hydantoin hydrolysis pathway in P. putida
RU-KM3yg is due to the appearance of dihydropyrimidinase
and ureidopropionase. However, when analyzing the bio-
chemical data available for these enzymes, it has been shown
that some D- and L-carbamoylases present activity toward
natural substrates of [-ureidopropionases (Louwrier and
Knowles 1996; Moller et al. 1988; Yokozeki and Kubota
1987; Yokozeki et al. 1987a), but others do not (Hu et al.
2003; Ishikawa et al. 1996; Martinez-Rodriguez et al. 2005;
Nanba et al. 1998; Ogawa et al. 1995; Ogawa and Shimizu
1997; Sareen et al. 2001; Wilms et al. 1999). Furthermore,
some [3-ureidopropionases have shown activity toward N-
carbamoyl-o-amino acids (Martinez-Goémez et al. 2009;
Ogawa and Shimizu 1994; Tamaki et al. 1987). Thus, a
controversy arises from the biochemical data which precludes
assimilating both carbamoylases and (3-ureidopropionases as
the same enzyme. Nevertheless, we could argue that b- and
L-carbamoylases are enzymes one evolutionary step back
from the two classes of [3-ureidopropionases; D- and L-
carbamoylases would have already evolved in some prokar-
yotes, becoming an alternative route for (3-alanine production.

Apart from the hypothetical tasks described above, L-
carbamoylases have been proposed to be detoxifying enzymes
for the N-carbamoyl-L-amino acids formed between active

Ochrobactrum sp. and Sinorhizobium meliloti. d Agrobacterium sp.
KNK712 and IP 1-671 and Agrobacterium tumefaciens. e Pseudomonas
putida RU-KM3s. f Arthrobacter crystallopoietes (Diirr et al. 2008 and
Clemente-Jiménez et al. 2008, and references therein for further details)

carbamoyl groups, such as carbamoyl phosphate and amino
acids present in the cell (Gojkovic et al. 2001). In this sense,
the literature shows that formation of N-carbamoyl-amino
acids at physiological pHs is possible, at least in humans
(Kraus et al. 1998; Stark 1965). These compounds can be
formed by reaction of cyanate (formed from the natural
decomposition of urea) and the free amino acid. Thus, if
carbamoylation can also occur in microorganism cells, L-
carbamoylase enzymes could fulfill a “detoxification”
task. Pseudomonas sp. strains BS and ON-4a L-carba-
moylases have been described as being involved in the
synthesis of L-cysteine in association with a hydrolase (L-
ATCase) different to dihydropyrimidinase (Ohmachi et al.
2004). As no clear conclusions arise from the information
available, further research needs to be carried out to
evaluate whether the industrial application of carbamoy-
lases in the production of optically pure amino acids has
biased the determination of the natural function of these
enzymes.

Protein engineering

As the “hydantoinase process” has been more widely used
for the production of D-amino acids, D-carbamoylases have
been studied more than L-carbamoylases. In this sense, D-
carbamoylases have been engineered to increase parameters
such as thermostability and oxidative resistance. Further
proving the importance of Cysl172 in D-carbamoylase
activity, Grifantini et al. (1996) already highlighted that
Cys243 and Cys279 from Agrobacterium radiobacter
enzyme might be responsible for the formation of intermo-
lecular disulfide bridges under oxidizing conditions, thus
inactivating the enzyme by aggregation, although they did
not carry out any stability experiments to support their
hypothesis. Ikenaka et al. (1998a, b) carried out random and
site-directed random mutagenesis on the D-carbamoylase
from A. tumefaciens KNK712, obtaining several mutants
with almost the same activity as the wild type, but
improving thermostability by about 5-10°C. This increase
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was mainly due to the mutation of three amino acids
(His57, Pro203, and Val236 according to the original
nomenclature, where initial Met is not taken into account,
see Fig. 2). The same mutant showed increased stability at
lower and higher pH and improved resistance to oxidative
inactivation. Chiang et al. (2008) evolved D-carbamoylase
from A. radiobacter by DNA shuffling, obtaining several
mutants with higher in vitro thermal and oxidative stability
than the wild-type enzyme, mainly due to mutations of
Val40, Gly75, and Val237 (Fig. 2). Other work by Roger
Chien et al. (2002) showed the effect of mutating the nine
methionines of the A. radiobacter enzyme (Fig. 2) by other
nonoxidizable residues such as Leu and their effect on
oxidative inactivation. Although only two of these mutants
presented similar activities to that of the native enzyme, the
other seven presenting reduced activities; they were able to
prove how a single substitution of some solvent-exposed
methionines resulted in proteins with higher resistance to
oxidation, but with less activity (around 50% of the original).
In short, a lot of information on evolving D-carbamoylases is
already available to allow the scientific community to
increase important properties for their industrial application.

Applications of carbamoylases: “hydantoinase process”
and new trends

Optically pure amino acids are used as additives in animal
and human foodstuffs, in the pharmaceutical and cosmetics

industries, and as chiral synthons in organic synthesis
(Clemente-Jiménez et al. 2008). Extensive knowledge of
the synthesis of racemic mixtures of amino acids is
available (the Strecker reaction represents one of the
simplest and most economical methods for the preparation
of a-amino acids), and as a general method, N-carbamoyl-
amino acids can be easily produced by carbamoylation of
the former using potassium cyanate (Ware 1950). Thus,
both D- and L-carbamoylases per se allow kinetic resolution
of racemic mixtures of N-carbamoyl-amino acids. To date,
and as one of the drawbacks of kinetic resolution, “only”
50% of the racemic mixture of the carbamoyl-amino acid
will be transformed in the desired compound. However,
coupling of this enzyme with an enantioselective hydantoi-
nase/dihydropyrimidinase increases the versatility of the
process by (1) decreasing synthesis costs and (2) total
consumption of the precursor used. This multienzymatic
method is known as the ‘“hydantoinase process,” an
enzymatic cascade of reactions in use for over 30 years,
but in ever-increasing demand because of the importance
and new uses of the products obtained (see Altenbuchner et
al. 2001; Clemente-Jiménez et al. 2008; Syldatk et al. 1999;
and references therein for further insights). The “hydantoi-
nase process” is a cheap and environment-friendly method
for the potential production of any optically pure amino
acid from a wide spectrum of D,L-5-monosubstituted
hydantoins (Fig. 8a). It has been extensively reported in
the literature and is most commonly used for the production
of optically pure D-amino acids, as most hydantoinases/
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Fig. 8 Different applications of D- and L-carbamoylases. a “Hydantoi-
nase process” (D-system, dashed line; L-system, full line) b “Acylase
process” (R’ acetyl) and “Carbamoylase process” (R’ carbamoyl; L-
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dihydropyrimidinases present clear D-enantioselectivity?.
This method was initially used in the manufacture of D-
para-hydroxy-phenylglycine and D-phenylglycine, amino
acids whose hydantoin precursors racemize rapidly under
the reaction conditions, allowing total conversion to the
amino acid (chemical racemization rates of several 5-
monosubstituted hydantoins can be seen in Pietzsch and
Syldatk 2002 or Clemente-Jiménez et al. 2008). However,
the inclusion of a third enzyme (hydantoin racemase)
converts this method into a dynamic kinetic resolution
process, allowing the use of the nonhydrolyzed isomer of
the substrate into the opposite one, achieving the total
conversion of the initial racemic mixture in those cases
where chemical racemization is not favored (Martinez-
Rodriguez et al. 2002; Las Heras-Vazquez et al. 2003). In
this sense, several natural microorganisms and recombinant
systems have been developed in the last decades for the
production of optically pure D-amino acids using different
D-carbamoylases (Chao et al. 1999; Martinez-Gomez et al.
2007; Martinez-Rodriguez et al. 2002; Nozaki et al. 2005;
Yokozeki et al. 1987b). On the other hand, although the “L-
system” of the “Hydantoinase Process” is known, hydan-
toinases with better L-enantioselectivity are less available
than D-hydantoinases (May et al. 1998; 2002, and refer-
ences therein). Researchers have still tried to force the
production of L-amino acids by taking advantage of the
“residual” L-activity of hydantoinases together with an L-
specific carbamoylase (Ishikawa et al. 1994; Kao et al.
2008; Wilms et al. 2001; Yamashiro et al. 1988a; Yokozeki
et al. 1987¢c). As hydantoinases are able to catalyze the
reverse reaction over the N-carbamoyl-D-amino acid pro-
duced, the presence of an L-carbamoylase will produce the
total conversion of the precursor, although at slower rates
than those for the D-system (Fig. 8a).

However, as the above method might not be considered
“ideal,” researchers have paid increasing attention in recent
years to alternative methods to improve the use of L-
carbamoylases, due to their versatility. Two approaches are
currently being used, both of which take advantage of the
enzymatic substrate promiscuity of L-carbamoylase and N-
succinyl-amino acid racemase (NSAAR). Although this
enzyme is more widely known as N-acetyl-amino acid
racemase because of its industrial application in the
“Acylase Process” (Hsu et al. 2006; May et al. 2002;
Tokuyama 2001; Fig. 8b), its natural function has recently

2 When referring to D- and L-hydantoinases, it does not mean that they
only hydrolyze one of the isomers, as happens with D- and L-
carbamoylases: hydantoinases are “stereoselective,” so they will
recognize both isomers, although they preferentially cleave one of
them. L-hydantoinase is so called, as it produces an enantiomeric
excess of the L-isomer compared to that known as D-hydantoinase
(May et al. 1998).

been discovered (Sakai et al. 2006). NSAAR shows large
substrate promiscuity, and it is able to racemize not only N-
succinyl-amino acids, but also other N-substituted-amino
acids, e.g., N-acetyl- and N-carbamoyl-amino acids
(Tokuyama 2001; Pozo-Dengra et al. (2009)).

The first approach derives from the “Acylase Process,”
where an NSAAR is used together with an L-acylase to
produce the total conversion of the N-acetyl-amino acid
derivative to the corresponding optically pure amino acid
(Hsu et al. 2006; May et al. 2002; Tokuyama 2001). As
NSAAR presents activity toward N-carbamoyl-amino acids,
its substrate promiscuity means that together with an L-
carbamoylase, it can produce several optically pure amino
acids: two alternative biosynthesis methods arise by
combining the activities of NSAAR and L-carbamoylase
(Fig. 8b), starting from N-acetyl or N-carbamoyl-amino
acids. In this sense, a new field of study has arisen, as both
NSAAR and L-carbamoylase substrate promiscuity require
further research. Hsu et al. (2007) were the first group to
present results in the literature exploiting this idea to
produce L-homophenylalanine. On the basis of the substrate
specificity of the NSAARs and L-carbamoylases studied in
our lab, we can predict that several optically pure L-amino
acids can be produced with this system.

The second method consists of a modification of the
hydantoinase process, based on the same idea as described
above: the dynamic kinetic resolution is produced not over
the hydantoin, but over the N-carbamoyl-amino acid
(Fig. 8c). This can be achieved by again using the
nonnatural function of NSAAR. This method is, at least
in theory, further developed than the one described above,
as hydantoinases and carbamoylases have already been
studied in greater detail than NSAAR; thus, only the
activity of NSAAR on N-carbamoyl-amino acids has to be
investigated further. The first work where this approach is
considered belongs to Lo et al. (2009), who adopt an
interesting approach to produce L-homophenylalanine: an
evolved mutated hydantoinase (with improved L-activity),
together with an NSAAR and an L-carbamoylase are used
for this purpose. We are currently investigating the N-
carbamoyl-amino acid racemase activity of several recom-
binant NSAARs available in our lab, and again, we can
confidently predict that this “modified hydantoinase pro-
cess” will represent a clear trend for future research.

Conclusions

D- and L-carbamoylases represent one of the most studied
examples of enzymatic kinetic resolution. They cleave
enantiospecifically the amide bond of D- or L-N-carbamoyl-
amino acids and also constitute a good example of
enzymatic substrate promiscuity. Furthermore, they con-
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form (together with hydantoinase) one of the most widely
used multienzymatic systems to date, the “Hydantoinase
Process.” The increasing demand for nonnatural amino
acids makes this enzyme even more interesting, especially
since the use of racemases allows the dynamic kinetic
resolution of cheap substrates, which will be of great
industrial interest. The substrate promiscuity of both L-
carbamoylase and NSAAR enzymes is opening up a new
field in carbamoylase-based technology for the production
of optically pure amino acids, which is sure to be
exploited in the coming years. Thus, the isolation of
new carbamoylases with different substrate specificities,
improved activity, or higher stability continues to be of
great biotechnological application.
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