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ABSTRACT: The enzymatic synthesis of D-phenylalanines,
important chiral building blocks for several pharmaceuticals and
fine chemicals, has been widely explored. Their asymmetric
synthesis of high atom economy and accessible prochiral starting
materials is highly attractive, while the expanding toolbox of
protein engineering facilitates access to biocatalysts tailored for
these processes. Accordingly, this Review provides an overview of
the protein engineering efforts of enzymes involved in the
asymmetric synthetic pathways for p-phenylalanines. The engineer-
ing efforts on D-amino acid dehydrogenases, Dp-amino acid
transaminases, and phenylalanine ammonia-lyases to produce p-
phenylalanines are thoroughly examined, while their application in
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(chemo)enzymatic cascades is also discussed. For an improved efficiency of the cascades, the protein engineering of L-amino acid
deaminases and/or L-amino acid oxidases for an increased transformation of phenylalanines is also addressed.

KEYWORDS: Dp-phenylalanines, enzymatic asymmetric synthesis, protein engineering, D-amino acid dehydrogenases,
D-amino acid transaminases, L-amino acid deaminases, L-amino acid oxidases, phenylalanine ammonia-lyases

1. INTRODUCTION

p-Phenylalanines are highly valuable chiral building blocks in
the synthesis of several pharmaceuticals, including antibiotics,
chemotherapeutic agents, peptides, and peptidomimetics
(Figure 1)." Accordingly, p-Phe is a key component of
polymyxins,” gramicidin S antibiotics, or of compounds with
antidiabetic activity, such as nateglinide,4 C-peptides,5 and
their chromium complex [Cr(p-Phe),].° D-3-Trifluoromethyl-
phenylalanine is an essential intermediate for (R)-PFI-2,” an
inhibitor for the SET domain containing lysine methyltransfer-
ase 7, involved in cancer-related signaling pathways. p-4-
Methylphenylalanine is incorporated into Pinl inhibitors® and
anti-inflammatory formyl peptide receptor 1 antagonists.” D-
Biarylalanines are intermediates for inhibitors of botulinum
toxin,'’ kinesin-14 motor protein KIFC1,"' and amyloid-f-
peptide aggregation.'” Cyclic plasmin inhibitors with high
selectivity over related trypsin-like serine proteases can be
synthesized using D-4-nitrophenylalanine as precursor,"
whereas D-4-fluorophenylalanine, upon incorporation, in-
creased the binding affinity and agonist potency of 1,3,4-
trisubstituted 2-oxopiperazine-based melanocortin-4 receptor
agonists, potential antiobesity agents."*

For the synthesis of p-amino acids, including D-phenyl-
alanines, biocatalytic methods have emerged as powerful
synthetic procedures. Besides the established enzymatic kinetic
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resolutions, yielding p-amino acids or their derivatives from
their racemic mixtures with a maximal theoretical yield of 50%,
procedures with improved yields and productivities have been
developed. These include dynamic kinetic resolutions, coupled
deracemization-stereoinversion methods or asymmetric syn-
thesis, well summarized and/or reviewed in several re-
ports.”>~'” The expansion of directed evolution and meta-
genomic approaches highly facilitated the access to engineered
and novel enzymes with significantly improved catalytic
properties, also in the field of asymmetric synthesis of D-
phenylalanines. In this Review, we present the advances within
the field of enzymatic asymmetric synthesis of D-phenylalanines
with a special focus on enzyme engineering and discovery
efforts providing improved biocatalysts and synthetic proce-
dures. While prior reviews within this topic'>'”'? largely
focused on presenting the enzymatic pathways leading to p-
amino acids and their fundamental aspects, we highlight and
provide structural and/or mechanistic facets of the protein
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Figure 1. p-Phenylalanines as chiral synthons for APIs.
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engineering efforts, delivering molecular level insights for the
improved catalytic properties of the p-Phe-producing enzymes.
Our approach provides a distinctive perspective by integrating
the mechanistic understanding and molecular level rationale of
protein engineering with practical synthetic applications.
Notably, while strictly reviewing the asymmetric synthetic
procedures, other, highly efficient, p-Phe producing biosyn-
thetic procedures of industrial applicability, such as the
hydantoinase—carbamoylase dynamic kinetic resolution, ®~>
are not covered within this work.

2. ASYMMETRIC REDUCTIVE AMINATIONS BY
ENGINEERED p-AMINO ACID DEHYDROGENASES

While amino acid dehydrogenases (AADHs) acting on L-
amino acids are ubiquitous in nature, AADHs of opposite, D-
selectivity have only been observed in a limited number of
bacterial species, including Pseudomonas aeruginosa,ﬂ’22
Pseudomonas fuorescens, Pyrobaculum islandicum,”* Salmo-
nella typhimurium, 25> and Escherichia coli”**™*® Moreover,
AADHs preferentially catalyze the oxidative deamination
route, while the occurrence of the reverse reductive amination
reaction of a-keto acids, suitable for the synthesis of p-amino
acids, has not yet been reported within living systems. To
create an AADH of p-selectivity (DAADH) and broad
substrate tolerance for the reductive amination of a-keto
acids, two protein engineering strategies might be considered:
(i) the reversal of the enantioselectivity of ubiquitous 1-
AADHs and/or (ii) the expansion of the substrate scope of
other dehydrogenases that already possess the desired D-
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selectivity. While protein engineering for enantioselectivity
reversal has been successful in some cases,”” >? the absolute
selectivity reversal is still considered highly challenging.
Following the second, more facile engineering strategy, the
meso-2,6-diamino-pimelic acid p-dehydrogenase (DAPDH, EC
1.4.1.16) of strict substrate specificity and low activity toward
D-Phe, was selected to be engineered into a DAADH of broad
substrate tolerance.”> DAPDH catalyzes the reversible
oxidative deamination of (R)-(or D)-amine of meso-2,6-
diaminopimelic acid (DAP) giving L-2-amino-6-oxopimelic
acid (L-AOP) while using NADP(H) as an electron acceptor/
donor (Figure 2). A key feature of DAPDH is its ability to

ol Do NADP* NADPH ol
(S) (R) DAPDH (S)
HOWOH N HO™ OH
NH, NH, /_\ NH, o
meso-diaminopimelate NADP* NADPH L-2-amino-6-oxopimelate
(meso-DAP) (L-AOP

Figure 2. Oxidative deamination of meso-DAP and the reductive
amination of L-AOP catalyzed by diaminopimelate dehydrogenase
(DAPDH).

distinguish between the p- and L-stereocenters of meso-DAP,
possessing D-selectivity.”* In nature, the enzyme is involved in
the biosynthesis of meso-DAP, which is found restrictively in
bacteria, plants and fungi and provides L-Lys upon its
decarboxylation.*

Through phylogenetic analysis, 941 bacterial DAPDH
sequences were differentiated into two classes: type I (68%

https://doi.org/10.1021/acscatal.5c00837
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highlighted labels); (b) The catalytic site orientation of the docked phenylpyruvate within the cofactor-bound structure of the engineered
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Figure 4. Tested aromatic substrate scope of the engineered CgDAADH: specific activity values were determined by using purified C¢DAADH,
while D-phenylalanines were produced with high enantiomeric excess (ee) and high isolation yields (Y) by using whole-cell biocatalysts co-
expressing both CgDAADH and GDH. The figure was adapted with permission from ref 39. Copyright 2016 John Wiley and Sons.

of sequences) with high substrate specificity toward meso-DAP
and no ability toward the reductive amination of 2-keto acids
other than 1-AOP and type II (32% of sequences) showing
broader substrate tolerance in the reductive amination route.”®
Initially, for the directed evolution of DAPDH into DAADH,*
the type I DAPDH from Corynebacterium glutamicum served as
a template, benefiting from an established recombinant
expression system’ and structural data.’® The saturation
mutagenesis of residues R195, T169, and H244 of C¢gDAPDH,
that interact with the L-stereocenter of DAP (Figure 3a),
combined with error-prone PCR, provided variant Q150L/
D154G/T1691/R195M/H244N, of significant activity in the
reductive amination of diverse aliphatic and aromatic 2-keto
acids, with p-Phe, p-p-Cl-Phe, and D-p-Br-Phe among the

7363

products obtained.” While the engineered variant showed no
activity toward the natural substrate, meso-DAP, it represented
the first DAADH suitable for the production of various D-
amino acids. The loss of its native activity can be attributed to
mutations R195M, T169I and H244N, that strongly alter the
active site fixation of the carboxylate from the L-stereocenter of
DAP. In particular, mutations R195M and T169I facilitate the
accommodation of p-amino acids with less polar side chain in
comparison to meso-DAP. The error-prone PCR-derived
mutations QI150L and D154G are positioned within the H-
bonding network responsible for the fixation of the carboxyl
group of the D-stereocenter, which consists of N270, Q150,
G151, and D154 (Figure 3a).
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Parmegianni et al.’” tested the aromatic substrate scope of
CgDAADH using whole-cell biocatalysts, also coexpressing
glucose dehydrogenase (GDH) for cofactor regeneration. The
preparative-scale reductive aminations provided valuable p-Phe
analogues with high enantiopurities and excellent isolation
yields in case of para- and/or meta-substituted derivatives,
while moderate yields were registered for the ortho-substituted
products (Figure 4).* Molecular docking of the aromatic 2-
keto acids into the cofactor-bound structure of CgDAADH
(PDB: SLOA) revealed polar interactions of the carboxylate
and the keto group, similar to those observed for the p-
stereocenter of meso-DAP (PDB: 2DAP). However, due to the
QIS0L mutation, the substrate’s carboxylate group forms
hydrogen bonds to the backbone amide of L150 (Figure 3b).*
The loss of the polar interactions around the L-stereocenter of
meso-DAP through mutations T169I, R195M, and H244N
increases the hydrophobicity of this binding region, while 1169
and W144 provide hydrophobic interactions with the
substrate’s aromatic moiety. This aromatic stacking interaction
is considered to be responsible for the activity differences of
substrates with different aromatic substitution patterns. The
para- and meta-substituents enhance the overlap between the
substrate’s 7-system with the indole ring of W144, thereby
increasing the binding affinities. In contrast, ortho-substituents
hinder this overlap, resulting in decreased binding affinity.””

Additionally, C¢DAADH was employed for the assembly of
(chemo)enzymatic cascades, yielding p-phenylalanines (see
Section 5.3).

To provide DAADHSs of increased thermostability, muta-
tions of the engineered CgDAADH were employed on
homologue residues of DAPDH originally from Ureibacillus
thermosphaericus, a thermophilic bacterium from Japanese
compost, resulting in the creation of UDAADH.* Classified
as type I DAPDH, the enzyme maintained its activity operating
at temperatures ~ 60 °C, demonstrating superior thermo-
stability to C¢gDAADH, which loses activity at temperatures
exceeding 48 °C.”” The D94A variant of UtDAADH showed
an 8.5-fold increase in catalytic efficiency (k.,/Ky) within the
reductive amination of phenylpyruvate (Table 1).*' The
additional mutation Y224F did not affect enzyme activity,*'
but the structure of variant D94A/Y224F UtDAADH (PDB:
SGZ6) revealed insights for the beneficial effect of mutation
D94A. For DAPDHSs and, accordingly, also for DAADHs, an
ordered kinetic mechanism is plausible,*” wherein NADP*
cofactor binds first, followed by substrate binding, which
triggers domain closure and initiates catalysis. By overlaying
the closed, 2-keto-6-aminocaproic acid (KACA)-bound,
subunit of D94A/Y224F UtDAADH (PDB: 5GZ6), with its
open, NADP*-bound counterpart (PDB: 5GZ3) (Figure Sa)
and comparing it with the similar overlay of the closed (both
ligand- and cofactor-bound) and open (only cofactor-bound)
subunits of C¢DAPDH (PDB: 3DAP) (Figure Sb), differences
in the relative positioning of conserved residues D94 and Y224
are revealed.

These suggest partial or incomplete domain closure within
the ligand-bound structure of UDAADH (PDB: SGZ6). The
closure of CgDAPDH implies the repositioning of the G151-
G161 a-helix due to the formation of a salt bridge between
D71 and R158. Concurrently, the H-bonding between Y219
and D90, homologous to that between Y224 and D94 from
UtDAADH, repositions the T215-E224 loop (Figure Sb). This
latter H-bond is also part of the H-bonding network involving
S68 and the ribose unit of the NADP" cofactor. In comparison,
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Table 1. Summary Table with Reported Enzyme Activities
and Kinetic Parameters of the Different DAADHSs within
the Reductive Amination of PPA

reductive amination®

SAY Ky ke
enzyme (U/mg) (mM) (s7)
LfDAPDH  wild-type™° 0.035  7.61 0.15
CtDAPDH  wild-type“*® n.d. n.d. n.d.
Q154L/T1731/R199M/ 0112 - -
P248/H249N/N2768*°
UtDAPDH  wild-type“* 0042 - -
UtDAADH  wild-type”"! 0235 - -
wild-type™*! 1.93 389 224
wild-type“™® 2.46 1.50
V1371/F306W/G3111/ 2.47 1.00
$314L%
D94A%H 16.1 1110 553
Y224F%H 1.67 - -
CgDAPDH  wild-type™™> n.d. - -
wild-type™™ 0.012 - -
StDAPDH  wild-type™"! 0.07 12.50 0.1
wild—type‘"52 0.01 - -
W121L5%* 0.98 - -
T171H* 091 - -
H2271%* 241 - -
H227V°? 2.40 2430  3.98
H227V! 0.46 - -
WI121L/H2271° 4.96 1220  6.20
T171P°! 0.15 1580  0.53
T1718%°! 0.19 19.60  0.88
R181F"! 0.44 1110  1.07
H227C! 1.03 1550  2.48
T171S/H227C! 0.74 1390 237
R181F/H227V"""! 1.35 20.80 343
T171S/R181F°" 0.28 1390  0.70
T171S/R181F/H227V! 1.02 11.00  2.09
PvDAPDH  wild-type™>® 0.08 495 019
wild-type™™* 0.30 608  0.14
WA21A%S3 _ 6.19 2.19
T171L4%3 - 6.54 2.35
R1818%%° - 5.46 3.73
H2271453 — 8.30 8.54
WI121A/R118S/H2271%5° - 102 24.80
WI1211/R181S/H2271%%* 2.50 347 115
BtDAPDH  wild-type™™® n.d. - -
W129T/D134C/S177A/ 0.7 - -

F154 V/H2351%°

“All parameters were determined under assay conditions described in
the references provided within the table, monitoring the decrease of
NADPH by absorbance measurements at 340 nm; "—": activity was
not determined; n.d.: no detected activity. “Specific activity. “His-
tagged enzyme. dNon—tagged enzyme.

within the closed subunit of UDAADH the homologous D75
and R162 are distal (17 A), as are the loops containing
mutated residues Y224F and D94A (8.3 A; Figure Sa). While
these structural highlights suggest that Y224(F) positions at
the active site entrance, mutated residue D94, in analogy to its
homologue D90 from CgDAADH (PDB: 3DAP), is involved
in the fixation of the —NH, group of the substrate’s p-
stereocenter. Docking phenylpyruvate into the closed D94A/
Y224F UtDAADH revealed that the substrate’s phenyl ring is
positioned in proximity to sequence position 94; thus,

https://doi.org/10.1021/acscatal.5c00837
ACS Catal. 2025, 15, 7361-7389
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Figure 5. (a) Structural overlay of the open, ligand-free (colored in pink, PDB: SGZ3) and closed, ligand-bound (colored in blue, PDB: SGZ6)
subunits of the D94A/Y224F UtDAADH; (b) Structural differences between the closed (colored in blue) and open (colored in pink)
conformations of the monomeric subunits of CgDAPDH (PDB: 3DAP), highlighting loop T215-E224 of CgDAADH, incorporating Y219.

Figure 6. (a) The dimeric fold of type I UDAADH (PDB: SGZ6), revealing residues located at the interaction interface between monomers,
which have been targeted for mutations within variant V1371/F306W/G3111/ S314L,~45 (b) The hexameric fold of type II StDAADH (PDB:

3WBE).

mutation D94A increases the active site’s hydrophobicity and
volume, thereby facilitating the accommodation of aromatic
substrates.”’ While the engineered UDAADH was used to
produce several branched chain amino acids, labeled with N
and/or 13C isotopes,* its aromatic substrate scope within the
reductive amination was not fully explored; only enzyme
activities for the production of p-Phe, p-p-F-Phe, and p-p-Cl-
Phe are being reported.™

Its variant V137I/F306W/G3111/S314L was reported to
possess an increased optimal temperature of 60 °C in the
reductive amination of phenylpyruvate and maintained 93% of
its activity at 80 °C, in comparison with the 50 °C optimal
temperature and 40% maintained activity shown by
UtDAADH. " While the reaction velocity (v,,,,) was unaffected
by the mutations, the substrate affinity increased from a Ky of
1.5 to 1.0 mM (Table 1). While the targeted residues position
within the subunit interface of the dimeric UIDAADH (Figure
6a), their mutation into sterically more demanding residues of
similar or increased hydrophobicity than the original ones,
most probably increased the compactness of the interaction
interface and, thus, the stability of the dimer. As a critical note,
the reported data do not allow in-depth analysis of the
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additional salt-bridges and hydrogen bonds claimed to be
formed between the monomers."’

To enhance the cost-efficiency of the DAADH-catalyzed
reductive aminations, immobilization of UDAADH on diverse
solid supports was tested.*”*” By covalent immobilization onto
Purolite ECR8415F or co-immobilization with the cofactor
regenerating GDH on polyethylenimine-coated agarose beads,
UtDAADH maintained its activity over 10 reaction cycles and
provided p-phenylalanine with 86% vyield in the preparative-
scale reductive amination of phenylpyruvate.”® By encapsula-
tion-based immobilization, employing a peptide linker and a
metal—organic framework support based on zeolitic imidazo-
late (ZIF-8) and reduced graphene oxide (RGO), the
operational stability of UtDAADH was also improved. The
DAADH/ZIF-8/RGO maintained 53% of its activity after 10 h
of operation at 50 °C, conditions which inactivated the non-
immobilized UfDAADH."

Other engineered DAADHs were also developed from
DAPDHs of diverse sources by employing homologous
mutations to those used for creating CgDAADH.*® The type
I DAADH from C. tetani*® exhibited high activity for the
reductive amination of several a-keto acids, however, its

https://doi.org/10.1021/acscatal.5c00837
ACS Catal. 2025, 15, 7361-7389
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aromatic substrate scope was not explored. Its specific activity
of 0.112 U/mg within the reductive amination of phenyl-
pyruvic acid (PPA) is 16-fold lower than of UtDAADH, but
9.3-fold higher than the activity of C¢gDAADH (Table 1).

The DAPDH from the thermophilic bacterium .
thermophilum (StDAPDH) represented the first wild-type
DAPDH with high activity and relaxed substrate specificity
in the reductive amination route."’ Phylogenetic analysis*®
propelled StDAPDH as a prototype of type II DAPDHs,
characterized by a hexameric quaternary structure (Figure 6b)
instead of the dimeric fold of type I DAPDHs (Figure 6a).
Insertions/deletions (indels) were identified to be responsible
for the divergence within the quaternary structure of the two
types of DAPDHs, with both types showing a similar fold of
monomers.”” StDAPDH exhibited a higher thermostability
than previous DAPDHs/DAADHs and was shown to possess
two substrate entrance tunnels formed at each side of residue
M152.** The smaller tunnel allows the entrance of small non-
natural substrates such as pyruvate/alanine, while the larger
tunnel, common for all DAPDH family members, allows the
binding of the bulkier meso-DAP (Figure 7).

Figure 7. Substrate entrance cavities around residue MI152 of
StDAADH, shown in the NADP*-bound StDAPDH (PDB: 3WBB).
The natural substrate meso-DAP follows entrance route 2 (from left to
M152), while for small substrates such as pyruvate/alanine trans-
formed atypically by StDAPDH, it follows alternative entrance
channel 1 (right side of M152).*

The overlay of the open and closed subunits of StDAPDH
(PDB: 3WBF) and of CgDAPDH (PDB: 1F06) reveals an
extra loop (residues 176—191) in C¢gDAPDH (Figure 8a,b),
with most of the catalysis-related residues being conserved,
except for F146 and M152, that correspond to W144 and
Q150 in CgDAPDH (Figure 9). By loop deletion and alanine-
scan mutagenesis, the importance of this loop in maintaining
the catalytic activity of C¢gDAPDH was revealed. An essential
salt bridge between R180 and E262 likely stabilizes the loop
conformation, which is also influenced by the preceding a-helix
starting at L176 and its H-bonding network at the other end of
the loop, closed by H193.® Insertion of this loop within
StDAPDH significantly decreased its activity, suggesting that
the indel loop of type I DAADH is not the key driving force for
the divergent evolution of the two DAPDH subtypes.*

Non-active site residue R71 of StDAPDH, highly conserved
among type II DAPDHs, was found to be a substrate-
preference indicator, highlighting the increased preference of
this subclass for the amination route.”’ Positioned in the
proximity of the cofactor binding site, R71 is involved in a
cation—7 interaction with Y205 (Figure 8c). The latter is the
homologue of Y224 and Y219 from UtDAPDH and
CgDAPDH, respectively, and in the closed subunit of
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StDAPDH is involved in the H-bonding network with D92,
T70, and NADPH, similar to that observed in the closed
CgDAADH.‘%’So Interestingly, R71, positioned within the
highly conserved “PTR” sequence of type Il DAPDHs (Figure
9), also contributes to the significant difference in catalytic site
closure between type I and type II DAADHSs (Figure 8c). In
type II S(DAPDH, residue R71, upon domain closure triggered
by substrate binding, forms a salt bridge with D203. This salt
bridge and the H-bonding between Y205 and D92 provide the
movement of a-helix-containing residues 193—203 into the
position corresponding to the closed conformation (Figure
8c). Residues Y205 and D92, and most likely also their H-
bonding, are conserved in type I DAPDHs (Figure 9).
Notably, the mutagenesis of their homologous residues, Y224
and D94 of UtDAADH, provided the improved variants for
aromatic substrates.”' In contrast, residues R71 and D203 are
specific to type I DAPDHs (Figures 8c and 9). In type I
DAPDHs, the specific salt bridge between D71 and R1S8
(CgDAADH) repositions a different a-helix (149—158),
resulting in the more compact closed conformation character-
istic of type I DAPDHs, as seen in the case of CgDAADH
(Figure 8b). Notably, the latter helix contains several catalytic
residues (e.g, M152 of StDAPDH), subjected to previously
described protein engineering studies.”” In the attempt to
transpose the relaxed substrate specificity shown in reductive
amination by type II StDAPDH into type I DAPDHs, residue
A69 of CgDAPDH was replaced by arginine to mimic the R71
of StDAPDH. However, the catalytic efficiencies of C¢DAPDH
within the reductive amination were only slightly increased.>’
As a critical note, mutation M216D, which provides the ionic
counterpart for R69 and enables the complete switch between
the catalytic site closure of ty<pe I and type II DAPDHs, was
not described by the authors.™

StDAPDH shows 40-fold lower activity for phenylpyruvic
acid than for pyruvic acid,* thus, applying the engineering
approach used for C¢gDAADH,”” the saturation mutagenesis of
residues F146, T171, R181, and H227, interacting with the L-
center of meso-DAP, was performed.Dl Several mutants,
including T171S, T171P, and RI181F, possessed ~2.5—6.4-
fold increased activity, while H227C and H227V showed the
highest at ~15- and ~ 35-fold activity improvements over wild-
type StDAPDH (Table 1).°" Computational results suggested
that within the active site of variant H227V, the substrate is
pulled closer to NADPH, with its phenyl ring interacting only
with T171, whereas in wild-type StDAPDH it forms
interactions with three residues F146, H227, and S151 (Figure
10). At 0.1 mmol-scale, variant H227V catalyzed the reductive
amination of phenylpyruvic acid to p-phenylalanine, with 97%
conversion and 99% enantiomeric excess.”' Variant H227V
was also employed in a cascade reaction with L-amino acid
deaminase from Proteus mirabilis (PmaLLAAD) for the efficient
stereoinversion of L-Phe analogues to their p-counterparts (see
Section 5.3).

To tailor SEDAPDH toward the synthesis of p-homopheny-
lalanine, p-phenylglycine, and b-tryptophan, additional five
residues, D92, W121, M152, H154, and N253, were subjected
to saturation mutagenesis.52 Only libraries of W121, T171, and
H227 generated improved variants, while randomization of
residue D92 or the D92A variant (analogue of D94A
UtDAADH of enhanced activity toward phenylpyruvic
acid*") did not provide superior activity. The best performing
WI121L/H227I mutant showed 34-fold and 70-fold improved
enzyme activity toward 2-oxo-4-phenylbutyric acid and
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Figure 8. (a) The overlay of open conformations of type II StDAADH (blue, PDB: 3WBB) and type I CeDAADH/CgDAPDH (pink, PDB: 1F06,
chain A); (b) The closed monomer of StDAADH (blue, PDB: 3WBF) overlaid with the closed conformation of C¢DAADH (pink, PDB: 1F06,
chain B). Residues 176—191 are highlighted in dark red in (a) and (b); (c) Overlay of the open (pink, PDB: 3WBB) and the closed, ligand-bound
(DAP, green) structures of StDAPDH (blue, PDB: 3WBF) showing the salt-bridge between R71 and D203, which provides the conformational
movements of the corresponding a-helices, specific to the closure of type I DAADHs.

67 71 90 119 124 144 149 158 167 169 176 191 193 195 216 219 244 262 270
CgDAPDH GSATD D WDPGMF W SQGHSDALRR QYT LEKARRGEAGDLTGKQ HKR M Y H E N
UmAPDH GSATD D WDPGLF W SQGHSDAIRR QYT VNRVRSGENPELSTRE HAR M Y H E N
C/DAPDH GSATD D WDPGLF W SQGHSDAIRR QYT LDKARSGEQCDFTTRE HER M Y H E N
LDAPDH GSATD D WDPGLF W SQGHSDAVRR QYT VDRVRNGENPELTTRE HAR M Y H E N
TIDAPDH PTRSV D WDPGTD F SMGHSVALKA  SMT - HRR D Y H S N
NmDAPDH PTRTI D WDPGTD F SMGHSVAVKA  SLT - HRR D Y H T N
PvDAPDH PTRATI D WDPGSD F SMGHSVAAKA  SMT - HRR D Y H E N
BfDAPDH PTRET D WDPGTD F SMGHSVAVKA  SLT - HRR D Y H T N
StDAPDH PTRSV D WDPGTD F SMGHSVAVKA  sSMT - HKR D Y H R N

69 73 92 121 126 146 151 160 169 171 179 181 203 205 227 246 253

Figure 9. Sequence alignment of type I and type II DAPDHs employed within the synthesis of D-phenylalanines. The conserved amino acids in
type I DAPDHs are in blue, and those conserved in type II DAPDHs are in green, while purple represents those conserved in both type I and type
II DAPDH. Residues marked in red are part of the insert loop of type I DAPDHs, while those highlighted in gray were subjected to the protein

engineering efforts highlighted in this study.
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Figure 10. Phenylpyruvate docked within wt-StDAADH (PDB:
3WBB), highlighting the relative positioning of W121 and H227 to
the aromatic ring of the substrate. The docking results have been
reproduced with permission using Autodock Vina by following the
reported data.*?

phenylpyruvic acid, respectively, while also catalyzing the
reductive amination of both phenylglyoxylic acid and indole-3-
pyruvic acid (Figure 11). Enzyme kinetics revealed an
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increased catalytic velocity for the mutants, with the mutations
having less impact on the Ky values. Docking studies suggested
a substrate binding pocket reshaped by mutations W121L and
H227I, thereby altering substrate orientation in comparison to
the wild-type form (Figure 10).>” The substrate’s aromatic ring
positions between L121 and 1227, with a reduced distance
between the a-hydrogen of p-homophenylalanine and the C4
of nicotinamide mononucleotide, suggest a facilitated hydride
transfer from/to the cofactor within the mutant variant.
Employing this engineered variant, the preparative, 1 mmol-
scale reaction yielded p-phenylalanine in excellent 85% yield,
with a high optical purity of ee > 99%.

The same tension release approach was employed for
engineering type II DAPDH from Proteus vulgaris. PYDAPDH
shares a high, 63.6% sequence identity with StDAPDH, thus,
saturation mutagenesis was implemented at five residues from
which four positions (W121, F146, T171, H227) were
identical with those studied in the case of StDAPDH.”” The
saturation mutagenesis at the additional catalytic residue R181
provided variant W121A/R181S/H227L, with an 85-fold and
4-fold increase in catalytic efficiency (k.,) within the reductive
amination of phenylpyruvate compared to wt-PvDAPDH and
WI21L/H2271 StDAPDH, respectively (Table 1).>> The
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Enzyme
S.A. (Uimg) Kym (mM)  Keae(s™) . (U/mg) . (Umg) Ky (mM)  Kear(s™) . (Uimg) Ky (mM)  Keae(s™)
wild-type PvDAPDH®* 0100 7.34 0.61 nd. 0.200 1241 046 0.020 185  0.06
W1211/R181S/H2271%¢ 0500 170  0.41 0.100 2.300 3.02 131 2500 241 127
wild-type BIDAPDH5® 0.006 4.96 0.01 0.140 nd. 0.300
W129T/D134C/F154V/S177A/H235I55 1650 0.340 0.120 3.660
wild-type StDAPDH®? nd. 0.380
W121L/H227152 0.240 6.890
o
M o
o)
S.A. (U/img) A. (Uimg) S.A. (Umg) S.A. (U/mg)
wild-type PvDAPDH3% nd. 0.300 0.200 n.d.
W1211/R181S/H2271%4 0.800 2100 2.700 2.000
Figure 11. Tested aromatic substrate scope of type II StDAPDH, PvDAPDH, and BtDAPDH and their engineered variants.
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Figure 12. Four-step reaction mechanism for the PYDAPDH-catalyzed reductive amination of the phenylpyruvate reactant (RC) into the p-Phe
product (PC), involving three reaction intermediates (Intl—Int3). The residues (in gray) from the hydrophobic substrate binding region are
positioned below the plane of the substrate’s aromatic moiety, while bolded residues are in or above this plane. Reproduced with permission from

ref 54. Copyright 2024 American Chemical Society.

engineered PYDAPDH was used in combination with LAAD
(see Section 5.3) within a 3 L-scale one-pot conversion of 1-
Phe to p-Phe with a 57.8 g-L ™" titer, 95.7% yield, and 99% ee.”

Using quantum mechanical (QM) calculations, a four-step
molecular mechanism for the PYUDAPDH-catalyzed reductive
amination of phenylpyruvate has been proposed,”* in which
after cofactor and substrate binding, residue H154 acts as a
general base to deprotonate NH,", which attacks the carbonyl
group of intermediate 2 (Figure 12). Residues W121, F146,
T171, R181, and H227, in analogy to the role of homologous
residues in StDAPDH, form the narrow L-pocket, which
restricts the rotation of the phenylpyruvate. Saturation
mutagenesis of these five residues and the subsequent
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combination of the beneficial mutations provided the triple
mutant W121I/R181S/H227L PvDAPDH, with a catalytic
constant of 1.15 s™! within the reductive amination of PPA,**
21.5-fold lower than the previously identified W121A/R181S/
H227L variant.”® In both engineered PvDAPDHs similar
mutations of the same residues were identified within the best
performing variants of the SM-libraries, suggesting a limited
variety of beneficial mutations. The specific activity and
enzyme kinetics of variant WI121A/R181S/H227L were
assessed for several aromatic keto acids (Figure 11), being
also employed as biocatalyst in a three-component cascade for
the synthesis of aromatic p-amino acids (see Section 5.3).>*
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The structure-guided engineering of another database-
identified type II DAPDH from Bacillus thermozeamaize
(BtDAPDH), sharing 65% sequence identity with StDAPDH,
targeted 43 residues within the 8 A surrounding the docked
benzoylformic acid substrate for individual NNK-saturation
mutagenesis.”” Randomization of the first layer, built from
catalytic site residues within a 0—4 A distance to the substrate,
provided the best performing variant W129T /F154V/H235L
All three residues are located at the narrow L-pocket of the
enzyme and are homologues of the previously randomized
residues of StDAPDH’> and PvDAPDH* (Figure 9). The
engineering carried out at residues from the second and third
layers, with 4—6 and 6—8 A distances to the substrate, revealed
beneficial mutations D134C and S177A. When combined with
the first-layer mutations, the resulting variant W129T/D134C/
F154V/S177A/H2351 exhibited the highest activity in the
reduction of benzoylformate. While the wild-type enzyme
showed no activity toward aromatic keto acids, the engineered
variant showed high, 0.7 and 0.12 U/mg, specific activity for
phenylpyruvate and p-OH-phenylpyruvate (Figure 11).”> The
synthetic applicability of the engineered BtDAADH was
demonstrated in the 100 mL-scale reductive amination of a
100 mM phenylpyruvate solution producing 1.42 g b-
phenylalanine with 86% yield (Table 1).° Mutations
WI129T, F154V, and H235I, similar to those of S{DAPDH
and PvDAPDH, increased the substrate affinity by a more
spacious hydrophobic binding pocket. Further, the structure of
the engineered BtDAADH (PDB:8ZMX) docked with
benzoylformic acid revealed that D134, by interacting with
D130, highly influences the positioning of W129, with the
latter contributing to the steric hindrance within the
hydrophobic, narrow r-pocket of the wild-type enzyme. By
mutations of both residues, the steric hindrance is eliminated
and the electrostatic interaction between D134 and D130 is
replaced by H-bonding between C134 and T129, maintaining
the structural stability of the catalytic pocket. Residue S177 H-
bonds with S159, which is involved in the fixation by H-
bonding of the substrate’s carboxylate. Mutation S177A
strengthens the H-bonding to S159 and alters the con-
formation of the loop, including S177, while also disrupting the
H-bonding between M160 and the substrate’s carbonyl group,
thus facilitating alternative substrate conformations.”

Other engineering approaches targeted the cofactor binding
region of SDAPDH, resulting in variant K159R, which is able
to operate with the less expensive NADH, albeit showing a 6-
fold lower k_, than with the natural cofactor, NADPH.*®
Sequence-based identification of novel thermophilic meso-
DAPDHs revealed DAPDH from N. massiliense’’ and T.
lipolytica® is capable of operating with both NADP* and
NAD*; however, the reductive amination in the presence of
NADH did not occur.

3. ASYMMETRIC SYNTHESIS BY
AMINOTRANSFERASES

D-Amino acid transaminases (DAATSs) have been identified in
several bacterial species as being involved in the production of
D-amino acids that are necessary for the biosynthesis of
peptidoglycans and secondary metabolites.’”** Their com-
mon mechanism involves the shuttling of the pyridoxal-5-
phosphate (PLP) cofactor between its pyridoxal and pyridox-
amine forms, coupled with the reversible transfer of the amino
group between the amino acid—keto acid substrate pair
(Figure 13). Since aminotransferases (ATs) typically exhibit
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Figure 13. Reversible amino group transfer reaction catalyzed by ATs
(EC 2.6.1x).

an equilibrium constant close to unity, several strategies have
been employed to drive the reaction to completion. These
include amino donor recycling through auxiliary enzymatic
reactions®*®® or by enzymatic decomposition of the keto acid
byproduct.*®

Among the first explored D-amino acid transaminases,
DAAT from Bacillus sphaericus presented broad substrate
specificity for both amino donor and amino acceptor
substrates. Albeit, when using phenylpyruvate and p-alanine
as reaction partners, low relative activity was obtained (Table
2).”> DAATs from Staphylococcus hemolyticus,”” Bacillus
licheniformi,*® and Bacillus sphaericus®® overexpressed in E.
coli were also employed for the production of several p-amino
acids, including p-Phe.”® The database-identified DAAT from
Lactobacillus salivarius substantially differed from the other
DAATS by exhibiting a broad amino acceptor specificity for
keto acids (Table 2), including bulky aromatic compounds
such as indole-3-pyruvate and 4-hydroxyphenyl-pyruvate.”'
Despite their broad substrate specificity, the industrial
applicability of the DAAT-mediated process has been limited
by the position of the reaction equilibrium, with K, being
close to 1. To shift the equilibrium to the desired direction by
a process developed by the Monsanto Co.,’’ the DAAT
reaction was integrated into a biosynthetic cascade (detailed in
Section 5.4) within an engineered E. coli. The engineered
strain, besides expressing BSDAAT, had the tyrB, aspC, and ilvE
aminotransferase genes disrupted to enhance the supply of
phenylpyruvate for DAAT-mediated p-Phe production. The
biosynthetic cascade, with an external addition of the p,L-Ala
amino donor, produced enantiopure D-Phe at a titer of 4.15 g/
L. By feeding the fermentation with L-Phe as phenylpyruvate
precursor, the titer significantly increased to 13.7 g/L,
however, the enantiomeric excess of D-Phe decreased to 88%.

In another approach, DAATSs have been coupled with @-
transaminase (TA) of (R)-selectivity, which enables the
regeneration of the p-amino acid amino donor of the DAAT
reaction (Figure 14).72 Using BsDAAT and ARmutTA (Rd11-
TA), engineered for bulky ketones,”> along with p-Ala or
isopropylamine as the amino donor, the procedure achieved
complete conversion of phenylpyruvate into the enantiopure p-
Phe in a 3 h reaction time (Table 2).”*

The comparison of the activity toward phenylpyruvate of
recombinant DAATSs which is originally from Bacillus strains,
B. subtilis (BsDAAT), B. licheniformis (BIDAAT), and B.
amyloliquefaciens (BaDAAT), revealed BIDAAT with the
highest specific activity (Table 2).”"”* Despite its lower
activity, due to its higher expression levels, BsDAAT was
included within the p-Phe synthetic operon constructed in E.
coli”* This engineered E. coli, besides incorporating the gene
deletions employed by the Monsanto Co.,”" also included the
disruption of the p-amino acid dehydrogenase (DAADH)
encoding gene, which alleviated the cellular deamination of the
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Table 2. Summary Table with Specific Activities (SA), Kinetic Parameters, Conversion (c), and Enantiomeric Excess (ee)
Values for the DAAT-Mediated Transaminations of Amino Acceptor a-Keto Acids 1b—1j and 1m—1o0, using D-Amino Acids p-
2a—2d, p-2j, and pD-2m—20 as the Amino Donors”
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amino amino SAY (U/ Ky k. Koo/ Kt
DAAT original strain enzyme donor acceptor product mg) c (%) ee (%) (mM) (s_alt) (s_lc mM)
L. salvarius” DAAT D-2a 1c D-2¢ 10.94 - - - - -
1h D-2h 24.34 - - - - -
1r D-2r 48.92 - - - - -
G. toebii SK17" DAAT D-2a 1c D-2c 0.48 - - - - -
B. subtilis”* DAAT D-2a 1c D-2¢ 0.24 - - 2.47 0.22 0.890
B. licheniformis™* DAAT D-2a 1c D-2c 0.03 - - 3.09 3.63 1.175
B. amylolichefaciens”*  D-AAT D-2a 1c D-2¢ 0.46 - - 2.03 223 1.088
B. sphaericus DAAT"! D-2a 1c D-2c 0.55 - - - - -
DAAT/Ar, TA”>  D-2a, IPA 1c D-2c - 99  >99 - - -
1s D-2s - 97 >99 - - -
YM-1 B. sp DAAT”! D-2a 1c D-2¢ 2.89
DAAT-T242G* D-2b 1c D-2c - >99 95 (99)° - - -
1f D-2f - >99 92 (>99)° - - -
1k D-2k - >99 92 (>99)° - - -
1g D-2g - 98 80 (98)° - - -
1j D-2j - 98 93 (98)° - - -
1d D-2d - 98 93 (98)° - - -
le D-2e - >99 97 (>99)° - - -
1l D-21 - 97 99 (>99)° - - -
1li D-2i - >99 99 (>99)° - - -
1p D-2p - 98 96 (>99)° - - -
D-2c 1b 1c 121 - - 4.50 1.80 0.400
D-2j 1j 0.32 - - 16.00 0.74 0.450
D-2m 1m 0.51 - - 3.70 2.60 0.703
D-20 1o - - - 6.00 2.20 0.367
D-2n 1n - - - 5.30 0.44 0.830
D-2d 1d 2.12 - - 5.00 2.20 0.449
DAAT-$240G* D-2b 1c D-2c - - - 15.00 0.58 0.039
DAAT® D-2b 1c D-2c - - - 6.70 0.09 0.014
DAAT-V33G* D-2b 1c D-2c - - - 2.10 0.10 0.048

“All parameters were determined under the assay conditions from the corresponding references. bSA: specific activity; 1 unit (U) defined as the
amount of enzyme catalyzing the formation of 1 gmol product per min; in the case of DAATS from ref 69, the specific activities were calculated by
the authors of this Review based on the reported relative activity values and experimental data. “Values obtained with the whole-cell biocatalyst;
values in parentheses were obtained with a purified enzyme.

produced D-Phe. In a 15 L jar fermentation process, the Through rational design, the specific activity for p-phenyl-
engineered strain yielded p-Phe with a titer of 1.72—3.86 g/L; alanine is shown by DAAT from Bacillus sp. YM-1 was
however, despite reporting the formation of L-Phe, data related increased by 2 orders of magnitude,”® approaching its natural
to the product’s enantiomeric excess was not included.” activity for p-alanine.”® Targeting residues V33, S$240, and
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Figure 14. Coupled enzymatic reactions for the reductive amination
of PPA with p-Ala and isopropylamine as amino-donors and using
Bacillus sphaericus DAAT as the a-aminotransferase and ARmutTA as
the o-transaminase of (R)-selectivity.””

T242, responsible for the accommodation of the aromatic ring
of D-Phe, and mutation V33G led to a 3-fold increase in the
catalytic efficiency (k./Ky = 0.048 s™'mM™'), while the
T242G variant showed the highest, 615-fold increase in activity
toward p-Phe (~1.21 U/mg), reaching the activity of the wild-
type DAATS for p-alanine (~1.10 U/mg) (Table 2).”¢ Residue
V33 is located within a f-strand, whereas S240 and T242 are
part of the 204—243 loop within the substrate’s side-chain
binding pocket (Figure 15). Substituting these residues with
the less flexible and smaller glycine contributes to tailoring the
side-chain binding pocket toward bulkier substrates.”®

Figure 15. Catalytic site of YM-1 BsDAAT (PDB: 3DAA)”’ with the
p-alanine amino donor (green) bound to the pyridoxal phosphate
(PLP) cofactor (gray) within the substrate binding pocket, including
residues V33, S240, and T242.

The activity of the engineered T242G YM-1 BsDAAT
toward various monosubstituted phenylalanines was tested,
obtaining several D-phenylalanines with high conversions
(>97%) over a 12 h reaction time (Table 2).65 Further,
DAAT-T242G was used with LAAD from Proteus mirabilis in
the form of a whole-cell biocatalyst within stereoinversion and
deracemization cascades, producing D-phenylalanines from

their L-enantiomeric counterparts” (see Section 5.4).

4. ASYMMETRIC HYDROAMINATION BY
PHENYLALANINE AMMONIA-LYASES

Phenylalanine ammonia-lyases (PALs, EC 4.3.1.24/25) are
among the most studied biocatalysts to produce L-phenyl-
alanines." While PALs within their natural reaction catalyze the
dehydroamination of L-Phe, in synthetic applications, starting
from racemic phenylalanines, the nonreactive p-amino acids
can be obtained through a kinetic resolution-type process that
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is limited by a theoretical yield of 50%.”*% In the presence of
high ammonia concentrations (4—6 M), PALs catalyze the
reverse, asymmetric hydroamination reaction of cinnamic
acids, yielding L-amino acids. The asymmetric hydroamination
is of high synthetic interest, with PAL-based industrial
processes already established, such as the multiton-scale
production of (§)-2,3-dihydro-1H-indole-2-carboxylic acid by
DSM®' and the synthesis of (3S)-5-(benzyloxy)-2-(diphenyla-
cetyl)-6-methoxy-1,2,3,4-tetrahydroisoquinoline-3-carboxylate
(Olodanrigan or EMA 401) by Novartis.*” The substrate scope
of PALs has been extended by protein engineering,””**~*’
while the reversal of their natural L-enantioselectivity was also
attempted, aimed to create D-selective PALs that are capable of
producing D-phenylalanines by the hydroamination route. In
this case, saturation mutagenesis, targeting 48 catalytic site-
related residues of PAL from Anabeana variabilis (AvPAL),
revealed variants H359Y and H359K with 3.5-fold and 3.3-fold
increased activity within the formation of D-p-NO,-Phe,
respectively (Figure 16).”° In a similar study, the AvPAL

O/\/COOH

©/\rcoor4
NH,

dehydroamination

c
2
s
£
£ NH
s 3 L-Phe
o =100
5 \__Mthec 00% )
>
-
Product AVPAL variant Specific activity
(Uimg)
L-m-NO,-Phe wild-type ~5.70%1
wild-type ~3.109
D-m-NO,-Phe el
N347A ~7.5091
wild-type 3.23%0
D-p-NO,-Phe H359Y 11.35%
H359K 10.76%

Figure 16. PAL-mediated dehydroamination and hydroamination
routes and the activity values of engineered AvPALs in the
hydroamination reactions, producing p-m-NO,- and p-p-NO,-phenyl-
alanines.

variant N347A showed a 2.3-fold increase in activity within the
hydroamination to p-m-NO,-Phe when compared to the wild-
type enzyme.”' Importantly, the increased p-selectivity mostly
occurred in the case of substrates with electron-withdrawing
ring substituents for which wild-type PALs also yield phenyl-
alanines of decreased enantiopurity, with the D-enantiomers
being observed as the minor product and the 1-Phe as the main
product.”

For the production of p-Phe, alternative reaction mecha-
nisms have been proposed.”” The common mechanism of
PALs (Figure 17a) requires the highly electrophilic, post-
translationally formed 4-methylene-imidazol-S-one (MIO)
prosthetic group. In the hydroamination reaction, under high
ammonia concentration, the MIO group is aminated, forming
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Figure 17. (a) The mechanism of PALs within the L-selective hydroamination reaction, involving the formation and electrophilic attack of the
NH,-MIO complex and within the reverse deamination of L-Phe; (b) The MIO-less mechanism providing both L- and p-phenylalanines, occurring
within the hydroamination of cinnamic acids with electron-withdrawing aromatic substituents. Reproduced with permission from ref 92. Copyright

2014 John Wiley and Sons.

the nucleophilic NH,-MIO intermediate, which attacks the
a,p-double bond of the cinnamic acid substrate in a regio- and
enantioselective manner.”>?* Subsequently, the protonation at
the B-position is facilitated by a catalytically essential, highly
conserved tyrosine, Tyr78, in the case of AvPAL. For the low
enantioselectivities registered for substrates with strong
electron-withdrawing ring substituents (nitro-, trifluoromethyl,
bromo- and chloro-), the occurrence of a non-stereoselective
MIO-independent reaction mechanism, capable of producing
both 1- and p-phenylalanines, has been proposed.” Kinetic
data obtained for wild-type AvPAL and H359Y, H359K
variants, along with isotopic-labeling studies and molecular
modeling, suggest that Tyr78 is responsible for the abstraction
of the pro-S or pro-R benzylic protons in the E;cB mechanism-
driven deamination of L-Phes or D-Phes, correspondingly
(Figure 17b). The electron-withdrawing effect of the ring-
substituent might stabilize the resulting intermediate carban-
ion, slowing its reprotonation in the deamination route and in
this way facilitate the slower, non-stereoselective MIO-
independent hydroamination step. For the L-selective process,
the si-face of the C, points toward the amino-donor (ammonia
or the NH,-MIO adduct in the MIO-mechanism) and Y78
points toward the re-face of the Cs However, to produce p-
Phe, the binding orientation of the cinnamic acid should be
altered, with the re-face of C, pointing toward the amino-
donor and Tyr78 pointing toward the si-face of C; (Figure
17b).> The two different productive binding modes of the
cinnamic acid are also supported by the mechanism of MIO-
dependent phenylalanine aminomutases (PAMs) of different
stereoselectivities, which involves the trans-cinnamic acid
intermediate in two binding conformations, allowing the
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exchange of the positions of the si- and re-faces of C, and
C; relative to the MIO group.”> ™"’

The mutated residues H359 and N347 of AvPAL are highly
conserved among PALs, while positioned within the polar
substrate binding region, they participate in the extensive H-
bond network, which also includes the essential R317,
responsible for substrate fixation, through salt-bridging with
the substrate’s carboxylate (Figure 18). While this H-bond
network controls the different binding orientations of the
substrate, its perturbation by mutations of H359 and N347
of

might facilitate the alternative active site orientations

. . . . P 0,91
cinnamic acid, required for p-selectivity.””’

~ L219
N347 N223
ﬁﬁﬁg :: :8 L108
QQ \

K419

H359

&~
—&f

R317 1423

Figure 18. Orientation and fixation of the co-crystallized cinnamic
acid within the catalytic site of the AvPAL variant (PDB: SLTM),”®
highlighting the residues from the polar binding region, including
H359, N347, and R317.
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Figure 19. Enzyme cascades producing D-phenylalanines p-la—1lao, which involve LAAD/LAAO-mediated oxidation coupled with enzymatic
asymmetric synthesis routes based on DAADH, DAAT, and PAL-mediated reactions, including the appropriate cofactor regeneration systems.
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Despite the developed PAL variants showing increased
specific activity toward the formation of the p-p-NO,-Phe
during kinetic measurements, in the hydroamination reactions,
the final position of the equilibrium between the production of
L- and D-enantiomers was maintained, without the useful

%% Nonetheless,

enrichment of the produced p-enantiomer.
when variant H359Y was combined with the r-amino acid
deaminase (LAAD) from Proteus mirabilis (see Section 5.4),
the efficient synthesis of D-phenylalanines bearing electron-

withdrawing ring substituents was achieved.
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5. ENZYME CASCADES INVOLVING ASYMMETRIC
SYNTHESIS

The relatively low availability of phenylpyruvates, the starting
materials of asymmetric reductive aminations, caused by their
tedious synthesis and/or stability issues,””'" has been the
driving force for the development of enzyme cascades that
focus on their in situ generation and simultaneous trans-
formation. In contrast, racemic or L-phenylalanines are more
accessible through chemical synthesis or fermentation
processes'’" and can be readily oxidized to their imino acid
or keto acid derivatives, which by simultaneous p-selective or

https://doi.org/10.1021/acscatal.5c00837
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Table 3. Kinetic Parameters of the PmirLAAD or PmaLAAD-Catalyzed Deamination of Different Aromatic Substrates (for
Substrate Numbering, see Figure 19), Determined under the Reported Assay Conditions (See References Provided within the

Table)
variant substrate Ky (mM) Vmax (U/mg) ke (571 ko/Kyy (mM1is™!)
PmirLAAD wild-type'*® t-1a (1-Phe) 215 - 112 0.050
wild-type'*° 26.4 - 1.40 0.055
P93S/P186A/F184L'% 15.8 - 3.75 0.230
P93S/P186A/M394V'% 16.2 - 2.85 0.170
P93S/P186A/M394V/F184S'%° 12.3 - 4.50 0.360
T105A/D144A/E145SA/E430A/S412A/E417A""S 326 - 2.90 0.088
E145A/L341A'" 75.6 - 2.04 0.002
D165 K/F263M/L336 M'"? 22.0 2.63 225 0.102
PmaLAAD wild-type L-1a (1-Phe)'*® 1.60 3.00 - -
L-1a (-Phe)'* 1.60 - 2.66 1.66
(£)-1an'"® 2.54 1.51 - -
L-1i'"® 0.36 2.66 - -
L-1ad''® 5.37 1.36 - -
(£)-1ak'"® 0.79 1.18 - -
L-1ak'"? 0.79 - 1.05 1.30
F318A'" L-1a (L-Phe) 3.76 - 1.36 0.36
L-1ak 0.24 - 1.02 430
V412A/V438P"'"° i-1a (1-Phe) 7.38 - 1.41 0.19
L-1ak 0.52 - 1.55 3.00
F318A/V412A/V438P'"’ L-1a (1-Phe) 5.95 - 0.63 0.11
L-1ak 0.17 - 1.57 9.20

non-selective reduction coupled with L-selective oxidation can
provide the p-phenylalanines (Figure 19).'° In these
deracemization or stereoinversion processes, using as starting
material the racemic or L-Phe, respectively, the required
oxidation step can be performed by two FAD-dependent
enzymes, L-amino acid deaminases (LAADs) and L-amino acid
oxidases (LAAOs) (Figure 19). Notably, the engineering of
LAADs and LAAOs was essential, both for their efficient
recombinant expression and to increase their substrate
tolerance toward various phenylalanines, as presented in
Sections 5.1 and 5.2. While LAADs have been used
predominantly in the form of whole-cell biocatalysts, due to
their challenging expression and purification, the recent
discovery of soluble LAAOs with high expression yields and
broad substrate scope has repositioned LAAOs as attractive
alternatives for the selective oxidation step, especially for
applications requiring purified enzymes or immobilized
biocatalysts. When combining enzymatic oxidations with
non-selective chemical reductions by ammonia-borane, com-
plete deracemization of phenylalanine and its analogues can be
achieved; however, a large excess (~40 equiv.) of the reducing
agent is required (Figure 19, routes C2—C4).'”® This
limitation has propelled the development and use of enzymatic
alternatives, integrating the DAADH and/or DAAT-mediated
reductive amination within efficient enzymatic cascades for
accessing D-phenylalanines (Figure 19, routes A1—A3, B1—-B4,
and B1—-B4’ and Sections 5.3, 5.4, and 5.5). Thus, the
enzymatic deracemization or stereoinversion cascades start
from the racemic or L-phenylalanines and combine L-selective
enzymatic oxidation with the p-selective reduction of phenyl-
pyruvate, while the cofactor or cosubstrate regeneration is also
ensured using auxiliary enzymes. In an alternative chemo-
enzymatic approach, the highly accessible cinnamic acids are
hydroaminated by PALs of decreased L-selectivity, resulting in
mixtures of D,L-phenylalanines, which by deracemization
through the L-selective LAAD-deamination coupled with
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chemical, non-selective reduction, provided an in situ dynamic
kinetic resolution-type process that yielded p-phenylalanines
(Figure 19, routes C1—C4 and Section 5.6).

5.1. .-Amino Acid Deaminases (LAADs) in the
Deracemization/Stereoinversion of Phenylalanines. i-
Amino acid deaminases (LAADs), classified under r-amino
acid oxidases (LAAOs, EC 1.4.3.2), catalyze the stereospecific
oxidative deamination of natural L-amino acids to generate the
corresponding a-keto acids and ammonia. The electrons from
the FADH, cofactor, reduced during the reaction, are
transferred to a cytochrome protein within a membrane-
associated process. Notably, due to their membrane-bound
nature, the purification of LAADs is challenging, with the
issues related to their expression, structural characterization,
and biotechnological applications being well reviewed.'**
Accordingly, herein we highlight the latest advances in their
expression and provide details of their activity toward
phenylalanines, as well as related protein engineering efforts.

LAADs have been found exclusively in Proteus bacterial
species, which express two different types of LAADs, sharing a
sequence identity of ~57%. Type I LAADs preferentially
oxidize aromatic amino acids, including 1-Phe, while type II
LAAD:s primarily deaminate basic L-amino acids, such as L-Arg
and 1-His."**'% To date, four recombinant LAADs have been
expressed and characterized, the type I LAADs from P.
mirabilis and P. myxofaciens (PmirLAAD and PmaLAAD,
respectively) and the type II LAADs from P. mirabilis and P.
vulgaris (PmILAAD and PvLAAD, respectively). >~
The type I PmirLAAD, uniformly abbreviated in this study, in
other works has been abbreviated as PmiLAAD'® or
PmLAAD.""?

The PmirLAAD, when expressed with the maltose-binding
protein (MBP) fusion tag in E. coli, provided a soluble protein
fraction. However, the cell lysate showed higher specific
activity toward L-Phe (0.17 U/mg) than the purified MBP-
PmirLAAD (0.025 U/mg), or the cell lysate of the non-tagged

https://doi.org/10.1021/acscatal.5c00837
ACS Catal. 2025, 15, 7361-7389


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c00837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

EVE

a)

N-terminal

domain

R316

V412

L279
Q100

Figure 20. (a) Structural features of LAADs highlighting the N-terminal transmembrane a-helix and the a,f-insertion module, contributing to the
active site entrance near the substrate binding domain (SBD) (PDB: SFJM); (b) The binding model of L-phenylalanine in the catalytic site of
PmalLAAD (PDB: SFJN) obtained by docking with Autodock Vina following the reported data;''® (c) 2D diagram of the molecular interaction

between catalytic residues of PmaLAAD and L-Phe.

PmirLAAD (0.076 U/mg), while the purified PmirLAAD, after
removing the fusion tag, showed no activity.'” Using MBP-
PmirLAAD cell lysate at a concentration of 50 mg/mL, full
conversion of 100 mM L-Phe was enabled in a 6 h reaction
time." "’

In terms of productivity, the purified form of type I
PmirLAAD achieved the maximum productivity value of 1.04
g-L™"h™! for phenylpyruvic acid, with a specific activity of 1.02
U/ mg and 86.7% mass conversion rate. When using its more
accessible, whole-cell biocatalyst form, the production of PPA
remained high, with 0.55 gL ™"h™" productivity, specific
activity of 0.013 U/mg, and an 82.5% mass conversion
rate.'"”” However, substrate inhibition limited the optimal
concentration of the L-Phe substrate to 3—4 g/ L.'%° To farther
optimize the deamination of phenylalanine, PmirLAAD was
expressed in engineered E. coli, in which the tyrB, aspC, and
ilvE genes of the aminotransferases that participate in the PPA
degradation have been deleted. Thus, the cellular degradation
of L-Phe was reduced from the initial 110 mg-L™"-g™" dry cells
to 10 mg-L™"-g™", improving the PPA titer yield from 3.3 to 3.9
g/L.'"? The error-prone PCR of PmirLAAD revealed
mutations of residues D165, S179, F236, and L336, improving
the catalytic efficiency. Saturation mutagenesis at these
positions resulted in the most effective D165K/F263M/
L336M variant, which when used in the engineered E. coli,
offered a PPA-titer of 10 g/L, a near complete conversion of L-
Phe. In a fed-batch variant of the procedure, with L-Phe fed in
every hour, the substrate inhibition was also alleviated,
affording PPA production of 21 + 1.8 g/L.113 Furthermore,
the supply of FAD was identified as a limiting step in
PmirLAAD-driven catalysis within the engineered E. coli. By
the fine-control of the expression level of ribH, ribC, and ribF
genes involved in FAD biosynthesis and by the overexpression
of formate dehydrogenase (FDH) and NADH oxidase (NOX)
for improved FAD/FADH, regeneration, the PPA production
could be further increased to 31.4 g/ P

The rational engineering of PmirLAAD for enhanced
deamination of L-Phe used the homology model of the
thermostable, epPCR-derived F93S variant that was built using
as template the crystal structure of type-II PvLAAD
(PDB:SHXW'%).'% First, by an Ala-scan of eight residues
with an occurrence frequency below 60%, the activity-
modulator ones were revealed, followed by their NNK-
randomization.'”® The best performing F93S/P186A/
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M394V/F184S variant showed a 6.6-fold increased specific
activity toward L-Phe (Table 3) and provided an effective
kinetic resolution of D,.-Phe.'’® Molecular docking indicated a
negative correlation between the enzyme activity and the
distance between the hydrogen from the Ca of the substrate
and the cofactor’s NS—nitrogen.115 In the case of L-Phe,
hydrophobic interactions and van der Waals forces between
the substrate channel and the side chain of L-Phe were
predicted to affect this distance. The Ala-scan of ten substrate-
channel related residues led to the identification of the sextuple
variant T105A/D144A/E145A/E340A/S412A/E417A, with
155—165% relative activities for the bulkier substrates, such
as L-Phe, when compared to the wild-type PmirLAAD (Table
3). The orientation of the docked r-Phe within the variant
significantly differed from that within the wild-type, with the
corresponding distance shortened by 0.4 A and L-Phe favorably
interacting with K146, A340, and F317. Using E. coli cells
harboring plasmids with three copies of the sextuple variant
resulted in a 36% and 21% increase of conversion values for L-
Phe and 1-Tyr, respectively.''> The scale-up to a S L reactor
resulted in a space-time yield of 8.59 g L™"h™' for L-Phe
deamination, achieving a high 94.6% conversion in a 12 h
reaction time.'"

Another study, focusing on expanding the substrate
tolerance of type I PmirLAAD, docked seven L-amino acids
into the homology model of PmirLAAD and selected 17 sites,
involved in substrate binding, for the Ala-scan. 116 The Ala-
variants of residues F96, Q278, and E417 showed an activity
enhancement toward several L-amino acids, leading to the SM-
randomization at these sequence positions. The most active
variants, E417A and E417R, showed a 5.6- and 3.9-fold activity
increase toward L-Phe compared to the wt-PmirLAAD."'®
Supposedly, the mutations expanded the substrate channel and
removed the electrostatic barriers provided by residue E417.

The product inhibition of the PmirLAAD-catalyzed
deamination of L-Phe was also alleviated by protein engineer-
ing. An Ala-scan of 17 residues from eight loops of the product
(PPA) binding site revealed variant E14SA/L341A with a 3.8-
fold reduction in product inhibition and a 1.3-fold increase of
catalytic efficiency in comparison to the wild-type. The
engineered variant enabled an 81.2 g/L PPA production
within a 16 h reaction time.''”

In the case of type I PmaLAAD, the highest deamination
activities for L-Phe of 14.7 and 15.9 U/mg were obtained upon
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Table 4. Specific Activity and Kinetic Parameters (Ky;, k. kc./Ky) for the Recombinant LAAO Variants of Different Origins,
Purified/Treated with Different Procedures Employing or Not Employing Affinity Tags (for Substrate Numbering, see Figure

19)¢
SAL Ky ke ke/ Koy
enzyme/variant/affinity tag substrate (U/mg) (mM) (s (s™/mM)
RsLAAO wild-type MBP/His, 1-1a (1-Phe)'”’ 0.13 6.80 0.16 0.02
L-1a (L-Phe)'*® 0.02 - - -
L-lan'?’ 0.13 11.70 0.16 0.01
SZtA/TStéizl/lé\SSS/T204A/K322A/M5765 MBP L-1a (1-Phe) 0.02 - - -
runcate:
wild-type SDS-treated MBP/His,'> L-1a (1-Phe) 9.70 2.30 12.20 5.30
L-lan 8.10 13.90 10.20 0.70
HcLAAO wild-type untreated/Hisg' >’ L-1a (L-Phe) 0.72 0.26 0.83 3.14
wild-type activated at pH = 3/Hisg' > L-1a (L-Phe) 18.90 0.48 21.90 45.20
wild-type untreated/His, "> L-1a (1-Phe) 328 0.07 - -
L-1o 2.86 1.85 - -
wild-type activated at pH = 3/His,"*° L-1a (L-Phe) 12.11 0.07 - -
L-1ao 9.21 112 - -
wild-type Hisg truncated'' L-1a (L-Phe) 19.00 nd. n.d. n.d.
L-1al 2.10 nd. n.d. nd.
E288H His truncated'”’ L-1a (L-Phe) 20.00 n.d. n.d. n.d.
L-1al 3.90 n.d. n.d. n.d.
AncLAAO N1/Hisg' > L-1a (L-Phe) 7.70 3.47 25.54 7.36
(#)-1c n.d. 3.54 25.90 7.11
(+)-1d 11.40 222 29.67 13.33
(+)-1e 14.50 0.90 30.68 34.13
(x)-1f 5.20 4.10 25.11 6.13
(+)-1h 11.30 nd. nd. 19.37
(+)-1i 8.00 n.d. n.d. n.d.
(£)-1j 0.33 n.d. n.d. n.d.
(+)-1n n.d. 2.55 2548 9.96
(+)-10 n.d. 2.86 33.20 11.61
()-1p nd. 0.69 20.39 29.55
(+)-1q 6.70 1.70 20.44 11.96
(£)-1s nd. 0.59 25.47 42.60
(+)-1v n.d. n.d. n.d. 23.31
(£)-1u nd. 1.05 26.32 25.91
(+)-1x n.d. 5.30 6.14 1.15
(#)-1y nd. 4.14 0.98 0.24
(£)-1z 33 n.d. n.d. n.d.
(+)-1ac n.d. na na na
(+)-1ad n.d. n.d. n.d 0.78
(#)-1af n.d. 1.25 32.00 25.66
(£)-1ag nd. 1.21 26.55 2191
(£)-1ai nd. 8.20 12.12 1.48
(+)-1aj 10.30 n.d. n.d. n.d.
(+)-1al 0.21 n.d. n.d. n.d.
N4/Hisg">* (+)-1a ((£)-Phe) 7.60 n.d. n.d. n.d.
(+)-1d 10.20 nd. nd. nd.
(£)-1i 12.80 n.d. nd. nd.
(£)-1j 0.38 nd. n.d. n.d.
()-1q 9.70 n.d. n.d. n.d.
N4-YS67F/Hiss >* L-1a (L-Phe) nd. 3.20 16.70 5.20
N4-D249F/Q536 V/Y567F/Hiss">* L-1a (L-Phe) n.d. 23.9 4.6 0.19
N4-D249A/Q536G/YS567F /Hiss " L-1a (L-Phe) nd. 1.30 16.70 12.80
L-1a (1-Phe) n.d. 3.60 28.50 7.9
HTAncLAAO™®  Hisg L-1a (L-Phe) nd. 0.30 8.70 29.00
HTAncLAAO2'*°  His, r-1a (L-Phe) nd. 0.07 14.5 204
RoLAAQ" Hisg L-1a (L-Phe) nd 0.02 209 814
Y226H/D227H/Y371L/A466C/W467A/His, nd 0.01 2402 22785

“Kinetic parameters and specific activities were determined under the reported assay conditions (see references in the table). “S.A.: specific activity;
one unit (U) was defined as the amount of enzyme consuming 1 gmol of substrate per minute. Hisq/o: His-tag containing either 6 or 9 histidine

residues.
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Table S. Purification Yields of Ancestral LAAOs and Their Use in Preparative Scale Deracemizations of Racemic

Phenylalanines and Phenylglycine®

enzyme purification yield enzyme amount scale yield ee
enzyme bacterial host (mg/L ferment) substrate (mg) (mg) (%) (%)
AncLAAO'*? NI E. coli BL21 (DE3) 50.7 (£)-1z 7 183 - >99
(+)-1i 210 - >99
(£)-14j 219 - >99
(£)-1am 151 - >99
N4 E. coli BL21 (DE3) 55.1 (+)-1a 3 166 - 94
((+)-Phe)
(£)-1i 210 92 >99
(+)-1d 2 195 - >99
(*)-1j 180 - 97
(£)-1q 183 86 >99
HTAncLAAO'* E. coli BL21 (DE3) 53.9 (+)-1a 0.4 165 - >99
((£)-Phe)
(*)-1i 183 96 >99
(¥)-1q 210 87 >99

“The reactions were performed under the reported conditions (see references within the table).

preincubation with detergents, such as SDS or N-lauryl-
sarcosine, and in the presence of the electron transfer reactant
phenazine methosulfate (PMS).''” The recombinantly ex-
pressed, purified PmaLAAD, activated by the addition of
exogenous membranes, showed a higher specific activity of
0.51 U/mg toward L-Phe under optimized conditions, which is
still lower than the evolved D165K/F263M/L336M Pmir-
LAAD.""® The PmaLAAD exhibited broad substrate tolerance,
with high activity toward several aromatic substrates, including
L-4-nitrophenylalanine, 3-pyridyl-alanine, L-DOPA, homophe-
nylalanine, and L-1-naphthylalanine. In the case of L-4-
nitrophenylalanine, the enzyme displayed an ~4-fold higher
specificity constant (k./Ky) compared to L-Phe (Table 3).'"®
To test PmaLAAD on a preparative scale, 130 mg of L-4-
nitrophenylalanine was fully converted to the D-enantiomer (ee
> 99%), using 7.5 U enzyme and 62.5 mM tert-butylamine
borane complex.'"”

While the challenging structural characterization of LAADs
hindered their rational engineering, type I PmaLAAD, lacking
the putative N-terminal transmembrane helix (residues 8—27)
required for membrane association, was successfully crystal-
lized (PDB: SFJM and SFJN).""" Its spectral properties and
monomeric fold resembled those of the full-length enzyme, but
it was not activated by the presence of E. coli membranes or
cells, likely due to the poor electron transfer caused by its
membrane-association inability.''’ The overall fold of the
truncated PmaLAAD resembled those of amino acid oxidases
(AAOs),'" including a FAD-binding domain (FBD) and a
substrate binding domain (SBD). Notably, specific for LAADs,
the presence of the putative N-terminal transmembrane a-
helix, ensuring its membrane association, and the presence of
an additional @,f-insertion module, closely positioned to the
transmembrane helix and interconnected with the SBD,
formed a significant portion of the active site entrance (Figure
20a). Using the anthranilate, a substrate analogue-bound
structure of PmalLAAD (PDB: SFJN), the molecular
interactions with phenylalanine (Figure 20b,c) and bulkier
substrates, such as L-DOPA or L-1-naphtylalanine (1-1Nal),
were predicted.'””""" The binding model of 1-Phe suggests
residues 1279, R316, F318, V412, and W439 interact with the
substrate side chain (Figure 20b) and influence substrate
specificity. After multiple rounds of saturation mutagenesis at
the above selected positions, the best performing variant
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F318A/V421A/V438P, with an ~7-fold increase in catalytic
efficiency for L-1Nal, also contained an unpredicted mutation
at position 438, likely introduced by PCR-amplification
errors.''” In the case of the improved variant, the ratio
between the specificity constant for L-1Nal and r-Phe was
~110-fold higher compared to the wild-type enzyme, high-
lighting a significant increase in activity toward naphthyl-
substituted alanines (Table 3). Additionally, variant F318V/
V412L was also identified from the created libraries, presenting
an ~1.6-fold increase in activity toward 1-Phe.'"”

Regardless of the deamination activity of type-II LAADs
toward phenylalanines, type II PmILAAD shows lower
reaction velocities (v, of 0.73 pmol phenylpyruvic acid
min~"'mg~") and substrate affinity (Ky of 31.5 mM)'0>107
than type I PmaLAAD (v, of 1.64 yumol PPA min~"-mg~" and
Ky of 262 mM)'” (Table 3). Notably, no data have been
reported on the deamination of phenylalanines by the
structurally characterized type II PvLAAD. %"

5.2. .-Amino Acid Oxidase (LAAO)-Mediated Stereo-
selective Oxidation of Phenylalanines. In the case of L-
amino acid oxidases (LAAOs, EC 1.4.3.2), in contrast to
LAAD:s (Section 5.1), during the oxidation of the L-amino acid
substrates, the reduced FADH, is reoxidized by molecular
oxygen while producing hydrogen peroxide. For several
decades the biocatalytic applications of LAAOs remained
limited due to well-reviewed challenges,lzo’121 including their
extremely low recombinant expression levels,'*”'** narrow
substrate tolerance,””'**”"*® and lack of screening assays
required for directed evolution approaches. Recent advances,
highlighted in this Review, provided access to LAAOs of broad
aromatic substrate scope and high expression levels, opening
new perspectives for their synthetic applications.

The LAAO from fungus Rhizoctonia solani (RSLAAO) was
expressed in E. coli with a removable maltose-binding protein
(MBP) solubility tag,'*” followed by activation via treatment
with 0.025% SDS (Table 4). Despite being isolated in low yield
(4.4 mg/L ferment), RsSLAAO converted hydrophobic L-amino
acids with high relative activity, including 1-Phe, as well as its
methyl ester (Table 4). To enhance the soluble expression of
RsLAAO, 108 out of its 645 residues were selected for
mutation, replacing hydrophobic amino acids with serine and
hydrophilic ones with alanine.'”® Logistic regression modeling
on the activity values of the 108 single mutants identified 6
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effective mutation sites improving LAAO solubility, while
extending the mutational analysis to all 645 residues, an
additional 52 effective sites were identified. The 6- and S8-
point mutant variants of RSLAAO showed a 2.6- and 4.2-fold
increase in solubility in comparison to the wild-type variant.
The sextuple mutant S2A/TS6A/AS8S/T204A/K322A/
MS76S RsLAAO retained a specific activity of ~0.0243 U/
mg, similar to that of the wild-type, while the S$8-mutation
bearing variant was inactive, sulpposedly due to mutations
within the FAD binding domain. =

The LAAO from Hebeloma cylindrosporum (HcLAAO),
expressed in E. coli, was activated under acidic pH or freezing
conditions'*” and exhibited a specific activity 2-fold higher for
L-Phe than that of SDS-activated RsLAAQO, while also
transforming the methyl esters of L-amino acids (Table 4).
Its expression in P. pastoris ensured higher cell densities and
50-fold higher activity, achieving 9200 U/L ferment, while the
isolated enzyme retained a similar activity to the one expressed
in E. coli."*" By rational design, catalytic residue E288, critical
for transforming substrates with basic side chains and
hindering the transformation of negatively charged substrates,
was targeted for replacement. Variant E288H exhibited a 1.85-
fold activity increase for r-2-naphthylalanine (~3.9 U/mg)
compared to the wild-type (~2.1 U/mg), while its activity for L-
Phe remained unchanged (19—20 U/ mg).131

By exploring paralogous genes of the native L-arginine
oxidase (AROD) from Oceanobacter kriegii, the LAAO from
Pseudomoalteromonas piscicida and six other homologous
sequences were identified and selected for ancestral sequence
reconstruction (ASR). In a breakthrough, the resulting
ancestral LAAO (AncLAAO) could be expressed in E. coli
with a high production yield of 50 mg (672 U)/L (Table 5)."**

The AncLAAO, abbreviated as variant N1, displayed a broad
substrate scope, transforming 13 L-amino acids, both hydro-
philic and hydrophobic ones, with k, values ranging from 6.0
to 33.0 s!, comparable to those of other reported LAAOs
(Table 4). Substrate profiling revealed that monosubstituted
phenylalanines, with either electron-donor or electron-with-
drawing substituents, are all accepted as substrates."** Notably,
para- and meta-substituted phenylalanines exhibited high
turnover numbers, comparable to or even exceeding the
deamination rate of L-Phe. In contrast, ortho-substituted
analogues showed lower turnover numbers, with the activity
decreasing as the size of the substituent increased, suggesting
steric hindrance within the catalytic site. Among phenyl-
alanines with multiple ring substituents, AncLAAO-N1 was
inactive toward 2,4-dimethoxy-Phe, but was able to transform
meta- and para-disubstituted derivatives, as well as 3,4,5-
trimethoxy-Phe."**

AncLAAO-N1, combined with the chemical reductant
NH;:BH;, enabled the deracemization of 18 phenylalanines,
achieving complete conversion to D-enantiomers within 24 h,
except for the non-transformed p-NH,-phenylalanine (Table
4)."** When performed at ~200 mg-scale, the deracemization
of 2-F-Phe, 3-F-Phe, 4-NO,-Phe, and 3,4,5-trifluoro-Phe using
7 mg of AncLAAO-N1 and 150 mM NH;:BHj;, quantitatively
yielded the corresponding p-phenylalanines. Since the enzyme
activity significantly decreased to <15% of the original value
after 60 min of incubation at 30 °C, another ancestral variant,
AncLAAO-N4, with an optimal temperature of 50 °C and
>55% relative activity retained at 65 °C, was also employed
within the preparative-scale deracemizations, reducing the
required biocatalyst amount to 2—3 mg/reaction (Table 5)."**
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The hyper-thermostable AncLAAO (HTAncLAAQO), ob-
tained by combining the ASR approach with sequence data
mining, showed a narrower substrate scope, transforming only
seven amino acid substrates, with the highest relative activity
observed for 1-Phe (Table 4)."*> However, its high thermal
and operational stability, with a T3 value of 95 °C, assessed
within the oxidation of L-Met, and the >95%, 60%, 30%, and
10% activity retained after a 1 week incubation at 30, 40, S0,
and 60 °C, respectively, allowed the use of only 0.4 mg (2 U)
of purified enzyme for the ~200 mg-scale deracemization of
p,L-Phe, 3-F-p,L-Phe, and 4-NO,-D,L-Phe. As is typical for the
oxidations with LAAOs, the additional use of catalase (~20
kU) to decompose the generated peroxide was also necessary
to obtain in high 87—96% yields the p-phenylalanines (Table
5). A distinct hyperthermostable AncLAAO (HTAncLAAQ2),
when compared to HTAncLAAO, showed ~1.7- and 7-fold
enhancement of the turnover number and specificity constant,
respectively, for i-phenylalanine (Table 4)."*° The crystal
structure of the ligand-free and L-Gln, 1-Phe, and 1-Trp
complexed forms of AncLAAO-NS (PDB: 7C4K, 7C4L,
7C4N, and 7C4M, respectively), revealed the substrate
recognition and reaction mechanism of AncLAAOs."**
Residues R89, Y447, G570, and WS571 ensure the fixation of
the —COOH and —NH, groups of the L-amino acid, while the
aromatic side chain of L-Phe forms hydrophobic interactions
with 1247, V535, and F231 (Figure 21a). Within the reaction
mechanism, the oxidation at the a-carbon of L-Phe is proposed
to occur via deprotonation of the protonated —NH, group by a
water molecule, with a simultaneous transfer of the hydride
anion from the Ca of 1-Phe to the NS of the FAD cofactor.

Rational design of Rhodococcus opacus LAAO (RoLAAO),
one of the first explored LAAOs of broad substrate

Figure 21. Active site orientation of the L-Phe (a) in AncLAAO-NS
(PDB: 7C4N) and the residues subjected to site-specific (green) and/
or saturation (brown) mutagenesis, leading to variants of enhanced
activity toward L-Phe and (b) in RoOLAAO (PDB: 2JB2), highlighting

. . 137
the residues selected for mutagenesis.
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Figure 22. LAAD (LAAO)/DAADH deracemization cascade consisting of the deamination step mediated by LAAD (or LAAO coupled with
catalase) and stereoselective reductive amination catalyzed by DAADH, along with the corresponding cofactor regeneration system (GDH/FDH).

Table 6. Stereoinversion Cascades Producing p-Phenylalanines, with Conversion (conv), Enantiomeric Excess (ee), Yield, and

Productivity Values

product cascade conv (%) ee (%) yield/productivity
D-Phe PmirLAAD*/CgDAADH"/BmGDH“* - 98 76%"

PmirLAAD**/W121A/R181S/H2271 PyDAPDH"/BmGDH®" 96.3 >99 192 g/L/h

PmirLAAD®/H227 V StDAPDH"/BsFDH"'*’ >99 99 220 g/L/h

PmirLAAD®/StDAPDH/BsFDH'*! >99 99 1.03 g/L/h

PmaLAAD®/BsDAAT*'" - >99 4.15 g/L#

EcGIuRA?/BsDAAT/CbGDH/CbFDH'*° >99 >99 137 g/L/h

BtSK-1 GluRA“/BsDAAT/CbGDH/ChFDH** >99 >99 1.66 g/L/h

AncLAAO-N4/catalase/ CgDAADH/BmGDH'*> - >99 54.7%

PmirLAAD“/W1211/R181S/H2271 PyDAPDH"/BmGDH"** 70.7 99 1.18 g/L/h
D-0-Me-Phe PmirLAAD®/CgDAADH"/BmGDH** - 95 839%"

T242G BsDAAT®/PmirLAAD™° >99 20 -
D-m-Me-Phe T242G BsDAAT®/PmirLAAD“®° >99 96 -
D-p-Me-Phe PmirLAAD*/CgDAADH"/BmGDH** - >99 79%"

PmirLAAD®/StDAPDH/BsFDH "' 674 - -

T242G BsDAAT®/PmirLAAD™* >99 93 -
p-0-Cl-Phe PmirLAAD®/StDAPDH/BsFDH "' >99 >99 -

T242G BsDAAT®/PmirLAAD“® >99 98 -
p-m-Cl-Phe PmirLAAD®/StDAPDH/BsFDH"'*! >99 >99 -

T242G BsDAAT*/PmirLAAD° >99 99 -
p-p-Cl-Phe PmirLAAD®/StDAPDH/BsFDH'*! >99 >99 -
(D-p-OH-Phe) p-Tyr PmirLAAD®/StDAPDH/BsFDH "' 45.3 >99 -

EcGIluRA“/BsDAAT/CbGDH/CbFDH'* >99 >99 171 g/L/h

PmirLAAD®/W1211/R181S/H2271 PyDAPDH"/BmGDH"** 83.9 99 1.43 g/L/h
p-m-MeO-Phe T242G BsDAAT®/PmirLAAD“* >99 98 -
D-p-MeO-Phe PmirLAAD*/CgDAADH®/BmGDH**’ - >99 76%"

“Applied as whole-cell biocatalysts. “Applied as a purified enzyme. “One-cell assembly. “Cell-free multienzyme system. “With two copies of
PmirLAAD. “Isolation yield of 100 mg-scale experiment. #Productivity in g/L (reaction times not provided within reported data).

specificity,*® with an available crystal structure with L-Phe
(PDB: 2JB2) (Figure 21b),"? led to the development of
variants transforming L-Phe to phenylpyruvic acid with a
conversion >95% and a yield of ~95 g-L™" when operating as a
whole-cell biocatalyst in a S L reactor over a 12—24 h reaction
time.">” To reduce the energy barrier of the transition states,
mutations Y226H, D227H, and Q228H were proposed to
enhance the proton abstraction ability from the substrate’s
—NH, group within the first step of the reaction mechanism.
To reduce the energy barrier in the subsequent step, the
replacement of large-volume residues from the substrate-
binding pocket was targeted, thus releasing the steric hindrance
of the substrate’s orientation and decreasing the distance from
the Ca of the substrate to the NS of FAD, thereby facilitating
the hydride transfer.

From docking of transition states and MD simulations,
residues R84, Y371, W426, and W467 were selected as sites for
saturation mutagenesis (Figure 21b). Finally, combining the
mutations of the most improved variants, provided Y226H/
D227H/Y371L/A466C/W467A RoLAAO that, compared to
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the wild-type enzyme, showed a 2.4-fold reduced Ky value, an
11.5-fold increased k., value, and a 28.2-fold increased
specificity constant (k_,/Ky) within the oxidative deamination
of 1-Phe (Table 4)."”” In comparison to the high protein
isolation yields of AncLAAOs, the expression issues still
persisted for RoOLAAO. Its purified form was obtained by the
expression in E. coli with the removable MBP fusion tag, which
was required for protein solubility.'*’

5.3. Enzyme Cascades Involving DAADH-Mediated
Reductive Amination. As engineered DAADHs emerged as
alternatives for the reductive amination of aromatic keto acids,
the enzymatic whole-cells cascade consisting of PmirLAAD,
CgDAADH, and the cofactor-recycling glucose dehydrogenase
(GDH) (Figure 22) was tested for the deracemization or
stereoinversion of various racemic or L-arylalanines, producing
D-phenylalanines with high enantiomeric excess values and
yields (Table 6).*

The cascade of engineered WI121A/R181S/H2271
PvDAPDH, PmirLAAD, and GDH from Bacillus megaterium
(BnGDH) provided the one-pot, quantitative stereoinversion
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of L-Phe into p-Phe (>96% conversion, ee > 99%). At 3 L-scale
using E. coli cells harboring two copies of the PmirLAAD
encoding gene and one copy of the gene of the PYDAADH
variant and of BmGDH resulted in a 57.8 g/L titer-yield for p-
Phe after a 30 h reaction time.>” The cascade performed with a
similar variant, W1211/R181S/H2271 of PvDAPDH, provided
enantiopure forms of p-Phe, p-Tyr, p-phenylglycine, and p-
homophenylalanine, among other p-AAs; however, lower titer
yields of 28.3, 33.6, 14.8, and 29.4 g/L, respectively, were
registered after a 24 h reaction time.” Lower titer yields of
13.2 g/L p-Phe were also registered for the cascade that
combined purified forms of H227V StDAPDH and formate
dehydrogenase from Bacillus simplex (BsFDH) with the
PmirLAAD whole-cell biocatalyst."*” However, when using
wild-type StDAPDH, BsFDH, and PmirLAAD as a one-cell
assembly, a higher titer yield of 24.7 g/L p-Phe was obtained
after 24 h. The later cascade was also explored for the
stereoinversion of various L-amino acids, including o-, m-, and
p-chloro-substituted phenylalanines, into D-phenylalanines,
achieving complete conversions.'*' In cases of L-Tyr and 1-4-
methyl-Phe, moderate conversions of 45.3% and 67.4%,
respectively, were registered (Table 6). In a four-enzyme
cascade, alongside CgDAADH/BmGDH, the use of An-
cLAAO-N4 as an alternative to LAAD was tested, with the
additional use of catalase for removing the produced H,0,.'*
In the optimal setup, using cell-free extract biocatalysts and 10
mM solutions of L-amino acids, the enantiopure p-Phe and p-
Trp were produced in 48 h; however, at the preparative-scale,
the stereoinversion of L-Phe and deracemization of D,L-4-Br-
Phe and p,L-3-F-Phe provided isolation yields of only 54.7%,
6.9%, and 1.3%, respectively.'**

5.4. Enzyme Cascades Involving DAAT-Mediated
Reductive Amination. The whole-cell cascade developed
by Monsanto Co. coupled the PmaLAAD-catalyzed deami-
nation of racemic amino acids with the BsDAAT-mediated
reductive amination, while ensuring the regeneration of the p-
amino donor by an amino acid racemase (AAR), most
frequently alanine, glutamate, or aspartate racemase.”” When
using D-aspartate as the amino donor, the succinate byproduct
of the reductive amination spontaneously decarboxylates to
pyruvate, shifting the equilibrium toward p-Phe production
(Figure 23)."® The process has been applied industrially for the
production of several p-amino acids, including p-Phe and b-
Tyr.143

Employing the cascade in modified E. coli cells, with
phenylpyruvate provided by an external feed or via the LAAD-
deamination of the intracellularly produced L-Phe, and with the

o 1. LAAD
s DN oH 2. DAAT
N NH,
L-Phe HOOG ™~ COOH
i COOH
+ D-Asp Hooc ™
o 0 R: H, 2-CH5, 3-CHj,
N oH 3. AAR 4-CH;, 3-OCHs,
R i co, 2-Cl, 3-Cl, 4-Cl,
COOH 2-F, 3-F, 4-F, 4-Bj
Hooc Y COOH , 3-F, 4-F, r
D-Phe NH, g
L-Asp C

Figure 23. LAAD/DAAT/AAR deracemization cascade involving the
LAAD-catalyzed deamination, the DAAT-mediated reductive amina-
tion, and the aspartate racemase catalyzed generation of the p-amino
donor.
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amino donor p-Ala ensured by the alanine racemase (AlaR)
from L-Ala, the YM-1 BsDAAT was able to produce the desired
p-Phe with a 4.15 g/L titer yield (Figure 24)."**'** Under the
fermentative conditions, the pyruvate byproduct was cata-
bolized, shifting the equilibrium toward 100% completion.

A similar cascade in the form of a cell-free multienzymatic
system composed of glutamate racemase (GluRA), BsDAAT,
glutamate dehydrogenase (GluDH), and FDH required only
small initial amounts of L-Glu and NAD"* for complete
conversions of phenylpyruvates, producing p-Phe in 48 g/L
and p-Tyr in 60 g/L titer yields.*® By using a thermostable
GluRA from Bacillus thermophilus SK-1, the productivity of -
Phe was increased to 58 g/L.%*

In stereoinversion/deracemization cascades the engineered
T242G DAAT (see Section S), used as a whole-cell biocatalyst,
in combination with PmirLAAD, yielded various Dp-phenyl-
alanines (Tables 6 and 7).% Its synthetic utility was showcased
by the preparative deracemization, yielding p-4-fluorophenyla-
lanine. The optimized procedure used an excess of D-aspartate,
which after the reaction was removed by p-aspartate oxidase,
affording p-4-fluorophenylalanine in 84% isolation yield.”> The
disadvantage of requiring stoichiometric amounts of the amino
donor can be overcome by its in situ regeneration through
racemases, as demonstrated by the Monsanto process,”’ and/
or by replacing PmirLAAD with PmaLAAD, which is unable to
deaminate 1-glutamate or r-aspartate.''” The LAAD/DAAT
cascade, when combined with tryptophan synthase (TrpS),
served for the synthesis of D-tryptophans, using indoles and
serine as the starting materials. The engineered V33G/T242G
BsDAAT with a 35-fold increased k./Ky toward p-Trp
derivatives was coupled with TrpS from Salmonella enterica and
PmaLAAD (Figure 25).""

Notably, the substrate specificity of TrpS was recently
unlocked by directed evolution, providing tyrosine synthetase
activity,"** with the perspective for extending this cascade
toward D-phenylalanine synthesis.

5.5. Enzyme Cascades Involving Both DAAT- and
DAADH-Mediated Reductive Amination. The one-pot
DAAT/DAADH cascade, coupled with alcohol dehydrogenase
(ADH) for cofactor regeneration, aimed to exploit the
advantages of diversity and broad substrate scope of trans-
aminases while overcoming the limitation of their reversible
reaction by using DAADHs, which irreversibly catalyze the
reductive amination but show a narrower substrate specificity.
In this approach, BsDAAT ensured the amino transfer from p-
Ala to pyruvate, resulting in the desired p-amino acid, while
StDAPDH recycled the amino donor from the DAAT-
produced pyruvate byproduct, also shifting the equilibrium of
the transamination step (Figure 26)."” The ADH from
Thermoanaerobacter brockii (TbADH) ensured the NAD(P)H-
recyf}i}ng using 2-propanol as a cheap cosubstrate (Figure
26).

Using purified enzymes as biocatalysts and catalytic amounts
of amino donor, along with inexpensive ammonia for its
regeneration, D-Phe and p-Tyr were successfully obtained with
conversion values >99% (Table 6). The cascade lacking DAAT
provided low conversions of <20% for p-Phe and <5% for p-
Tyr, supporting the dual role of DAADH in both recycling the
amino donor and transforming the substrate into the targeted
D-amino acid.

5.6. Enzyme Cascades Involving the PAL-Mediated
Hydroamination. By coupling the engineered H359Y
AvPAL-mediated ammonia addition of electron-deficient
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Figure 24. Fermentation-based production of p-phenylalanine using engineered E. coli hosting the LAAD/DAAT/AAR cascade, with an external
addition (a) of p,i-Ala and -Phe or (b) of only p,i-Ala."**'** Figure adapted with permission from ref 144. Copyright 1998 Elsevier.

cinnamic acids (see Section 4), with PmirLAAD-deamination
and with the subsequent chemical reduction, several b-
phenylalanines (Figure 27) were produced with high yields
and optical purity (Table 7).

Although the formation of phenylpyruvic acids as side
products, through the spontaneous hydrolysis of the imino acid
intermediates, slightly reduced the overall yields, the
equilibrium of the PAL reaction was pulled by the LAAD-
mediated deamination toward the formation of phenylalanines,
providing a beneficial effect within the cascade.”’ Engineered
N347A AvPAL (see Section 4) was employed in a similar, but
sequential, one-pot cascade, also enabling the production of p-
phenylalanines with ee values of 72—99% (Table 7).”" As a
disadvantage, a large excess of 40 equiv. of ammonia-borane is
requested, which was addressed by the fully biocatalytic
procedure, where the spontaneous hydrolysis of the imino acid
intermediate was coupled with the DAAT-catalyzed trans-
amination.”’ Using whole-cell biocatalysts in a sequential,
one-pot process, the preparative synthesis of sitagliptin p-2,4,5-
trifluorophenylalanine was performed with 62% yield. The
cascade was initiated by the AvPAL-mediated hydroamination
of a 50 mM 2,4,5-trifluorocinnamic acid solution, followed by a
2-fold dilution of the reaction, while whole-cells of PmirLAAD
and engineered T242G YM-1 BsDAAT were added for the
complete deracemization in 8 h, with a global reaction time of
20 h. The approach required the additional degradation of the
D-Asp amino donor using D-aspartate oxidase from Bos taurus
(BDDO)."*" Notably, in both processes, high conversions
could be obtained only with substrates bearing electron-
withdrawing ring substituents, in which case the production
level of p-Phe by PAL-hydroamination became significant. For
substrates with electron-donating groups, the 1-Phe derivative
highly dominates despite the use of variants engineered for
increased D-selectivity. Thus, the development of efficient p-
selective PALs still remains a challenge.

5.7. Case Study Serving as a Comparison of the
Biocatalytic Cascades. The cascades suitable for p-phenyl-
alanine production were tested and compared in terms of
productivity and environmental impact, using as case study the
synthesis of p-2,3,5-trifluorophenylalanine, precursor for the
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antidiabetic sitagliptin (Figure 28)."*% For the reductive
amination of the corresponding keto acid two whole-cell
cascades were successfully applied: (i) the DAADH/GDH
cascade, using the engineered C¢gDAADH and BmGDH; (ii)
the DAAT-based cascade involving T242G BsDAAT and
BtDDO. In both cases, complete conversions were achieved in
12 h; however, the C¢DAADH/BmGDH cascade enabled the
use of higher, 50 mM substrate concentrations and 81%
isolation yield, whereas the T242G BsDAAT/BtDDO cascade
was limited to 25 mM substrate concentration and 75% yield.
With DDO only facilitating product isolation, the DAAT/
DDO cascade was accomplished in a two-step telescopic
manner, requiring an additional 8 h for the DDO-mediated
step. In contrast, the DAADH/GDH cascade could be
conducted in a one-pot, one-stage manner using whole cells
producing both enzymes. Both systems, when coupled with the
PmirLAAD-deamination allowed deracemization of racemic
2,3,5-trifluorophenylalanine, with the PmirLAAD/T242G
BsDAAT/BtDDO cascade, affording a product isolation yield
of 74% compared to the 79% yield of the PmirLAAD/
CgDAADH/BmGDH system."’

The PAL/LAAD/DAAT/DDO enzymatic cascade (see also
Section 5.6) started from the trans-2,3,5-trifluorocinnamic acid,
which can be accessed by the facile Knoevenagel-Doebner
reaction. Using AvPAL, PmirLAAD, T242G BsDAAT, and
BtDDO, the process, in a 28 h total reaction time, provided the
highest overall yield of 62%, calculated from 2,3,5-trifluoro-
benzaldehyde, including the chemical, Knoevenagel-Doebner
reaction step.150

In all tested procedures the p-2,3,5-trifluorophenylalanine
has been obtained with high enantiopurity (ee > 99%),
although the overall yields varied between 43% and 62%
(Table 8 and Figure 28). The environmental footprint of the
processes was also estimated based on the calculation of
simplified E-factors (sEF) (Table 8). The LAAD/DAAT-based
stereoinversion, despite requiring the lowest number of
reaction steps (2 steps), showed the highest value for
generated waste and the lowest substrate loading of 25 mM.
Its extended LAAD/DAAT/DDO version, which includes five
reaction steps, is more attractive for scale-up, allowing high
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Table 7. Deracemization Cascades Producing p-
Phenylalanines with Conversion (Conv) and Enantiomeric
Excess (ee) Values

ee
conv (%) (%)

product cascade
p-Phe PmaLAAD"/BsDAAT**'° >99 >99
(4.15%)
T242G BsDAAT*/PmirLAAD“®  >99 >99
N347A AvPAL®/PmirLAAD"”" 82 99
BsDAAT"//StDAPDH"/ >99 >99
TbADHb,l49
p-0-Me-Phe N347A AvPAL?/PmirLAAD®?" 16 89
p-m-Me-Phe N347A AvPALY/PmirLAAD?®' 23 93
D-p-Me-Phe N347A AvPALY/PmirLAAD"” 12 92
p-0-F-Phe T242G BsDAAT“/PmLAAD®  >99 >99
H359Y AvPAL?/PmirLAAD™° 77 >99
N347A AvPAL®/PmirLAAD®?" 72 >99
p-m-F-Phe T242G BsDAAT®/PmLAAD®® 99 99
H359Y AvPAL®/PmirLAAD“ 74 98
N347A AvPALY/PmirLAAD®®' 91 >99
AncLAAO-N4¢/ (1.39 >99
catalase/ CéDAADH /
BmGDH'
p-p-F-Phe szrLAAD”/CgDAADH"/ (81°) >99
BmGDH**
T242G BsDAAT“/PmirLAAD™®>  >99 99
H359Y AvPAL®/PmirLAAD“?° 62 >99
N347A AvPAL?/PmirLAAD”®" 69 >99
p-3,5-F,-Phe H359Y AvPAL®/PmirLAAD*° 78 >99
p-p-Br-Phe T242G BsDAAT*/PmirLAAD™®*  >99 >99
AncLAAO-N4°/ (6.9% >99
catalase/ CéDAADH /
BmGDH'
p-m-Cl-Phe H359Y AvPAL®/PmirLAAD° 63 99
p-p-Cl-Phe T242G BsDAAT®/PmLAAD®®  >99 >99
D-0-OH-Phe N347A AvPALY/PmirLAAD"®' 26 72
(p-p-OH-Phe) N347A AvPALY/PmirLAAD"”' 13 90
D-Tyr BsDAAT"//StDAPDH”/ >99 >99
ThADHb,149
D-0-NO,-Phe H359Y AvPAL?/PmirLAAD° 80 98
N347A AvPAL?/PmirLAAD®®" 78 >99
p-m-NO,-Phe H359Y AvPAL®/PmirLAAD“ 74 98
N347A AvPAL?/PmirLAAD”®' 96 >99
p-p-NO,-Phe H359Y AvPAL®/PmirLAAD*” 79 >99
N347A AvPALY/PmirLAAD"®' 69 >99
p-p-CF;-Phe H359Y AvPAL®/PmirLAAD“ 64 98
D-p-CN-Phe H359Y AvPAL®/PmirLAAD“® 77 99
p-3,4-OCH,0-Phe  PmirLAAD“/CgDAADH"/ (69°) 98
BmGDH"*

“Whole- cell biocatalysts. “Purified enzyme. “Cell-free multienzyme
jystem Producthlty (in g/L). “Isolation yield (%) at 100 mg scale.
Procedure considered asymmetric synthesis.

(o]
COOH DAAT
X © X NH,
~_COOH \H/COOH
X: -H, -OH NH, o) D-Phe / D-Tyr
b-Ala X: H -OH
DAADH
ee(%) >99 >99
NADP* NADPH c (%) >99 >99
o Rr(h) 9 12
ADH )K

Figure 26. DAAT/DAADH/ADH cascade producing p-Phe and p-
Tyr with high conversion (c) and an enantiomeric excess (ee) within a
9—12 h reaction time (Ry).'*

o)
R OH
! H2 NAAD
L-Phe o
NHBH; RIS OH
N NH
D-Phe X OH
R =
~ NH, \ H20>

DAAT o
. H, 2-CH3, 3-CHj3, 4-CH3, 4-CN, 4-CF3, 4-Br, WOH
R: 2.F, 3-F, 4-F, 3-Cl, 4-Cl, 3 5-F5, 2-NO,, or R
3-NO,, 4-NO,, 2-OH, 4-OH, 3,4-OCH,0 DAADH = o

Figure 27. PAL/LAAD cascade of cinnamic acids with electron-
withdrawing ring substituents coupled with a chemical or enzymatic,
DAAT- or DAADH-mediated, reduction.

substrate concentrations of 100 mM, achieving an overall yield
of 43% and diminished waste values. When LAAD is omitted,
in the case of the DAAT/DDO cascade, only 25 mM substrate
concentration can be reached, but the number of steps is
reduced to three. This resulted in an increased global yield of
52% and a reduced sEF from 41 to 30 of the five-step process
(Table 8). The DAADH/GDH system provided a high yield of
56%, with mostly reduced waste and environmental factor
(sEF of 21), compared to the 46% yield and sEF of 41
observed when coupled with the LAAD-mediated deracemiza-
tion step within the LAAD/DAADH/GDH cascade. While
each tested process has certain advantages and disadvantages,
it is notable that the environmental footprints in all cases
positioned well below the current procedures of obtaining b-
phengflalamnes, highlighting their enormous synthetic poten-
tial."

6. CONCLUSIONS AND OUTLOOK

The enzymatic synthesis of D-phenylalanines has emerged as an
efficient and environmentally friendly approach for the
production of these valuable chiral building blocks for

o
HO/\HLOH L-Ser

\ E SeTrpS
N
H

R: H, 4-CHj, 5-CHy, 6-CHy, 4-F, 5-F, 6-F,
6-Cl, 7-Cl, 4-OCHj, 6-OCHa, 7-OCHs

L-Trp(s)

- ol

1. PmaLAAD
2.V33G/T242G
BsDAAT

Figure 25. TrpS-mediated asymmetric synthesis coupled with the LAAD/DAAT cascade. Reproduced with permission from ref 147. Copyright

2019 American Chemical Society).
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Figure 28. Chemoenzymatic routes using the readily available substituted benzaldehyde as starting material, optimized for the synthesis of p-2,3,5-
trifluorophenylalanine. The three chemical routes consist of a different number of steps and lead with different global yields to the corresponding
phenylpyruvate derivative to the racemic or L-phenyalanine analogue or to 2,3,5-trifluorocinnamate, which serves as a starting point for the diverse
enzymatic cascades, each providing in high yields (67—81%) the sitagliptin intermediate, D-2,3,5-trifluorophenylalanine. Reproduced with

permission from ref 150. Copyright 2019 Royal Society of Chemistry.

Table 8. Comparison of the Overall Yield, Number of Steps, Substrate Concentration, and E-Factor of the Chemoenzymatic

Routes Leading to p-2,3,5-Trifluorophenylalanine®

chemoenzymatic cascade

chemical steps enzymatic steps

Erlenmeyer—Pl6chl synthesis CgDAADH/BmGDH
T242G BsDAAT/BtDDO
malonic ester synthesis PmirLAAD/CgDAADH/BmGDH

PmirLAAD/T242G BsDAAT/BtDDO

AvPAL/PmirLAAD/T242G BsDAAT/
BtDDO

Knoevenagel—Doebner
condensation

overall yield No. of substrate loading simplified E-
(%) steps (mM) factor
56 3 50 21
52 3 25 30
46 6 50 41
43 6 100 41
62 2 25 65

“Table was reprinted with permission as a modified version from ref 150. Copyright 2019 Royal Society of Chemistry.

pharmaceuticals and fine chemicals. Biocatalysts, such as D-
amino acid dehydrogenases (DAADHs) and p-amino acid
transaminases (DAATS) enable the asymmetric synthesis of p-
phenylalanines leveraging the prochiral phenylpyruvates as
starting materials. Recent breakthroughs in protein engineering
have considerably increased the activity, selectivity, and
stability of these enzymes, broadening their applications. The
directed evolution and rational design-based approaches have
been pivotal in overcoming substrate scope limitations and
substrate inhibition issues and for improving their catalytic
efficiency for large-scale applications. The development of the
first DAADH of broad substrate scope, achieved through
rounds of error-prone PCR of meso-2,6-diamino-pimelic acid
p-dehydrogenase (DAPDH) from Corynebacterium glutami-
cum,” paved the way for the development of DAADHs from
DAPDHs of diverse sources. While the DAADH from
Ureibacillus thermosphaericus (UtDAADH) shows increased
thermostability and yields of p-Phe production,”*" the
DAADH from Symbiobacterium thermophilum (StDAADH) as
a prototype of type II DAPDHs possess relaxed natural
substrate specificity in the reductive amination route.*””’
Structure-guided engineering of several type II DAPDHs
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provided highly effective variants for the reductive amination
of various phenylpyruvate derivatives (Figure 12). DAADHs
engineered from both type I and type II DAPDH classes
showed high catalytic efficiencies in the reductive amination of
phenylpyruvate, with the best performing variants exhibiting
excellent turnover numbers (k) ranging from 6 to S5 s~
(Table 1). While several engineered variants have been
employed for the preparative-scale reductive amination
yielding D-Phe, their application for the production of
substituted D-Phe analogues has been less studied, with the
exception of CgDAADH.”

For the reductive amination of phenylpyruvates by p-amino
acid transaminases (DAATs), naturally occurring bacterial
DAATs have been explored and engineered. Rational
engineering of DAAT from Bacillus sp. YM-1, with broad
amino donor and amino acceptor substrate speciﬁcity,é3
provided variants with enhanced activity toward various
phenylpyruvic acids (Table 2),°° approaching the activity of
the wild-type DAAT for p-alanine.”® Despite their broad
substrate specificity, the applicability of DAATs has been
limited by the unfavorable position of the reaction equilibrium
toward the reduction amination. Accordingly, process engi-
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neering efforts have been directed toward shifting the
equilibrium to the desired direction, integrating the DAAT-
mediated reaction in biosynthetic and/or enzymatic cas-
cades.”””7*

As an attractive synthetic approach, the asymmetric
hydroamination of cinnamic acids, catalyzed by phenylalanine
ammonia-lyases (PALs), was also targeted for the synthesis of
D-Phes. Albeit, reversing the natural L-selectivity of PALs
remains a highly challenging engineering task. Saturation
mutagenesis at 48 residues of AvPAL resulted in variants with
increased D-selectivity, mostly for substrates with electron-
withdrawing ring-substituents, but still no significant enrich-
ment in the D-enantiomer as the product of the hydro-
amination reaction was obtained.”” Nonetheless, by exploiting
the non-stereoselective MIO-independent pathway, the
efficient production of p-phenylalanines could be achieved by
combining the H359Y AvPAL-catalyzed hydroamination with
the L-amino acid deaminase (LAAD)-mediated oxidation of
the undesired 1-Phe in various enzyme cascades.”””"">"

The build up of enzyme cascades are aimed to replace
phenylpyruvates with the more accessible racemic or L-Phes as
starting materials for the production of p-Phes. Within these
cascades, the phenylpyruvate is provided in situ by an oxidation
step catalyzed by either LAAD or L-amino acid oxidase
(LAAO), followed by the DAADH and/or DAAT-mediated
reductive amination.'”" Protein engineering of LAADs or the
development of ancestral LAAOs with high expression yield,
and capable of transforming L-phenylalanines, have been
crucial for the development of efficient cascades for the
manufacture of p-phenylalanine derivatives (Tables 6 and 7).
When compared in terms of productivity and environmental
impact, certain advantages and disadvantages of the particular
enzymatic processes have been identified, but their low-level
environmental footprints highlight their enormous synthetic
potential.">

Considering the diversity of the biocatalyst toolbox available
for the production of p-phenylalanines, future efforts should
focus on protein engineering tasks aiming to fine-tune and
tailor these biocatalysts toward a specifically targeted reaction,
by increasing their turnover rates and operational stability and/
or by alleviating substrate/product inhibition issues, to meet
industrial requirements. In this context, the implementation
and development of immobilization procedures, less explored
for DAADHs,**"” DAATs,">' and LAAOs'**'** are also
desirable, allowing the setup of multienzymatic cascades in
the form of continuous-flow processes. Such tailored
biocatalytic toolboxes will contribute and enable facile and
environmentally friendly access to p-phenylalanines, strength-
ening their position as highly valuable chiral building blocks.
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