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Highlights
e Novel phenylalanine ammonia-lyase for the production of unnatural amino acids;
e Superior turnover numbers compared to known phenylalanine ammonia-lyases;
e Superior enantioselectivity in the synthesis of unnatural phenylalanines bearing electron
withdrawing substituents;

e High thermal stability for an enzyme of psychrophilic origin.



Abstract

A novel phenylalanine ammonia-lyase of the psychrophilic yeast Pseudozyma antarctica
(PzaPAL) was identified by screening microbial genomes against known PAL sequences. PzaPAL
has a significantly different substrate binding pocket with an extended loop (26 aa long) connected
to the aromatic ring binding region of the active site as compared to the known PALs from
eukaryotes. The general properties of recombinant PzaPAL expressed in E. coli were characterized
including kinetic features of this novel PAL with L-phenylalanine (S)-1a and further racemic
substituted phenylalanines rac-1b-g,k. In most cases, PzaPAL revealed significantly higher
turnover numbers than the PAL from Petroselinum crispum (PcPAL). Finally, the biocatalytic
performance of PzaPAL and PcPAL was compared in the Kinetic resolutions of racemic
phenylalanine derivatives (rac-la-s) by enzymatic ammonia elimination and also in the
enantiotope selective ammonia addition reactions to cinnamic acid derivatives (2a-s). The
enantiotope selectivity of PzaPAL with o-, m-, p-fluoro-, o-, p-chloro- and o-, m-bromo-substituted
cinnamic acids proved to be higher than that of PcPAL.
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1. Introduction

The pharmaceutical industry is in an ever-growing need for enantiopure compounds and
more effective synthetic routes.[1] Biocatalysts being related almost exclusively to enzymes are
eco-friendly biomaterials with high application potential in synthetic chemistry.[2] Enzymes can
catalyze stereoselective reactions resulting in various building blocks, intermediates or active
pharmaceutical ingredients (APIs) of high value.[3] It is an excellent choice to utilize the benefits
of biocatalysis in production of enantiopure API molecules.

Enantiopure aromatic a- and -amino acids are frequently occurring building blocks of natural
secondary metabolites such as andrimide,[4] enedyine C-1027,[5] taxol,[6,7] chondramide C, L-
DOPA[8] or L-thyroxine. Thus, enantiopure a- and B-amino acids and their unnatural analogues
are well-applicable precursors of nuclear hormone inhibitors, hepatitis C antiviral agents or
cholecystokinin B antagonist and are frequently used as building blocks to create novel peptide or
cyclopeptide APIs.[9,10]

Aromatic ammonia-lyases and 2,3-aminomutases comprise a useful and rapidly expanding
toolbox of organic synthesis to create enantiopure unnatural o- and p-amino acids.[11]

All these enzymes contain the 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO) prosthetic
group[12,13,14] and play important roles in the metabolism of aromatic amino acids in bacteria,
fungi, plants, and animals. The aromatic 2,3-aminomutases mediate the essential step of the
enantiopure B-amino acid formation from o-amino acid in the secondary metabolite
production.[15] Aromatic ammonia-lyases play essential roles in the non-oxidative ammonia
elimination of histidine,[16] phenylalanine, and tyrosine,[17] to create the o,B-unsaturated
arylacrylates for the biosynthesis of phenylpropanoids or the L-histidine elimination from the
blood by animals.

Under natural conditions, the enantiomer selective ammonia elimination is the preferable
direction of the aromatic ammonia-lyases. These enzymes were applied to produce enantiopure D-
enantiomers of arylalanines by enantiomer selective destruction of the L-enantiomers from their
racemates. Contrary, under ammonia rich reaction conditions these enzymes can catalyze the
reaction in a reversible manner to create the L-a-amino acid in high enantiomeric purity by the
enantiotope selective ammonia addition onto o,B-unsaturated arylacrylates. Due to their broad
substrate tolerance, the most often used biocatalysts are the phenylalanine ammonia-lyases from
Rhodotorula glutinis (RgPAL)[18,19] Petroselinum crispum (PcPAL)[20] and Anabaena
variabilis (AvPAL).[21,22,23]

DSM Pharma Chemicals (Netherlands) developed a multi-ton scale two-step chemo-enzymatic
process (thermal cyclisation of L-2-chlorophenylalanine produced by a PAL mediated process),
replacing a seven-step chemical procedure for production of (S)-2,3-dihydro-1H-indole-2-
carboxylic acid, useful in the synthesis of hypertension drugs such as indolapril and
perindopril.[24]

The histidine ammonia-lyase (HAL, EC 4.3.1.3), phenylalanine ammonia-lyase (PAL, EC
4.3.1.24), tyrosine ammonia-lyase (TAL, 4.3.1.23), phenylalanine/tyrosine ammonia-lyase
(PTAL, EC 4.3.1.25), and the recently discovered phenylalanine/tyrosine/histidine ammonia-lyase
(XAL)[25] have high sequence similarity in the conserved domains containing the tyrosine as
catalytic base, the arginine interacting with the carboxylic group of substrate and the catalytically
essential MIO group which is formed usually from an alanine-serine-glycine triad under the
assistance of a neighboring tyrosine and asparagine. These two residues are also involved in
stabilization of the electrophilic MIO within the catalytic site.[26] While the catalytic machinery
performing the substrate binding and deamination within the MI1O-enzymes is highly conserved,
the aromatic binding pocket of these enzymes is more variable. This part of the catalytic site could
be attributed to the differences in the type of enzyme action (lyase vs. mutase activity) and to the



substrate selectivity of natural and unnatural substrates in the MI1O-containing aromatic ammonia-
lyases and 2,3-aminomutases.[25,27]

Site directed mutational studies revealed that single point mutations in the aromatic binding
pocket could increase or decrease the affinity towards the different substrates. The H89F mutation
in Rhodobacter sphareoides TAL resulted in an enzyme with high PAL activity and decreased
TAL activity, whereas the F144H mutant of Arabidopsis thaliana PAL achieved TAL activity and
have decreased PAL activity.[8,28] Moreover, the steric hindrance within the aromatic binding
pocket of AVPAL or PcPAL was considerably reduced by rational mutations, providing highly
increased enzyme activity towards bulky substrates.[29]

Bioinformatics tools using sequence similarity searches focusing on the highly conserved and
the more variable sequence motifs of the MIO-enzyme active site regions allowed identification
of novel enzymes with potential unique properties. The motif-based sequence similarity searches
and homology modeling were useful tools in identification and characterization of various MIO-
enzymes from extremophiles such as the PAL from the thermophilic Rubrobacter xylanophilus
(RxPAL),[30] PAL from the halophilic marine bacterium Kangiella koreensis (KkPAL)[31] and
three MIO enzymes from a unique Pseudomonas fluorescens strain isolated from a nutrient limited
sandstone cave (PTXAL, PfHAL, and PfPAM).[25]

Permanently cold environments on Earth host microorganisms that evolved enzymes with
impressive catalytic properties at low temperatures.[32] These enzymes are characterized by high
turnover numbers at low to moderate temperatures, by high thermolability at elevated
temperatures, and by increased ability to function in organic solvents.[33,34,35,36,37] Cold-
adapted enzymes can afford several economic benefits: i) as being more productive than
mesophilic or thermophilic homologues at room temperature, they can contribute to energy saving,
ii) as being more active at lower temperatures they can reduce the danger of undesirable chemical
reactions occurring at higher temperatures, iii) at lower temperatures they are able to convert heat-
sensitive substrates, and iv) enzymatic systems can be modulated by rapidly inactivating
psychrophilic enzymes with heat.[38]

Pseudozyma antarctica (also known as Candida antarctica), first isolated as Sporobolomyces
antarctica from 9 m depth of Lake Vanda, Antarctica,[39] is a well-known yeast species of the
Pseudozyma genus. This yeast provided well-studied enzymes from the hydrolase family, most
notably lipase A (CaL A) and lipase B (CaL B), with massive industrial use as biocatalysts.[40]
These biocatalysts are stable, stereoselective, and well-applicable in hydrolase-catalyzed
biotransformations such as hydrolysis, esterification, and transesterification reactions.[41,42,43]

Based on the above considerations, our aim in this study was to find enzymes of PAL or PAM
activity from psychrophilic organisms with a special focus on the industrially relevant Pseudozyma
antarctica yeast species. The heterologous expression of the potential candidate(s) would enable
the characterization of the new enzyme(s) (their ammonia-lyase and/or 2,3-aminomutases activity,
Kinetic parameters, stability issues, etc.), but also the investigation of their biocatalytic ability in
the synthesis of variously substituted L- and D-o/p-arylalanines. Moreover, homology models of
the new candidates should provide a valuable assistance in establishing the correlation between
structure and catalytic activity of the novel biocatalyst(s).

2. Material and methods

2.1 Identification of the PzaPAL gene

The Pseudozyma antarctica PAL gene (PzaPAL, M9MO0D4) was identified in the NCBI
database with blastp searches with specified M10O sequence fragments. The UniProt Align tool was
used for sequence analysis and comparison to other aromatic ammonia-lyase and 2,3-aminomutase



sequences [Ustilago maydis PAL (UmPAL, Q96V77), Rubrobacter xylanophilus PAL (RxPAL,
Q1AV79), Anabaena variabilis PAL (AvPAL, Q3M5Z3), Petroselinum crispum PAL (PcPAL,
P24481), Aradopsis thaliana PAL (AtPAL, P35510), Sorghum bicolor PAL (SbPAL, C5XXT9),
Rhodobacter sphaeroides TAL (RSTAL, Q3IWB0), Rhodosporidium toruloides TAL (RtTAL,
P11544), Pseudomonas fluorescens XAL (PfXAL, KOW9Y7), Pseudomonas fluorescens HAL
(PfHAL, KOWDT®6), Pseudomonas putida HAL (PpHAL, P21310), Pseudomonas fluorescens
PAM (PfPAM, KOWLD?2), Pantoea agglomerans PAM (PaPAM, Q84FL5), Taxus canadensis
PAM (TcPAM, Q6GZ04), Chondromyces crocatus TAM (CcTAM, Q0VZ68) and Streptomyces
globisporus TAM (SgTAM, Q8GMGO0)].

2.2. Cloning and amplification of PzaPAL gene

See in ESI Section 3.

2.3. Expression and purification of PzaPAL

See in ESI Section 4 and 5.

2.4. pH optimum of the PzaPAL-catalyzed reaction

Initial activity of the deamination of L-phenylalanine (5 mM) was monitored at 290 nm for 10
min at 30 °C and different pH-values. For pH 7.0 to 9.0 TRIS-buffer (100 mM) was used,;
measurements at pH 9.5 to 10.5 were conducted in (NH4)2CO3 buffer (100 mM). Measurements
at pH 6.0, 6.5, 11.0, 11.5, 12.0 were carried out in PB (Phosphate buffer) (100 mM). Buffers were
prepared at room temperature.

2.5. Thermal stability of PzaPAL

The thermal stability tests were investigated i) between pH 7.0 and 10.5 (pH 7.0-9.0 in 100 mM
TRIS buffer; pH 9.5-10.5 in 100 mM ammonium carbonate buffer); ii) after 48 h incubation at 10,
20, 30, 40, 50 °C in 100 mM TRIS buffer, pH 8.5; iii) in 100 mM TRIS buffer (pH 8.5)
implemented with sodium chloride between 50 and 500 mM. The thermal stability of the enzyme
was determined by nano-DSF (Prometheus NT.48, NanoTemper Technologies; Minchen,
Germany). The capillaries were filled with 0.1 mg mL PzaPAL solution diluted with the required
buffer solutions and placed into the capillary tray of the nano-DSF equipment. Melting curves
were measured by heating the samples from 20 °C to 95 °C with 1 °C min™. The evaluation was
executed on the base of the first derivative of the fluorescent signal.

2.6. Kinetic characterization of PzaPAL-catalyzed ammonia elimination reactions

The reaction mixtures contained 100 mM TRIS buffer, pH 8.5, and different concentrations of

substrates ((S)-1a, rac-1b-g, k) and were incubated at 30 or 42°C (in case of (S)-1a) for 3 min. The
reactions were started by the addition of purified PzaPAL (10 ug mL™* for rac-1a-d,f,k and 50 pg
mL? for rac-1e,g in final concentration) in a final volume of 0.2 mL. The measurements were
performed in triplicates.
The values of Vmax and Km were obtained from non-linear regression fitting of the Michaelis-
Menten curves by Statistica 13.4 using the equation V= VmaxX[S]/(Km + [S]) (Figures S9-S25 in
ESI). The kcat values were calculated according to equation Kear= Vmax/[Eo], where [Eo] represents
the enzyme concentration used in the kinetic assay. The velocity for each substrate concentration
was measured in triplicate.



2.7. Biotransformation of racemic phenylalanine derivatives (rac-1a-s) catalyzed by PzaPAL and
PcPAL

The ammonia elimination reaction mixtures containing 5 mM of the racemic phenylalanines

(rac-1a-s) in 100 mM TRIS buffer (pH 8.5) and purified PzaPAL or PcPAL (50 pg, either) in 1
mL reaction volume were incubated at 30 °C. Samples (50 uL) taken at different time points (17,
40, 64, and 168 h) from the reaction mixtures were analyzed by HPLC for conversion and ee
values, using previously developed methods.[44]
The ammonia addition and elimination reactions were followed by HPLC measurements.
Conversions were determined on Agilent 1200 HPLC instrument using Phenomenex Gemini NX-
C-18 column and a mixture of NHsOH buffer (0.1 M, pH 8.5) and MeOH at a flow rate of
1 mL min. Conversions were calculated from peak area integrations with use of appropriate
response factor (Table S2). Enantiomer separations were carried out on Agilent 1100 HPLC
instrument using Crownpak CR-I (+) column and a mixture of aqueous HCIO4, pH 1.5 and
acetonitrile as eluent at a flow rate of 0.4 mL min™. (Table S3).

2.8. Biotransformation of (E)-cinnamic acid derivatives (2a-s) catalyzed by PzaPAL and PcPAL

The reaction mixtures containing substituted (E)-cinnamic acids (2a-s, 5 mM) in NH2CO2NH4
(3M, pH 9.1) supplemented with PzaPAL (50 pug mL™) or in NHz (6M, pH 10) supplemented with
PcPAL (50 pg mL1) were incubated at 30 °C. Samples (50 pL) taken at different time points (17,
40, 64, and 168 h) from the reaction mixtures were quenched by adding an equal volume of MeOH,
vortexed and centrifuged (13000 rpm, 2 min). The supernatant was transferred to a 0.22 pm filter
and used directly for HPLC analysis to determine conversion and ee values.

2.9. Homology modeling and simulation of enzyme-substrate interactions

PzaPAL initial homology models were created according to our previously published
protocol.[45] The initial 8 homology models were subjected to structure superposition, clustering,
and a brief CG minimization to yield an average cluster model with MODELLER.[46]This model
was completed and adjusted corresponding to the assay conditions of the kinetics characterization
of ammonia elimination (100 mM TRIS buffer, pH 8.5). Protein Preparation Wizard[47,48] of
Maestro[49] was used in two steps: i) hydrogen atoms were added and bond orders were assigned,
and ii) the hydrogen bond network, tautomeric states, side chain conformations of selected amino
acids, and ionization states were determined and optimized (pH=8.5). In all four active centers,
Tyr91 was set deprotonated and Tyr361 protonated. The L-phenylalanine was docked in the active
center of chain A similarly to our previously published induced-fit, covalent docking protocol.[50]
Leull5, Leu262, Leu265, Met118, GIn119 of chain A and 1le472, and Lys468 of chain C were
mutated to alanine, the MIO group was mutated to alanine and glycine. The L-phenylalanine was
docked in a 27x27x27 A2 grid, centered between the phenolic oxygen of Tyr91 and the exocyclic
methylene carbon of the MIO prosthetic group using Glide.[51] Then, all side chains and the MI10O
group were restored. A covalent bond was created between the amino group of the substrate L-
phenylalanine and the exocyclic carbon of MI10. The ligands and the residues in close proximity
were minimized, and finally, redundant conformations were eliminated with MacroModel.[52]
After this step, side chain conformations of the previously restored residues (except for Lys468 of
chain C and the MIO group) were predicted with Prime[53] (with C.-Cp vectoring, vacuum, 2
steps).

Next, water molecules in the active center and its immediate vicinity were predicted and placed
with grand canonical Monte Carlo simulation with the following parameters using Desmond,[54]



[T=303K; 20x20x20 A®box size] Simulations were carried out 15 times in parallel (with different
random seeds), 500.000 number of passes were used for each simulation, and the final waters were
determined upon the most frequent number and configuration of water molecules of the last 10.000
passes.

The final model was minimized with Prime[53] [RMSG: 0.5 kcal mol™* A, algorithm: BFGS,
implicit water solvation model: VSGB).

This structure was simulated with Desmond in an orthorhombic cell. The box was solvated with
TIP3P waters, neutralized with protonated Tris and augmented with 0.072 M Tris, 0.028 M
protonated Tris and chloride anion (calculated with a pKa of 8.1). The system was then equilibrated
for i) 100 ps with Brownian dynamics at 10K, NVT ensemble; ii) 12 ps with molecular dynamics
at 10 K, NVT ensemble; iii) 12 ps with molecular dynamics at 10 K, NPT ensemble, and iv) 12
and 24 ps with molecular dynamics at 303K, NPT ensemble. Harmonic restraints (50 kcal mol ™A
1y were applied to protein heavy atom positions in all steps. The OPLS3e force field was applied
in all molecular mechanics calculations and simulations.

Panels of Figure 3 were created with Maestro[49] and Pymol[55].

3. Results and discussion

To our satisfaction, the sequence similarity search allowed the identification of a sequence in
the Pseudozyma antarctica genome[56] using the highly conserved and the more variable
sequence motifs of the MI10-enzyme active site regions [sequence portions of the phenylalanine
2,3-aminomutase of Taxus canadensis (TcCPAM) and parsley PAL (PcPAL)] against translated
nucleotide sequences of yeasts resembling to the MIO-enzymes (UniProt ID: MO9MODA4). Since P.
antarctica is a well-known yeast isolated from cold environment and producing industrially highly
important lipases, the PAL of this yeast has been selected as target of the present study. After its
identification, the nucleotide sequence of the phenylalanine ammonia-lyase Pseudozyma
antarctica (PzaPAL) gene was optimized for the E. coli codon usage. The reoptimized synthetic
gene of PzaPAL was overexpressed in E. coli using a proper production vector coding the His-
tagged PzaPAL protein. In this study the enzymatic properties and biocatalytic applicability of
PzaPAL (Scheme 1) were investigated. First, kinetic resolution of racemic substituted
phenylalanines 1a-s by the enzymatic ammonia elimination was studied leading to substituted
cinnamic acids and to the residual (R)-phenylalanines. Then, the PzaPAL-catalyzed enantiotope
selective ammonia addition to substituted cinnamic acids 2a-s was studied leading to the
corresponding L-amino acids in high enantiopurity.
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Scheme 1. Substrates and products in PzaPAL-catalyzed kinetic resolution of substituted racemic arylalanines rac-
la-s and enantiotope selective ammonia addition onto (E)-arylacrylates 2a-s

3.1. ldentification of the MIO-containing phenylalanine ammonia-lyase from Pseudozyma
antarctica (PzaPAL)

The PzaPAL gene was identified by BLAST screening yeast genes in the UniProt[57] and
GeneBank[58] databases against sequence portions of the aromatic binding pocket of TCPAM and
PcPAL, since variations in the substrate affinity of MIO enzymes is modulated mostly by the
interactions of the substrate molecule with the amino acid side chains of the aromatic binding
region (Figure 1).

The PzaPAL has an extra loop with 26 amino acids connected to the aromatic binding pocket
containing a -QMQQ- motif of in place of the -xFLx- motif usually present in other PALs which
is not typical for the most of MIO enzymes (Figure 1). This -QMQQ- motif and the extra loop
region of similar length could be identified only in sequences of closely related fungal PALs of
Ustilago maydis (UmPAL)[59] or Ustilago hordei (UhPAL).[60] The three glutamines within the
aromatic binding pocket of PzaPAL can establish more polar interactions with substituted
arylalanines than the conventional PALs with less polar motifs such as -RFLG- in RxPAL, -
WFLK- in AVPAL, -RFLN- in PcPAL and AtPAL. The -QMQQ- motif differs significantly from
the moderately polar motifs of -HHLA- in RSTAL, -RHLN- in SbPAL, -EHQL- in RtTAL; also,
from the -TFHG- motif in PIXAL or from the -LSHA- motif in PfTHAL and PpHAL. The extra
loop with 26 amino acids following the aromatic binding pocket motif in PzaPAL is not typical
for most of the MIO enzymes. The RtTAL contains also an extra loop but only with 14 amino



acids, while PcPAL, AtPAL and TcPAM contains even shorter extra loops. The extra loop is not
present in MIO-enzymes of prokaryotes.

The presence of the highly conserved catalytic tyrosine base at the position 91 in PzaPAL is
consistent with the other MIO enzymes (Figure 2). The highly conserved amino acid triad ASG
forming MIOQ is also present in PzaPAL and most of the M10-enzymes (except the bacterial PAMs
having a TSG triad as precursor of the MIO catalytic group). The MIO group stabilizing residues
(N266 and Y361) and the substrate carboxylic acid binding arginine (R364) is also highly
conserved in PzaPAL and in other MIO enzymes (Figure 2).

FPzaPAL
=PAL
RxPAL
AvPAL
PoFAL
ATPAL
SEPAL
RsTAL
RtTAL
PEYAL
PIHAL
PrHAL
F;YAM
PaPAM
TcPAM
CoTAM

SgTRM

Figure 1. Sequence alignment of the aromatic binding pocket region including an extended loop in various MIO-
enzymes [Pseudozyma antarctica PAL (PzaPAL), Ustilago maydis PAL (UmPAL), Rubrobacter xilanophilus PAL
(RxPAL), Anabaena variabilis PAL (AvPAL), Petroselinum crispum PAL (PcPAL), Arbidopsis thaliana PAL
(AtPAL), Sorghum bicolor PAL (SbPAL), Rhodobacter spheroides TAL (RsTAL), Rhodosporidum toruloides TAL
(RtTAL), Pseudomonas fluorescens XAL (PfXAL), Pseudomonas fluorescens HAL (PfHAL), Pseudomonas putida
HAL (PpHAL), Pseudomonas fluorescens PAM (PfPAM), Pantenoa agglomerans PAM (PaPAM), Taxus canadensis
PAM (TcPAM), Chondromyces crocatus TAM (CcTAM) and Streptomyces globisporus TAM (SgTAM)] — color
codes: pink - the aromatic pocket motif of PzaPAL; blue: important amino acids in the aromatic binding pocket of
other MIO-enzymes.
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Figure 2. Sequence alignment of the highly conserved catalytic domains in various MIO-enzymes. Sequence
alignment from by the presented MI10O-enzymes. Color codes: red — catalytically essential tyrosine; orange — the MIO
forming amino acid triad; green — amino acids stabilizing MIO group; yellow — arginine responsible for binding the
carboxylic group of substrate; purple — amino acids related to the (S)-PAM activity.



3.2. Homology model of PzaPAL

The detailed homology model of PzaPAL was created with our previously published[45] and
updated protocol. Since the point mutation of a surface exposed cysteine into serine in the C-
terminal part did not decrease the catalytic activity of PCPAL, but decreased the aggregation ability
of the enzyme expressed in E. coli,[61] we followed a similar strategy in this study as well. The
homology model of PzaPAL showed a surface exposed cysteine at the position 655 which
presumably does not have influence on the catalytic activity but contributes to the aggregation
ability of the homotetrameric enzyme. Thus, the point mutation of this cysteine into serine (C655S)
was introduced to the synthetic gene of PzaPAL to reduce the opportunity of enzyme aggregation.

The homology model including simulated structural waters revealed the three conserved water
molecules in close proximity to the MIO which were also present in the structures of other PALs
(Figure 3, panel A, HOH1-3). However, the PzaPAL homology model predicted an additional
water molecule in the active center, being atypical for PALs (Figure 3, panel A, HOH4). This
water establishes four hydrogen bonds with neighboring residues HOH3, Ser201, Gly467, and
with the also atypical GIn119 which belongs to the -QMQQ- motif. This water can play an
important role in the orientation of GIn119 pointing the amide carbonyl oxygen towards the
aromatic ring of the substrate. The excess negative charge on this carbonyl oxygen can decrease
the electron withdrawing (EW) effect of EW substituents at position 4 of the aromatic ring in
substituted phenylalanines.

The homology model predicts a possible function of the extended loop with the 26 extra amino
acids [loopl, residues 121-150]. The loopl in two of the four of peptide chains of the
homotetrameric PzaPAL establishes interactions with each other (Figure 3, panel C). Moreover,
another shorter loop [loop2, residues 226-237] is involved in the local loop network (Figure 3,
panel B). Since loopl is directly connected to the -QMQQ- motif of the aromatic binding pocket
(Figure 3, panel B and C), it can be assumed that this interacting loop network is responsible for
allosteric modulation of adjacent active sites within the tetrameric PzaPAL during substrate
transformation.

3.3. Cloning and expression of PzaPAL

The PzaPAL gene was codon optimized for the E. coli codon usage and synthetized in
pUCS57 vector. The gene was inserted in to pET-19b expression vector with Ndel and BamHI
restriction endonucleases to encode the N-terminal Hisio-tagged form of the PzaPAL. The
transformed E. coli Rosetta (DE3)pLysS cells with pET-19b_PzaPAL expression vector were
grown in LB medium supplemented with carbenicillin and chloramphenicol at 37 °C, and PzaPAL
expression was induced with addition of IPTG at 25 °C. Purification of the His-tagged PzaPAL
was performed with Ni-NTA agarose affinity chromatography.
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Figure 3. The catalytic site (A) and the extended loops (B, C) in the structure of tetrameric PzaPAL (A) predicted by
homology modeling. [Panel A: overlay of the active centers of PzaPAL and PcPAL displaying identical residues next
to the substrate and three identically positioned waters HOH1-3 by sticks representation and the main differences in
the two active sites M118/F137, Q119/L138, HOH4 (PzaPAL/PcPAL, respectively) by ball and stick representation.
HOH4 interactions are displayed with S201 and G467. Panel B: chains A and C of the homology model displaying
the extended loops of PzaPAL (loop 121-150 in dark green, loop 226-237 in light green) compared to the
corresponding shorter loops of PcPAL (loop 141-150 in dark red, loop 223-232 in light red) and even shorter loops of
AVPAL (loop 189-198 in dark blue, loop 109-115 in light blue). Panel C: the extensive interactions of the extended
loops 121-150 and 226-237 within the tetramer of PzaPAL].

3.4. pH optimum of the PzaPAL-catalyzed elimination reaction

The effect of the pH on the ammonia-lyase activity of PzaPAL with L-phenylalanine was
investigated between 6.0 and 12.0 (Figure 4). The maximum activity was observed at pH 8.5 which
is similar to UhPAL (pH 8.8)[60] and UmPAL (pH 8.8-9.2).[59] Differential thermal calorimetric
measurements indicated that the PzaPAL enzyme retained its thermal stability in a broad pH range
from 7.0 to 10.5, while at higher pH values the structural stability of the enzyme decreased
considerably (Figure 5).
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Figure 4. Effect of the pH upon PzaPAL activity in presence of L-Phe.
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Figure 5. Thermal unfolding curves of PzaPAL at different pH values by nano-DSF measurements.

3.5. Thermal behavior of PzaPAL

The effect of temperature on enzyme activity of PzaPAL (without prior incubation) was assayed
at different temperatures ranging from 5-60 °C at the optimal pH value. A strong temperature
dependence of the enzyme activity with temperature was detected, displaying highest value at
45 °C (Figure 6). However, it is worth mentioning that despite of the psychrophilic origin of
PzaPAL, the high melting temperature (77.5 °C) of the enzyme was found to be superior compared
to most of other known PALs (see ESI 1.12 and 1.14).
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Figure 6. Temperature effect upon PzaPAL activity using L-Phe as substrate (without preincubation).

PzaPAL was also pre-incubated at different temperatures in the range of 10-50 °C, at the optimal
pH value for 24 h and assayed afterwards. The results (Figure S3 in ESI) showed that in the range
of 10-40 °C after 8 h preincubation the enzyme retained more than 90% of its original activity.
Considerable activity decrease was observed after 24 h preincubation at 40 and 50 °C. This was in
good agreement with the behavior of UhPAL remaining active after 10 min incubation at 50 °C
but inactivating at 60 °C and 70 °C.[60]

The enzyme was pre-incubated also in 6M NH3, pH 10.0 (adjusted by bubbling CO>) at different
temperatures ranging from 10-50 °C for 24 h and assayed afterwards. The PzaPAL inactivated
rapidly in 6M NHs, after 24 h only the enzyme incubated at 10 °C exhibited some residual activity,
while in 0.1M TRIS-buffer the enzyme activity was well preserved (Figure S5 in ESI).

3.6. Effect of salt concentration on the activity of PzaPAL in the elimination from L-Phe

Various NaCl concentrations were studied for their impact on PzaPAL activity at pH 8.5. As
NaCl concentration was increased from 0 to 500 mM, the activity decreased monotonously (Figure
S6 in ESI). According to this analysis, the enzyme presented the maximal thermal stability in the
absence of NaCl, therefore no salt was used in the buffer solutions (Figure S7 and Table S9 in
ESI).

3.7. Kinetic characterization and substrate scope of the PzaPAL-catalyzed ammonia elimination

Besides with L-Phe [(S)-1a], the kinetics of ammonia elimination by PzaPAL was characterized
with several racemic phenylalanine derivatives rac-la-g,k (Table 1). The non-conventional
aromatic binding pocket of the PzaPAL enzyme, compared to other PALS, resulted in significant
differences in the catalytic activity and substrate affinity (Table 1).

The Kwm value of L-phenylalanine (S)-1a with PzaPAL (Kv= 0.83 mM) was similar to those
found with the closely related UhPAL (Km= 0.45 mM)[60] and UmPAL (Kv= 1.05 mM),[59] one
order of magnitude higher than with PcPAL (Kv= 0.083 mM),[50] AvPAL (Km= 0.06 mM),[62]
AtPAL1 (Km = 0.068 mM),[63] but smaller than with PFXAL (Km= 2.6 mM).[25] PzaPAL had an
about two times higher turnover number (Kea= 2.97 s1) than PcPAL (kcar= 1.38 s1). This turnover
value was similar to that of PEXAL (kcar= 2.38 s1)[25] and somewhat lower than of AVPAL (Keat=
4.3 s1).[62] Temperature-dependent Kinetics of PzaPAL were studied with L-phenylalanine (S)-
la at 30°C (Figure S8 in ESI) and 42°C (Figure S9 in ESI) showing weakly decreasing Kv values
(Km@oecy= 0.8 mM; Kmazec)= 1.1 mM) with significantly increasing turnover numbers (Keat(3oec)=
2.97 s Kearazec)= 8.2 s1).
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Table 1. Kinetic parameters of PzaPAL and PcPAL in ammonia
elimination reactions of several phenylalanine derivatives.

Substrate PzaPAL PcPAL
Kwm Keat Kwm Keat
[mM] [s"] [mM] [s*]
(S)-1a (Ph) 0.83 2.94 0.055 1.38
rac-1b (o-F) 2.33 4.48 0.079 1.01
rac-1c (m-F) 1.13 8.00 0.147 0.96
rac-1d (p-F) 1.69 422 0.024 0.41
rac-1e (0-Cl) >2.820 1.030 0.083 0.95
rac-1f (m-Cl) 1.45 192 0.041 0.96
rac-1g (p-Cl)  >10.84 0.26™ 0.033 0.55
rac-1k (0-Br)  >2.620 0.690! 0.068 0.88

[a] The Ku value could not be determined exactly because at high
substrate concentration the PzaPAL-catalyzed reaction did not approach
Vmax. [b] The ke parameter was determined at the highest achievable
substrate concentration of the kinetics study with different enzyme
concentrations.

Kinetics investigations of AVPAL with rac-1b (Km= 0.75 mM, kex= 1.1 s') and with rac-1d
(Km= 0.56 mM, kea= 1.06 s) were also performed.[23] The Kwm values AvPAL for the o- and p-
fluorophenylalanines rac-1b,d were 2-3 times smaller than for PzaPAL, but PzaPAL had 3-4 times
higher turnover values with these substrates as AvPAL.

The comparative kinetic studies with PzaPAL and PcPAL using racemic substituted
phenylalanines rac-1b-g,k revealed that the saturated rate (Vmax) was not achievable with rac-
le,g,k in the investigated substrate concentration range due to the limited solubility of the
unnatural amino acids. Therefore, only the ket Values were determined at the highest achievable
substrate concentration with different enzyme concentrations (Figures S13, S15, S16 in ESI). The
fluoro- (rac-1b-d), chloro- (rac-1le-g) and o-bromo- (rac-1k) phenylalanines had also higher Kwv
values with PzaPAL than with PCPAL, but again the turnover values with PzaPAL are higher than
with PcPAL. Presumably, the completely different and more polar amino acids in the aromatic
binding pocket of PzaPAL could cause this increase of turnover values compared to the
“conventional” PALs.

In addition to L-phenylalanine (S)-1a, PzaPAL was tested with several further natural amino
acids for ammonia elimination reaction. L-Tyr was found to be a quite poor substrate for PzaPAL
(1 % relative activity compared to that with L-Phe), similar to UhPAL[60] and UmPAL[59] which
were reported having no reaction with L-Tyr. Furthermore, PzaPAL did not catalyze the ammonia
elimination from L-His, L-Trp, L-Asp, L-Asn or L-GIn.

3.8. Kinetic resolution of rac-phenylalanine derivatives (rac-1a-s) mediated by PzaPAL

The biocatalytic properties of PzaPAL were investigated first by kinetic resolution of rac-1a-s
using the ammonia elimination reactions. The biocatalytic performance of PzaPAL was compared
to the already well-characterized PAL from parsley (PcPAL) (Table 2).

High enantiomer selectivity was observed in most of the PzaPAL-catalyzed kinetic resolutions
(plain typed values in Table 2, with conversion values within 3% deviation for the calculated full
selectivity case) except the ammonia elimination from the racemic o-nitro- (rac-1h), p-nitro- (rac-
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1j), p-bromo- (rac-1m) phenylalanines. In the case of attempted kinetic resolutions with PzaPAL
using phenylalanines substituted with electron-donating groups (o-, m-, or p-methyl: rac-1n-o; o-,
m-, or p-methoxy: rac-19-s) reactions proceeded with moderate, low or even negligible conversion
(no product was detected with o- and p-methoxyphenylalanines rac-1q,s) but with perfect
enantiomer selectivity (for rac-1n-p,r).

Table 2. Kinetic resolution of racemic phenylalanine derivatives (rac-1a-s) catalyzed
by PzaPAL (as compared to by PcPAL).

after 17 h after 168 h
Subst. PzaPAL PcPAL PzaPAL PcPAL
Conv.[ Conv.l Conv. Conv.[
(eery1a-) (eer)-12+) (ee(r)-12+) (eemy1as)
(%] [%] [%] [%]
rac-1a (Ph) 49 (>99) 49 (>99) 49 (>99) 54 (>99)
rac-1b (0-F) 49 (>99) 52 (>99) 53 (>99) 69 (>99)
rac-1c (m-F) 49 (>99) 52 (>99) 52 (>99) 63 (>99)
rac-1d (p-F) 51 (>99) 54 (>99) 51 (>99) 59 (>99)
rac-1e (0-Cl) 48 (98) 49 (>99) 50 (>99) 64 (>99)
rac-1f (m-Cl) 47 (88) 51 (>99) 50 (>99) 61 (>99)
rac-1g (p-Cl) 44 (82) 53 (>99) 50 (>99) 64 (>99)
rac-1h (0-NOy) 35 (43) 67 (>99) 62 (>99) 82 (>99)
rac-1i (m-NO;) 21 (26) 63 (>99) 40 (64) 91 (>99)
rac-1j (p-NO) 56 (88) 96 (>99) 78 (94) 99" ()
rac-1k (0-Br) 43 (79) 49 (>99) 49 (99) 58 (>99)
rac-11 (m-Br) 29 (39) 50 (>99) 47 (87) 60 (>99)
rac-1m (p-Br) 18 (17) 50 (>99) 38 (58) 53 (>99)
rac-1n (0-CHs) 50 (>99) 49 (>99) 50 (>99) 52 (>99)
rac-10 (M-CHs) 10 (12) 29 (45) 18 (23) 48 (>99)
rac-1p (p-CHs) 1 () 47 (94) 6(7) 48 (>99)
rac-1q (0-CH;0) 0 () 7(6) 0" 25 (30)
rac-1r (M-CH;0) 20 (25) 48 (>99) 35 (53) 51 (>99)
rac-1s (p-CHsO) 0 () 22 (25) 0 (&) 37 (57)

[a] Conversions were determined by HPLC on C-18 reversed phase.
Conversion values in plain: high enantiomer selectivity, conversion values
in underscored bold: low enantiomer selectivity due to partial consumption
of the (R)-enantiomer. [b] Both enantiomers were consumed. [c] Not
determined.

3.9. The PzaPAL-catalyzed ammonia addition reaction onto cinnamic acid derivatives 2a-s
Addition reactions with various PALs were typically performed in 5-6M NH3, pH 10 (adjusted
by bubbling CO>) at 30 °C or 37 °C.[11] Herein, we investigated the optimal reaction conditions

for PzaPAL in the enantiotope selective ammonia addition reaction, including the temperature, the
optimal pH, the effect of the ammonia source and concentration.
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3.10. Temperature effect on the ammonia addition reaction onto 2a by PzaPAL

Because PzaPAL originated from Pseudozyma antarctica, a yeast first isolated from cold
Antarctic environment,[39] we also investigated the effect of the temperature on the amination
reaction of (E)- cinnamic acid. The activity of PzaPAL pre-incubated in 6M NH3 at different
temperatures (10-50 °C: Figure S5 in ESI) decreased rapidly with increasing temperature
(negligible residual activity of PzaPAL was observed after 1 h preincubation at 40 or 50 °C).
Therefore, the detailed temperature effect study on the addition reaction was performed in the
range of 10-30 °C (Table S10 in ESI) indicating maximal activity at 30 °C. Consequently, all
further addition reactions were performed at 30 °C.

3.11. Effect of pH on the ammonia addition reaction onto 2a by PzaPAL

One of the most important factors influencing enzyme activity is the pH. Therefore, the effect
of pH on the ammonia addition reaction was also investigated using 6M NHj3 solution in the range
pH 9.1-10.0 (adjusted by bubbling CO.). Buffering the reaction to lower pH values of the NHs-
containing medium was beneficial and the PzaPAL-catalyzed conversion of (E)-cinnamic acid 2a
to L-phenylalanine (S)-1a was maximal at pH 9.1 (Table S11 in ESI). It was not possible to test
NH3 buffer solutions of 6M at pH values under 9.1.

3.12. Effect of the ammonia source and concentration on the ammonia addition reaction onto 2a
by PzaPAL

The concentration of ammonia has a significant effect on the rate of reaction and position of
equilibrium. In order to achieve good conversions, 5-6M ammonia is typically used in the PAL-
catalyzed ammonia addition reactions.[11] The effect of different ammonia sources on PzaPAL-
catalyzed (E)-cinnamic acid 2a amination was investigated using purified enzyme at the optimal
pH (9.1) in 0.5-5M NHz and in 0.5-4M NH2CO2NHj4 buffers, respectively. It was shown that in
both buffers the reaction was fully enantiotope selective providing the product (S)-1a in
enantiomeric excess exceeding 99%. The conversion (and its rate) was significantly lower at 0.5M
concentration of ammonia than at 3-5M (Table 3 and S12 in ESI). The highest conversion of
amination could be achieved using ammonium carbamate as an ammonia source at a concentration
of 3M. Therefore, 3M NH2CO>NHs; was selected as the ammonia source for the further
investigations on ammonia addition onto substituted (E)-cinnamic acids 2a-s (Table 4).

Table 3. Biotransformation of (E)-cinnamic acid (2a) catalyzed by PzaPAL at different concentrations of NH.CO2NH4 buffer.

Buffer conc. Conversion in NH,CO,NH, [%0]
M]
4h 20h 43h 67 h

0.5 18 34 33 35
1 20 48 54 53
2 17 52 70 71
3 16 52 79 83
4 11 32 68 82

3.13. The substrate scope of PzaPAL-catalyzed enantiotope selective ammonia addition reaction
onto cinnamate derivatives 2a-s
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Most of the o-substituted (E)-cinnamic acids (2b,e,h,k,n) were proper substrates in the
PzaPAL-catalyzed enantiotope selective ammonia addition, with the exception of (E)-o-methoxy-
cinnamic acid 2q which was not transformed at all.

Table 4. Enantiotope selective ammonia addition onto (E)-arylacrylates (2a-s)
catalyzed by PzaPAL (as compared to by PcPAL).

after 17 h after 168 h
Substrate PzaPAL PcPAL PzaPAL PcPAL
Conv. Conv. Conv. Conv.
(eeas)  (eersr1as) (eesr1a) (eesr1as)
(%] [%] [%] [%]
2a (Ph) 41 (>99) 81 (>99) 80 (>99) 81 (98)
2b (0-F) 94 (>99) 96 (97) 96 (>99) 95 (92)
2c (m-F) 93 (>99) 89 (97) 93 (>99) 89 (97)
2d (p-F) 11 (>99) 78 (>99) 51 (>99) 78 (98)
2e (0-Cl) 98 (>99) 97 (94) 98 (>99) 98 (70)
2f (m-Cl) 5 (91) 93 (97) 20 (96) 93 (93)
2g (p-Cl) 3 (>99) 92 (99) 9 (>99) 91 (96)
2h (0-NOy) 32 (92) 98 (89) 45 (92) 98 (82)
2i (m-NO;) 2(18) 80 (89 4(89 89 (78)
2j (p-NO2) 78 (92) 97 (79 91 (92 97 (62)
2k (0-Br) 41 (>99) 97 (>99) 95 (>99) 97 (95)
21 (m-Br) 1 (b 92 (>99) 5 (>99) 93 (95)
2m (p-Br) 0 (®h 88 (>99) 1 (o) 90 (>99)
2n (0-CHs) 27 (>99) 84 (>99) 74 (>99) 84 (99)
20 (M-CHs) 0 (™) 44 (>99) 0 (&) 74 (97)
2p (p-CHs) 0 (1 34 (>99) 0 () 55 (>99)
2q (0-CH;0) 0 (®) 21 (>99) 0 (™) 49 (>99)
2r (m-CH;0) 0 (®) 58 (>99) 0 (™) 71 (>99)
2s (p-CH:0) 0 (™) o™ o™ o (™)

[a] Enantiomeric excess values were determined by HPLC on Crownpak CR-I (+)
chiral column. Ee values in plain: perfect enantiotope selectivity (no (R)-enantiomer
could be detected); Ee values in underscored bold: non-perfect enantiotope
selectivity due to formation of the (R)-enantiomer. [b] Not determined.

The PzaPAL-catalyzed ammonia addition onto substituted (E)-cinnamic acids 2a-e,g,k,l,n
yielded the corresponding enantiopure L-phenylalanines (S)-la-e,g,k,I,n with variable
conversions. Excellent conversions (>90%) were achieved with the o-F, m-F and o-ClI substituted
cinnamates 2b,c,e within 17 h, and with the o-Br substituted cinnamate after 168 h. The absent or
negligible conversion (<5% within 168 h) observed with substituted (E)-cinnamic acids 2i,m,0-s
could be rationalized by the increased negative charge of the aromatic binging pocket due to the
partial negative charge on Q119 carbonyl oxygen. The excess negative charge in the aromatic
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binding pocket in the neighborhood of the p- and m-position of the phenyl ring of the substrate
(Figure 3A) could enhance the electron donating effect of the methyl (2n-p) or methoxy (2g-s)
substituents present in substituted (E)-cinnamic acids.

As the reaction should involve an interaction of the forming amino-MIO intermediate as
nucleophile with an electrophilic intermediate forming from the substrate cinnamate, the
increasing electron donating effect of the aromatic ring decreases the reactivity in the ammonia
addition reaction.

In case of the nitro-substituted (E)-cinnamic acids (2h-j) more rigid aromatic binding pocket
partially hindered the reaction due to steric effects but the more electron rich environment could
contribute to the higher degree of enantiotope selectivity of the PzaPAL-catalyzed ammonia
addition onto nitro-substituted (E)-cinnamic acids (2h-j) than found with the PcPAL indicated by
the higher enantiomeric excess of nitrophenylalanines (S)-1h-j from the PzaPAL-catalyzed
reaction after 168 h as compared to the corresponding values from the PcPAL-catalyzed process.

Interestingly, while in many instances the PzaPAL-catalyzed process after 168 h reaction time
resulted in enantiopure products (ee(s)-1a-e,g.kln>99 %; with the exception of the m-chloro-, o-, m-
and p-nitro-substituted cinnamates 2f,h,i,j), the PcPAL-catalyzed ammonia addition provided
incomplete enantiotope selectivity onto cinnamates 2b-1 and 20.

4. Conclusions

In this study, the properties and biocatalytic applicability of a novel ammonia-lyase from

the yeast Pseudozyma antarctica were investigated. The PzaPAL gene was successfully identified,
cloned and expressed in E. coli and the forming enzyme was characterized. The PzaPAL exhibited
maximal activity at pH 8.5, similarly to other characterized PALs. The highest enzyme activity
was detected at 45 °C (without prior incubation) while thermal unfolding of the enzyme was
observed at 77.5 °C. Long-term stability tests indicated that in the range of 10-40 °C the enzyme
retained more than 90% of its initial activity within 8 h. Despite of the lower affinity of
phenylalanines (S)-1a and rac-1b-f to PzaPAL than to PAL from parsley (PcPAL), with PzaPAL
higher turnover number/catalytic efficiency were observed than with PCPAL.
The significantly different catalytic activity of PzaPAL could be attributed to the completely
different amino acids in the aromatic binding pocket as compared to PcPAL. The structure of
PzaPAL predicted by homology modeling showed a local network of extended loops and predicted
the presence of an atypical, bound water molecule partly responsible for the orientation of GIn119
enhancing the local negative charge in the aromatic binding region. The PzaPAL-catalyzed
elimination reactions from racemic phenylalanines with moderately bulky substituents rac-1la-
g,k,n proceeded with high enantiomer selectivity providing at near to 50 % conversion the residual
enantiopure phenylalanine (R)-1a-g,k,n. Elimination from rac-1i,m,o,p,r bearing larger but not
extremely charged substituents proceeded with moderate to low conversion, while no product was
detected from phenylalanines rac-1q,s bearing o- or p-methoxy substituents. While the PcPAL-
catalyzed ammonia addition onto 2b-I and 20 proceeded with incomplete enantiotopic selectivity,
PzaPAL yielded from a number of substituted cinnamates 2a-e,g,k,l,n the enantiopure products
(ees)-1a-e g,k ln >99%) These properties render PzaPAL as catalyst of choice for preparation of a
number of substituted (R)- or (S)-phenylalanines in enantiopure form. Moreover, due to its
remarkably different aromatic binding site features, PzaPAL is a good initial candidate for
biocatalyst engineering with targeted mutations for altered substrate scope leading to further
unnatural a-amino acids in high enantiopurity.
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