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a b s t r a c t

Phenylalanine ammonia lyase (PAL) catalyses the reversible non-oxidative deamination of phenylalanine
to trans-cinnamic acid and ammonia. Analogues of L-phenylalanine are incorporated as pharmacophores
in several peptidomimetic drug molecules and are therefore of particular interest to the fine chemical
industry. PAL from Rhodotorula graminis (RgrPAL) has shown an ability to accept analogues of L-phe-
nylalanine. Our aim was to increase enzymatic activity with directed evolution towards a specific non-
natural substrate through the cloning and over-production of PAL in Escherichia coli. The identified
variants of RgrPAL with significantly showed more catalytic efficient compared to the wild-type enzyme.
These variants were used in a preparative scale biotransformation resulting in a 94% conversion to L-4-
Br-phenylalanine (>99% ee).

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Phenylalanine ammonia lyase (PAL) enzymes catalyse the re-
versible amination of cinnamic acids to generate L-arylalanines in
high enantiomeric purity.1a,b Under conditions of high ammonia
concentration PALs can be employed as effective biocatalysts for the
synthesis of a specific target products, in some cases on a scale
suitable for manufacturing pharmaceutical intermediates.2a,b Al-
though PALs have been isolated from different sources, e.g. from
eukaryotes such as Petroselinum crispum (PcPAL) and Rhodotorula
glutinis (RgPAL), as well as cyanobacteria such as Anabaena variabilis
(AvPAL)3a,b, the current narrow substrate specificity of these en-
zymes limits their wider application as preparative biocatalysts.
Herein we report engineering of PAL from Rhodotorula graminis
(RgrPAL) and in particular the identification of variants with very
high levels of activity towards a panel of substituted cinnamic acids
including; 4-bromo, 3-bromo, 4-fluoro, 3-fluoro and 3-nitro cin-
namic acid. We also report optimisation studies for use of one of
these variants in the preparative synthesis of related variants of L-
phenylalanine.
; fax: þ44(0) 161 275 1311;
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2. Results and discussion

2.1. Assay development

In order to screen PAL variants for activity towards cinnamic
acid derivatives two assays have been developed. The first assay
takes advantage of the reversible nature of the PAL reaction and is
a modification of the spectrometric assay for the detection of PAL
activity reported by Khan and Vaidyanathan4 and D’Cunha5

whereby the activity of the PAL enzyme was determined by mon-
itoring the deamination of L-phenylalanine to trans-cinnamic acid
by measuring the absorbance at 290 nm (Assay 1, Scheme 1).
However, this protocol needed to be modified for use in 96-well
plate format, as the reported procedure was not applicable for
screening libraries of protein variants. This screen can be used as an
initial technique to identify PAL activity when screening libraries of
protein variants and has the benefit of requiring no additional re-
porter systems for detection of PAL activity.

To enable screening of PAL enzyme activity in the synthetic di-
rection a liquid phase assay was developed which uses both L-
amino acid oxidase (L-AAO) and horseradish peroxidase (HRP) as
reporter enzymes (Assay 2, Scheme 1).3 Due to the 1:1 ratio of
moles of hydrogen peroxide produced by the L-AAO for every mole
of L-amino acid produced this assay can be used to directly quantify
ttp://dx.doi.org/10.1016/j.tet.2016.06.026
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Scheme 1. Assays for detecting PAL activity for use in the screening of PAL variants.

Table 2
Amino acid changes of the 4 PAL variants. (Specific activity is expressed in nmole/
min/mg)

Mutant Residue 143 Residue 144 Specific activity

WT His Gln 2.30�0.2
16B Asn Ser 168.34�16.8
25E Ser Asn 173.32�19.3
29B Asn Cys 176.20�28.6
31E Cys Asn 307.28�54.6
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the production of L-amino acids by the PAL enzyme variants and
also to determine steady-state kinetics.

Using Assay 2 the relative activities of RgrPAL towards a panel of
cinnamic acid derivatives were measured (Table 1). These data re-
veal that 4-bromo cinnamic acid is a relatively poor substrate
compared with cinnamic acid. Interestingly 4-fluoro cinnamic acid
showed high activity and hence we speculated that the low activity
of the 4-bromo compound was a result of steric issues. We there-
fore selected 4-bromo cinnamic acid as a useful target molecule to
evolve PAL variants with higher activity.
Table 1
Relative activities of RgrPAL towards a panel of different cinnamic acids

Substrate Relative activity (%)

Cinnamic acid 100
4-Bromo cinnamic acid 17
3-Bromo cinnamic acid 112
4-Fluoro cinnamic acid 109
3-Fluoro cinnamic acid 128
3-Nitro cinnamic acid 54
2.2. Mutagenesis/library generation and screening

Site-directed mutagenesis of important first co-ordination
sphere active-site residues was carried out in order to generate
mutant libraries of the wild-type RgrPAL enzyme. To guide selec-
tion of key active-site residues, a homology model of RgrPAL was
constructed. Using this homology model, five CASTing libraries6,7

were designed at amino acid positions 143/144 (A), 272/276 (B),
369/372 (C), 473/477 (D) and 501/504 (E), (Fig. 1). Each library
consisted of two active-site residues and these residues were
Fig. 1. Active site of PAL showing the 5 libraries and the residues targeted (Cinnamic
acid in cyan, MIO cofactor in green).
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randomised using the reduced amino acid library encoded by the
degenerative codon NRT.7 This codon only encodes eight amino
acids and, therefore, considerably reduces the library size needed
for screening >95% of all possible combinations of amino acids
incorporated at each position.

The 5 libraries AeE (total¼2400 colonies) were then initially
screened for activity in the deamination direction (Assay 1, Scheme
1) with 4-bromo-L-phenylalanine as substrate. 43 positive hits were
identified. All variants were purified and the specific activity of the
deamination reaction measured. From this data four different var-
iants (16D, 25E, 29B and 31E, Table 2) showed significantly in-
creased activity towards this substrate with the 31E mutant
performing best.
2.3. Modelling of active RgrPAL variants

Interestingly all four mutants with improved activity came from
the same library (Library A) containing mutations at positions
His143 and Gln144. To investigate these mutations further we
constructed models of the wild-type enzyme and for the best
performing of these mutants (31E), and modelled substrates into
the active sites. Modelling showed that cinnamic acid (not shown)
interacts with Arg377 through its carboxylic acid moiety, with the
phenyl group pointing towards His143 and Gln144. Docking of the
4-Bromo derivative (Fig. 2A) revealed that in the wild-type enzyme
this substrate adopts a similar pose to cinnamic acid, with the
phenyl group shifted towards Leu272 due to steric interaction of
the substrate 4-bromo group with His143 and Gln144. However in
the variant enzyme (31E) themutations replace these residueswith
smaller residues (His143Cys/Gln144Asn) allowing 4-bromo cin-
namic acid to adopt a binding mode closer to that of cinnamic acid
(Fig. 2B). The modelling also demonstrated that whilst the wild-
type enzyme can accept 4-bromo cinnamic acid as a substrate,
the extra space afforded by the mutations present in 31E allow this
substrate to occupy a much more favourable position leading to
a much higher activity as observed experimentally.

2.4. Kinetics of PAL variants

The four PAL variants with enhanced activity were purified and
then assayed against the initial panel of substrates in order to de-
termine steady-state kinetic parameters (Table 3). The aim was to
ascertainwhether the mutations resulted in improved activity with
substrates other than 4-bromo cinnamic acid.

The kinetic data shows an enhanced activity of the four variants
towards the selected substrates. The results obtained also confirm
the data obtained from the screen in the deamination reaction and
shows that this assay can indeed be used for the selection of new
improved variants. Interestingly, some of the variants also showed
enhanced activities for other differently substituted substrates. In
the case of 3-bromo cinnamic acid, the 29B variant showed a 3-fold
higher activity than the wild-type and for the 3-fluoro substrate, all
ttp://dx.doi.org/10.1016/j.tet.2016.06.026



Fig. 2. 4-Br-cinnamic acid (cyan) docked in the actives sites of A) Wild-type RgrPAL and B) RgrPAL-31E.

Table 3
Kinetics of the WT and 4 variant PALs against a panel of substrates

Enzyme Cinnamic acid 4-Bromo 3-Bromo

kcat s�1 kcat/Km kcat s�1 kcat/Km kcat s�1 kcat/Km

WT 1.97�0.13 2.75�0.45 0.33�0.06 0.22�0.08 2.22�0.08 3.45�0.32
16D nd nd 3.53�0.20 5.76�0.81 nd nd
25E nd nd 4.83�0.14 7.20�0.52 3.12�0.54 0.89�0.26
29B 3.46�0.96 1.27�0.61 5.99�0.14 29.38�2.60 6.70�0.40 5.04�0.61
31E 2.64�0.34 1.55�0.38 9.26�0.32 14.97�1.32 2.97�0.33 2.72�0.64

Enzyme 4-Fluoro 3-Fluoro 3-Nitro

kcat s�1 kcat/Km kcat s�1 kcat/Km kcat s�1 kcat/Km

WT 2.14�0.38 1.26�0.43 2.52�0.24 2.81�0.61 1.06�0.07 1.24�0.20
16D nd nd 6.70�1.42 1.79�0.63 0.78�0.15 0.53�0.20
25E nd nd 4.66�0.34 3.38�0.49 1.31�0.24 0.55�0.18
29B nd nd 5.43�0.60 4.29�0.97 2.71�0.26 2.17�0.43
31E nd nd 8.63�0.87 8.68�1.92 2.76�0.49 4.19�1.86
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four mutants showed a higher activity with the 31E being the best
with a >3-fold increase.
2.5. Biotransformations

Having identified PAL variants with significantly improved ac-
tivity, we decided to optimise the biotransformation conditions
investigating reaction parameters such as substrate loading, am-
monia source and concentration (Table 4). As can be seen, both
Table 4
Effect of different ammonia sources on PAL conversions, all assays conducted using
1 g/L substrate, 200 g/L ammonium carbamate pH 10, 5 g/L enzyme

Ammonia source Time (h)

2 24

Carbamate 92 94
Carbonate 93 95
Acetate 46 61
Chloride 47 63
Hydroxide 51 59
Sulfate 51 77
Formate 46 63
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ammonium carbamate and ammonium carbonate performed sig-
nificantly better than the other sources tested reaching maximum
conversion (w94%) after 2 h; reactions utilising the other ammo-
nium sources only reached 45e50% conversion after the same time
and still only reached a maximum conversion of 77% (in the case of
ammonium sulfate) after 24 h.

A reason for the higher conversion with either ammonium
carbamate or ammonium carbonate could be that they both can
provide 2 molecules of ammonia whist maintaining an overall
lower ionic strength in the reaction. Ammonium carbamate was
selected for subsequent optimisation. Use of a lower concentration
of ammonium carbamate in the reaction (1 M instead of 2.5 M)
resulted in the yield of the reaction dropping significantly from 94%
conversion after 4 h to 68%. Increasing the temperature of the re-
action lowered the overall conversion slightly to 91% and 88%
conversion at 37 �C and 45 �C, respectively although these con-
versions were reached after only 1 h at which point the 30 �C re-
action was only at 79% conversion.

3. Conclusions

In conclusion we have identified variants of RgrPAL with sig-
nificantly enhanced activity towards 4-bromo cinnamic acid. One of
these variants (31E) showed a ca. 28-fold improvement in kcat
ttp://dx.doi.org/10.1016/j.tet.2016.06.026
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compared to the wild-type enzyme. This variant was used in
a preparative scale biotransformation resulting in a 94% conversion
to 4-bromo-L-phenylalanine (>99% ee).
4. Experimental

Competent cells (BL21 (DE3)) were purchased from Invitrogen
or Agilent and were transformed according to the manufacturer’s
protocol. The empty vector (pET-16b) originates from Novagen. LB-
Broth Miller and ampicillin were purchased from Formedium. All
other chemicals and reagents were purchased from Alfa Aesar,
Fisher or SigmaeAldrich.

Reverse phase HPLC was performed on an Agilent system
equipped with a G1379A degasser, G1312A binary pump, a G1329
autosampler unit, a G1315B diode array detector and a G1316A
temperature controlled column compartment. Columns and con-
ditions are indicated for each compound separately. Liquid phase
assays for the determination of relative rates were recorded on
a Spectramax M2 plate reader from Molecular Devices. Protein
purification was performed on GE Healthcare €AKTA Explorer 100
system using HiTrap Chelating HP columns (1 mL, GE Healthcare).
4.1. Production of PAL

A single colony of BL21 (DE3) pET 16b PAL was used to inoculate
8 mL of LB containing ampicillin (100 mg/mL), the OD600 was
monitored and when a value of 0.6 was reached 6 mL of the starter
culture was used to inoculate 600 mL LB medium in a 2 L baffled
flask. The PAL protein was produced by incubating this culture for
18 h at 26 �C with 250 rpm continuous shaking.

After growth the cells were harvested by centrifugation at
7000 rpm for 20 min, the cell pellet was re-suspended in 15 mL
0.1 M potassium phosphate buffer pH 7.7, transferred to 50 mL
falcon tubes and spun down at 4000 rpm for 20 min. The cell pellet
was stored at �20 �C until use.
Table 5
Primer sequences 50 to 30 , only the forward primer sequence is shown

Library Sequence

A GCTCATCGAGNRTNRTCTCTGCGGCGTGACG
B CGAAGGAGGGTNRTGGTCTGGTCNRTGGAACGGCCGTC
C CCAGGACCGCNRTCCGCTCNRTACGTCGCCTCAGTTCC
D GCTCAACTATCACGGCNRTGGCTTGGACNRTCACATCGCTGCTTACGC
E CGTCCAGCCCGCANRTATGGGTNRTCAGGCCGTCAACTCG
4.2. Protein purification

2.5 grams of cell pastewas defrosted and resuspended in 6mL of
buffer A (100 mM KPi, pH 7.7, 300 mMNaCl). 6 mg of lysozyme was
added and the suspensionwas incubated at 37 �C for 30min, cooled
on ice and sonicated to disrupt the cell walls (20 s pulse; 25 s pause;
20 cycles; 12e15 kHz). Cell debris was removed by centrifugation
(20,000 rpm, 25 min), the supernatant was filtered (0.45 mM sy-
ringe filter) and loaded on a pre-prepared HiTrap column. Before
loading of the supernatant the column was prepped by flushing it
with the following: 5 mL of filtered water; 1 mL of 0.1 M NiSO4;
5mL of filteredwater; 5mL buffer A. Next the proteinwas eluted on
the AKTA using a stepwise gradient of buffer A and buffer B
(100 mM K-Pi, pH 7.7, 300 mMNaCl, 1 M imidazole) collecting 1 mL
fractions. The stepwise gradient for elution of the PAL protein was:
1) 10 mL 100% Buffer A, 2) 10 mL 80:20 buffer A:B, 3) 15 mL 65:35
buffer A:B. Thewells containing the purified enzymewere collected
and concentrated to 1.5 mL using a Vivaspin column (30,000 MW
cut-off), the volume was adjusted to 2.5 mL with 0.1 M KPi pH 7.7
and the solution was desalted on a PD10 column (GE Healthcare),
equilibrated with 25 mL of 0.1 M KPi pH 7.7, and eluted with 3.5 mL
of 0.1 M KPi pH 7.7).

The purity of combined and de-salted protein fractions was then
checked by SDS-PAGE (Fig. 1), after purification between 20 and
25 mg of protein was obtained per litre culture. Protein concen-
tration and yield was calculated using the BCA assay (Pierce)
according to the manufacturer protocol.
Please cite this article in press as: Rowles, I.; et al., Tetrahedron (2016), h
4.3. Analysis of protein production and purity

Protein expression and purity was assessed using pre-cast
10e20 % TriseHCl polyacrylamide gradient gels (Bio-Rad, Hercu-
les, CA) and pre-stained broad range molecular weight marker
(NEB, Ipswich, MA). Electrophoresis of samples was at 80 V for 1 h
following the dye front and the gels stained with EZBlue� Gel
Staining Reagent.

Protein samples separated by SDS-PAGE were blotted onto
a PVDF membrane using a BioRad semi-dry blotter at 150 mA for
1 h. The membrane was washed with PBS for 15 min, the buffer
changed every 5 min, blocked with a milk solution (1 g milk
powder in 20 mL PBS). The membrane was washed with PBS, and
then incubated with an Anti-His-HRP conjugate antibody for 2 h.
The membrane was washed again then stained with a DAB/H2O2
solution.
4.4. Homology model

A homology model of RgrPAL was constructed, containing four
monomers, based on the PAL enzyme from R. glutinis (PDB acces-
sion code 1T6J) which has 71.9% sequence identity. Loops for which
there was no structural information and the three amino acids
constituting theMIO cofactor (Ala-Ser-Gly) were excluded from the
model building process. The MIO cofactor was built into the model
by transferring the cofactor from the template, followed by energy
minimisation of the cofactor. Homology models and docking were
performed with Accelrys Discovery Studio 3.1.
4.5. Saturation mutagenesis

The homology model of PAL was used for the semi-rational re-
design of the PAL active site in an attempt to modify the substrate
profile of the enzyme. From the model potential sites for the mu-
tations were selected and these sites were: 143/144 (A), 272/276
(B), 369/372 (C), 473/477 (D) and 501/504 (E). Saturation muta-
genesis libraries were created at these positions and screened for
activity towards the substrates. The primers used for this were as
follows (see Table 5):
A QuikChange (Agilent) PCR reaction was carried out with pET
16b PAL as the template DNA using the primers stated above. PCR
was carried out with an initial melting at 95 �C for 3 min then 21
cycles with a 95 �C melting temperature for 1.5 min, a 55 �C
annealing temperature for 3 min and a 68 �C elongation tempera-
ture for 10min and a final 68 �C elongation step of 12 min. After the
PCR the parental strand of DNA was digested with 1 mL of DpnI for
3 h at 37 �C, then 1 mL of the digested PCR reaction mixture was
used to transform Escherichia coli XL-1 Blue chemically competent
cells (Agilent), according to the manufacturer’s protocol.

Eight colonies were picked and the plasmid DNA purified and
sequenced to confirm mutagenesis. The remaining colonies were
taken up in 1mL of LB Broth and the plasmid library purified,1 mL of
this purified plasmid library was used to transform BL21 (DE3)
(Invitrogen).
ttp://dx.doi.org/10.1016/j.tet.2016.06.026
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After transformation into BL21 (DE3), 480 colonies were picked
and each one used to inoculate 800 mL of LB in a deep-well 96-well
plate. They were grown overnight at 37 �C and the cells harvested
by centrifugation at 4500 rpm for 15 min. The media was discarded
before the pellet was resuspended in 100 mL of 10% (w/v) glycerol.
The storage plates were then snap frozen on liquid nitrogen and
stored at �80 �C.
Table 6
Retention times of selected compounds

Compound Mobile phase (A:B) Retention time (min)

4-Bromo cinnamic acid 60:40 2.85
4-Bromo-L-phenylalanine 60:40 1.50
4-Fluoro cinnamic acid 80:20 3.31
4-Fluoro-L-phenylalanine 80:20 1.39
3-Bromo cinnamic acid 60:40 2.51
3-Bromo-L-phenylalanine 60:40 1.43
4.6. Assay of PAL activity and library screening

4.6.1. Determination of specific activity of PAL. Substrate solutions
of 4-bromo, 3-bromo, 4-fluoro, 3-fluoro and 3-nitro phenylalanine
were made, 20 mM substrate in 100 mM Tris buffer pH 8.8. The
screening was set up in a UV-Star Microplates (96 well, F-bottom,
Greiner Bio-one) and each well contained the following: 140 mL Tris
buffer 100 mM, pH 8.8, 10 mL of purified enzyme, 50 mL phenylal-
anine solution. Absorbance was measured using a plate reader at
290 nm for 1 h with intervals of 43 s and hits were identified by an
increase in the absorbance.

4.6.2. Screening of libraries in the deamination reaction (Assay
1). 800 mL starter cultures (LBþampicillin 100 mg/mL) were in-
oculated with a single PAL variant in a standard 96-deepwell plate.
The cultures were grown overnight at 37 �C and 150 rpm 20 mL of
the overnight cultures was then used to inoculate production cul-
tures (2 mL of LBþampicillin 100 mg/mL) in 48-deepwell plates and
these cultures were grown overnight at 26 �C, 150 rpm. The
remaining starter cultures were centrifuged (20 min, 4000 rpm),
the media discarded and the cell pellets resuspended in 100 mL 10%
glycerol then stored at �20 �C to be used as a reference once hits
had been identified.

The cells from the production cultures were harvested by cen-
trifugation (20 min, 4000 rpm) and the cell pellets resuspended in
100 mL of 100 mM Tris buffer pH 8.8. Substrate solutions of 4-
bromo, 3-bromo, 4-fluoro, 3-fluoro and 3-nitro phenylalanine
were made, 20 mM substrate in 100 mM Tris buffer pH 8.8. The
screening was set up in a UV-Star Microplates (96 well, F-bottom,
Greiner Bio-one) and each well contained the following: 140 mL Tris
buffer 100 mM, pH 8.8, 10 mL of resuspended enzyme, 50 mL phe-
nylalanine solution. Absorbance was measured using a plate reader
at 290 nm for 1 h with intervals of 43 s and hits were identified by
an increase in the absorbance.

4.6.3. Kinetics in the amination reaction (Assay 2). Solutions of the
substrates under investigation were made up in 0.5 M ammonium
carbamate/1M Tris, pH 9.0 and dilutions were made with the fol-
lowing concentrations: 3, 2, 1, 0.5, 0.2, 0.02, 0.002 and 0 mM of
cinnamic acid.

Scopoletin solution e 288.25 mg of scopoletin was dissolved in
50 mL dH2O to make a stock solution. This stock solution was then
diluted 1/5 to create a working solution that had a fluorescence of
approximately 30,000 RFU.

The screening was set up in a 96-well plate and each well
contained the following: 100 mL substrate solution, 10 mL HRP
(1 mg/mL in dH2O), 10 mL L-AAO (1 in 10 dilution of stock in dH2O),
40 mL scopoletin solution, 40 mL purified PAL. Kinetic data was
Please cite this article in press as: Rowles, I.; et al., Tetrahedron (2016), h
measured on a plate reader at 30 �C. Excitationwavelength 360 nm;
emission wavelength 480 nm; 15 s interval.
4.7. Lab-scale biotransformation

10 mg of the cinnamic acid of choice was dissolved in 10 mL of
ammonium carbamate (200 g/L, pH 10.0) and this solution was
added to 50 mg of wet cell paste of the enzyme of choice in a 50 mL
conical Falcon tube. The tube was shaking vigorously to homoge-
nize the solution and the tube was put in a 30 �C shaking incubator
(250 rpm). Samples were taken at the following time points: 1, 3, 8
and 24 h. Samples were taken in the following way: 500 mL of the
biotransformation mixture, boil for 5 min at 95 �C, add appropriate
amount of MeOH (depending on composition of mobile phase for
HPLC analysis) and mix, centrifuge briefly (5 min, 13,200 rpm), take
500 mL and apply to a 0.22 mm filter vial (Thomson).
4.8. HPLC data for selected compounds

All cinnamic acid and phenylalanine derivatives were analysed
using an Agilent Zorbax Extend-C18 column (50 mm, 4.6 mm,
5 mm) with mixtures of eluent A (0.1M NH4OH pH 10.0) and B
(methanol), isocratic, 1 mL/min, 40 �C. Retention times and mobile
phase compositions are shown in Table 6.
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