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1. Introduction

1.1. Optically pure amino acids

Enantiopure non-natural amino acids (ee > 99%) are important building blocks for the
synthesis of many pharmaceutical drugs, for the preparation of new cyclic and linear peptidic
drugs! by their incorporation in non-ribosomal peptides (NRPs). L- and D-biarylalanines are
important chiral building blocks for the preparation of several inhibitors and Active
Pharmaceutical Ingredient (APIs), both with implications in drug development?. Highly
enantiomerically enriched heterocyclic amino acids are also frequently involved for the
preparation of helpful substances. D-arylalanines are important intermediates in the synthesis
of antiviral drugs, such as Fosamprenavir and Saquinavir, or for the antineoplastic Clientide,
antidiabetic Nateglinide and anticoagulant Melagatran. Para-substituted L-or D-
phenylalanines with electron-withdrawing groups, like fluoro-, chloro- and nitro- are
precursors of antiemetic Aprepitant, antineoplastic Abarelix and analgesic Zolmitriptan®. The
incorporation of L-4-F-, 4-Br-, 4-Me- or 4-MeO-phenylalanines in various structures led to
four new sansanmycin analogues, which are members of uridyl-peptide antibiotics (UPAs)*
(Figure 1.).

The current thesis focuses on the use of phenylalanine ammonia-lyases (PALS), as

useful biocatalysts for the production of optically pure D- and L-phenylalanine derivatives®.
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Figure 1. Optically pure non-natural amino acids as chiral building blocks
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1.2. Phenylalanine ammonia lyase from Petroselinum crispum (PcPAL)

Phenylalanine ammonia lyases (PALS) in the form of various isoenzymes are widely
found in plants as well as in yeasts and fungi®. Due to the broad substrate tolerance,
phenylalanine ammonia lyase from Petroselinum crispum (PcPAL) is the most performant
MIO-deppendent ammonia lyase.

PcPAL can be used for the stereoselective synthesis of amino acids. Under natural
reaction conditions, starting from racemic amino acids as substrates, by the L-selective
ammonia elimination, the non-reactive D-amino acids can be obtained with a theoretical
maximum yield of 50%. Contrary, in the presence of high ammonia concentration the same
enzymes can mediate the reverse reaction, namely the ammonia addition onto o,p-
unsaturated acrylic acids, yielding L-amino acids with a theoretical maximum yield of 100%
(Figure 2.).

aa b)

R/\/COOH E I:{/\/COOH E

NH, © NH, . \

i D-a-amino acid PcPAL i COOH !

PcPAL LA A ! RN\ COOH  smnHs 'R !

+ B + T NH, :

COOH o,B-unsaturated acid i L-a-amino acid !

R/\( I:{/\/COOH + NHs [

NH»

rac-a-amino acid a,B-unsaturated acid

Figure 2. a) PcPAL catalyzed stereoselective elimination with a maximal theoretical yield of 50%. b)

PcPAL catalyzed stereoselective addition with a maximal theoretical yield of 100%.

The active site of the PCPAL enzyme contains a hydrophobic binding region (marked
with purple) and a polar, carboxylic- and amine-binding region (marked with red), as well the
MIO group (marked with green) (Figure 3.)’.

Mutational studies in the carboxylic- and amino- group binding region in the active
site of the enzyme revealed the essential amino acid side chains. Mutational studies were also
performed in the hydrophobic binding region (marked with purple) of the enzyme which
leads to increased enzyme activity in comparison with the wild-type enzyme. Mutation of the
Phel37 residue to Val showed increased reaction rates in the deamination and amination
reaction of the substrates L-Phe and L-p-NO-Phe’.

However, it was still questionable if during the accommodation of substrates aryl

moiety in the hydrophobic binding pocket of the catalytic site, is there any correlation



between the position (ortho-, meta-, para-) of the substrates aryl ring substituents and certain

well defined specific amino acid residues of the protein.

Tyr110

Asn384
0 >7/§/ Leu206
o (Leu206) Val259
GIn348 NH,

Arg354/k/N NH2 \?

i
ves F =

-
Tyr351 202-204
ONNH O 2.0 ’z/
g
Asn487

Glu484 LVS456

Figure 3. The active site of the PCPAL enzyme according to active site model of PcPAL (PDB ID

1W27) with modeled trans-cinnamic acid®

1.3. Coupling the PAL-catalyzed reactions with the FDC1-catalyzed decarboxylation

The cascade biotransformations are gaining ground in the last decade. The efficacy of
coupling the PAL catalyzed transformations with other enzymatic reactions, such as the
ferulic acid decarboxylase (FDC1) mediated decarboxylation have been demonstrated within
for the production of several valuable fine chemicals using engineered whole-cell biocatalysts
containing both pal and fdcl genes®'%!!, Primary studies focused on styrene production by
the PAL-FDC1 tandem starting from L-phenylalanine biosynthesized by the same cell from
glucose through an intensified shikimate pathway*?*2,

On the other hand, recent studies showed that diaryltetrazole can be employed for the
high sensitivity in the detection of alkenes'*'>16 generating fluorescent products through a
photoactivated 1,3-dipolar cycloaddition. Moreover, the compatibility of the detection in case
of biological systems was also demonstrated by the successful labeling of alkene-containing
proteins in E.coli®,

Aware of these we proposed the development of a novel high-throughput fluorescence
enzyme-coupled activity assay for PAL-catalyzed reactions using ferulic acid decarboxylase

(FDC1) to decarboxylate cinnamic acid, the product/substrate of the natural/reverse PAL-



reaction, followed by the cycloaddition reaction between the produced styrene and a tetrazole
fluorogenic probe (Figure 4.).

Accordingly within the novel PAL-activity assay ferulic acid decarboxylase (FDC1)
from Saccharomyces cerevisiae was envisaged to be employed as coupled-enzyme. Therefore
the compatibility of the substrate scope, reaction condition of the two enzymes, PcCPAL and
ScFDCL1 also had to be evaluated.

| g\ COOH PAL R~~~ COOH
el A, NH,

a,B-unsaturated acid L-amino acid

g~ COOH R~~~ COOH

NH, NH, FDC1
D-amino acid D-amino acid N /
PAL ZN o
—_— + N=N N /
- NH3 FTTTTTTTTTTT ' 2N o
i : il b
R/YCOOH 1 R/\/COOH ; FDC1 R/\ uoroprobe N/@

NH, S 1 UV light R

L-amirto acid o,B-unsaturated acid styrene fluorescence product

Figure 4. The proposed PAL and FDCL1 coupled fluorescence assay

1.3.1. Ferulic acid decarboxylase (FDC1) from Saccharomyces cerevisiae

The decarboxylation reaction catalyzed by SCFDCL1 is the firstly discovered enzymatic
reaction which involves an initial 1,3-dipolar cycloaddition between prFMN and the double
bond of phenylacrylic acid®’.

e Substrate scope
The biocatalytic utility of this enzyme was demonstrated only on few para-substituted

cinnamic acids as shown in Figure 57.

Figure 5. The ScFDC1 enzyme studied substrate region



Nonetheless, the broader substrate scope of the SCFDC1 enzyme was still unexplored.
For the development of a trustful and versatile FDC1 assisted PAL-activity assay valid for a
broad substrate range, proofing the overlap of the substrate domains of the two employed

enzymes is mandatory.



2. Aims of the study

The main aim of the thesis is the development of engineered PAL biocatalysts useful for the
synthesis of several highly valuable non-natural phenylalanine analogues. To fulfill the
targeted aim the successful outcomes of the following objectives have been envisaged:

Objective 1. Chemical synthesis of substrates and development of the analytical
methods used for monitoring the enzymatic reactions. The synthesis of differently (ortho-,
meta-, para-) substituted phenyl-, bulky heteroaryl- or biaryl-analogues of phenylalanine and
cinnamic acid, serving as substrates for PAL reactions (Obj. 2., and 3.1.) and also for ferrulic
acid decarboxylase mediated decarboxylations (Obj. 3.2.). For each enzymatic reactions
HPLC methods for monitoring the enzyme activities through conversion determinations

and/or stereoselectivity, through enantiomeric excess determinations, will be developed.

Objective 2. Rational design-based protein engineering of PAL from Petroselinum
crispum. Based on existing structural information of PALSs, we envisaged the mapping of the
active site of PcPAL through mutational analysis, in order to identify potential sterical
correlations between the substituents attached in various position (ortho-, meta-, para-) to the
aryl ring of the substrate and specific active site residues from the hydrophobic binding

region of the enzyme (Figure 6.).

Ammonia addition reaction Ammonia elimination reaction
COOH COOH
_\_COOH  _PcPAL_ R/Y COOH R _PPAL_ N COOH | g™
R 4M NH,OH Tris buffer i
4 NH, NH, pH 8.8 NH,
H 10 :
1al P L-2a-I rac-2a-l 1a-l D-2a-l
Ty110 """"""""""""""""""""""""""""""""""""""""""""""""""""""

G\n348/\)ox\ o \/a\259 : Electron donating substrates Electron accepting substrates

NH,

\é L 2 i CHy CF,
eu H
NH2 C >\>’ 5 HsC FsC
) Leu138

s ok
F %QW. @ @* @* @ @* @

Q

\j,NH2
Asn487

Glu484 LV3456

Figure 6. Rational redesign of the PCPAL and its applicability for the synthesis of phenylalanine and

cinnamic acid analogues of high synthetic value



Objective 3. Development of a novel high-throughput PAL-activity assay applicable for
directed evolution based protein engineering. While high-throughput PAL-activity assays
have been developed®, their general applicability was still limited. Accordingly, we
envisaged to develop an enzyme-coupled fluorescent assay applicable for PAL-activity
screens at whole cell level, involving decarboxylation of trans-cinnamic acid (the product of
the PAL reaction) by ferulic acid decarboxylase (FDC1) and a photochemical reaction of the
produced styrene 3a’ with a diaryltetrazole 4, that generates a detectable, fluorescent
pyrazoline product 5 (Figure 7.).

@ N'N@

coon AL l N /©/OM
~NH, S\ COOH  ppes AN Q N
NH, E—— - _—
2a’ +NHj 1a’ 3a UV light 5 O

Figure 7. Proposed enzyme-coupled fluorescent assay applicable for PAL-activity screens

Objective 3.1. Exploring and extending the substrate scope of ferulic acid decarboxylase
for ensuring its compatiblity with the substrate domain of PALs. The substrate scope of
ScFDC1 was tested using cinnamic acid analogues which can be obtained from the PAL-
reactions. A broad substrate scope of ScFDC1 would provide general applicability of the

enzyme-coupled assay towards PAL-activities for various substrates (Figure 8.).

-\ COOH Fbct RN
pH 7.0

1d-f -Co, 3d-f

@*“”’\@* @*@A\@*@*@@Aﬁ*
WW“*@@@@W@E@ "

«‘J@w @%ﬁ oo, o

Figure 8. Exploring the substrate scope of SCFDC1 using cinnamic acid analogues which can be

obtained from the PAL-reactions

10



Objective 3.2. Assembly and validation of the high-throughput fluorescent enzyme-
coupled activity assay for the natural PAL-reaction. The developed enzyme-couples assay
was tested within the activity screens of large mutant libraries of PALs (obtained within
Objectivel) in presence of non-natural substrates of interest. Furthermore the general
applicability of the fluorescent assay for PALs of different origin, as well as its versatility for

the detection of tyrosine ammonia-lyase (TAL) activity was also studied.
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3. Results and discussion
3.1. Chemical synthesis of substrates and development of the analytical methods used
for monitoring the enzymatic reactions

3.1.1. Chemical synthesis of racemic amino acids rac-2a-I

The racemic amino acids rac-2a-1 were obtained via a synthesis route starting from
the commercially available aldehydes 6a-1. The aldehydes 6a-l1 were reduced to primary
alcohols 7a-1 using NaBH4. The primary alcohols 7a-1 were halogenated and from the
brominated compounds 8a-l via malonic acid coupling were obtained the diethyl
acetamidomalonates 9a-l. Through a mild alkaline hydrolysis of 9a-l, followed by a
decarboxylation reaction the N-acylated amino acids rac-10a-1 were obtained. Finally, the
racemic amino acids rac-2a-l were obtained by deprotection of rac-10a-l using acid
hydrolysis (Figure 9.). The synthesized compounds rac-2a-I were characterized by *H and

13C NMR measurements.

. . Iv. COOH V. COOH
RS0 e RoH — = RX —= R COoRt T R —_— R/Y
NHCOCH NHCOCH, NH,
X =Br
6a-l 7a-l 8a-l 9a-l rac-10a-l rac-2a-l
CH, OCH,4
@/\ H30\©/\ /@A @)\ H300\©)\ /@)\
HsC H,CO
a b c d e f
CFs Br
@)\ F3C\©)\ /@A @)\ B\@)\ /@)\
FsC Br
g h i j Kk 1

I. NaBH,, MeOH, r.t; Il. N-bromosuccinimide, PPhs, CH,Cl,, r.t; lll. NaH, CH;CONH(CO,Et),, DMF, 60°C; IV. a)10%
NaOH, MeOH, reflux; b) toluene, reflux; V. 18% HCI, 1,4-dioxane, reflux

Figure 9. The synthesis of the racemic amino acids rac-2a-I

3.1.2. Chemical synthesis of acrylic acids

The synthesis of acrylic derivatives 1la-z, 1a’ was performed using the corresponding
aldehydes 6a-a’ as starting material, with the Knoevenagel-Doebner reaction (Figure 10.).

The synthesized compounds 1a-z, 1a’ were characterized by *H and *3C NMR measurements.
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CH3(COOH),

o g\ COOH
pyridine, reflux, 80°C/

6a-a’ piperidine, DMSO, 100°C 1a-a'

@Mww%dﬁ@w& o

«‘.‘w Q“@* cho, o

Figure 10. The synthesis of the acrylic acid derivatives 1a-z, 1a’

3.1.3. Synthesis of the fluorogenic diaryltetrazole probe

The tetrazole fluorogenic probe 4, useful for the development of the fluorescent PAL-
activity assay (Objective 3), was obtained via a synthesis route starting from the
commercially available aldehyde 6a’. The aldehyde 6a’ in the reaction with
phenylsulfonylhydrazine results the phenylsulfonylhydrazone 11, which upon reaction with
4-methoxyphenyldiazonium salt 13 resulted the tetrazole product, 2-(4-methoxyphenyl)-5-
phenyl-2H-tetrazole 4 (Figure 11.). The tetrazole derivative 4 was further used as fluorogenic

probe within the fluorescent assay.

S)
@N] Cl OMe
o 8
H /@ MeO g ,\’/N\N
N0  PhSO,NHNH, SNsgr N
e —— o” "0 .
EtOH pyridine
6a’ 11 4
NH, o
@N]Cl
NaNO, /©/N’
_—
MeO
OMe
12 13

Figure 11. Synthetic route for 2-(4-methoxyphenyl)-5-phenyl-2H-tetrazole (4)
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3.1.4. HPLC methods for the conversion determination of PAL-mediated

biotransformations

Ammonia addition reaction : Ammonia elimination reaction
COOH : COOH PAL COOH
R Xy ~COOH DPePAL R/\l/ : R/\r P,c = N R/\E/
4 M NH4OH H Tris buffer z
o b NH, . NH; pH 8.8 NH,
1a-l L-2a-l rac-2a-l 1a-l D-2a-l

Figure 12. PcPAL-catalyzed ammonia addition and ammonia elimination reactions

To investigate the conversions of the PcPAL-catalyzed ammonia elimination and
ammonia addition reactions (Figure 12.), the relative response factor of the product and
substrate, the cinnamic acid derivatives reported to the amino acids have been determined.
For this purpose the mixture of known composition of the corresponding racemic amino acid
rac-2a-l and the corresponding acrylic derivative la-l was injected onto Gemini NX-C18
column (150 x 45 mm; 5 um) and eluted with different conditions (ensuring baseline
separation of the racemic phenylalanine and the corresponding cinnamic acid derivatives),
while the ratios of the corresponding peak areas were correlated to the molar ratios of the
reactant and product.

To determine the enantiomeric excess (ee) value of D-2a-1 obtained from the ammonia
elimination reactions and L-2a-l, product of the ammonia addition reactions, chiral HPLC
separation methods of the rac-2a-I have been developed using Crownpak CR-1 (+) chiral
column (150 x 3 mm; 5 um) and HCIO4 (pH=1.5): ACN as mobile phase, at different flow
rate.

3.1.5. HPLC methods for the conversion determination of FDC1l-mediated

biotransformations

To explore the substrate scope of ScFDC1 (Objective 3.1), HPLC methods for
conversion determinations of the FDC1 catalyzed enzymatic reactions were developed.
Quantification of the conversions were based on the consumption of the cinnamic acid
substrates 1d-z, a’, monitored by RP-HPLC, using anisol as internal standard and Gemini
NX-C18 150x4.5 mm or Zorbax SB-C8 50x2.1 mm columns, at flow rate: 1mL/min under
different elution conditions. Calibration curves were obtained by injecting mixtures of
different concentration of cinnamic acid derivatives and fixed (5 mM) concentration of

internal standard.
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3.2. Rational design-based protein engineering of PAL from Petroselinum crispum

3.2.1. Generating a library of PcPAL single mutants through rational design

By the individual replacement through site-directed mutagenesis of each residue from
the hydrophobic binding pocket of the PCPAL active site to less voluminous Ala (A) and Val

(V), a concise library of single mutants was obtained (Figure 13.).

Entry PcPAL mutants Tyr110
' HoN Asn384
1 L134A : E
: Q >//>/ Leu206
2 L34V 5 Gin348 Val259
3 FI37A ; NH, \?
F137V : ?
: Leu134
: Arg354 N
L138A : A/ \|/NH2 o O 7

4

5 ' . X

6 L138V NHy ° >\>/

7 1206A )\/t(;[x 7

— ] ST F (™ Oy
v Tyr351 ?

9 L256A 5 202-204 ®
o) N
10 L256V : NH, 0% .@.. Hd
: lle460
11 1460A :
! Asn487

12 1460V Gluaga Lys456

Figure 13. List of the PcPAL single mutant library, obtained by replacing the residues of the
hydrophobic binding pocket (purple) of the enzyme active site to less voluminous Ala (A) and Val
V)

3.2.2. Screening the activity and selectivity of the PcPAL-mutant library

We tested the PcPAL-single mutant library in the ammonia addition and ammonia
elimination reactions, using as substrates cinnamic acid and phenylalanine analogues, mono-
substituted at all positions (o-, m-, p-) of the aromatic ring with both electron-donating (-CHs,
-OCHpa) and electron-withdrawing (—CFs, -Br) substituents (Figure 14.). First relative initial
enzyme activities were measured in order to identify the best mutant variants with the highest
enzyme activities both in the ammonia elimination and addition reactions (Figure 15., Figure
16.). The best performing mutants with the three highest conversions and relative activities
were further used in selectivity screens, and besides the conversion values of substrates, the

enantiomeric excesses (eep) of products were also determined (Table 1-3.).
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Ammonia addition reaction : Ammonia elimination reaction

COOH : COOH COOH
A CooH  _PePAL R/\r : R/\( PRAL AN CO0H | g\
R 4 M NH,OH H Tris buffer =
oH 10 NH, H NH, PHB.8 NH,
1a-l L-2a-l rac-2a-| 1al D-2a-l

Electron donating substrates Electron accepting substrates

CHy CFy
@)\ HSC\©)\ /@/\ @)\ Fs‘\@)\ /@)\
HsC' FsC
a b c <] h i
OCHj4

Br
@/\ H300\©/\ /@)\ @/\ Br\@/\ /@)\
HaCO Br
d e f i k I

Figure 14. Cinnamic acid and phenylalanine analogues, mono-substituted at all positions (o-, m-, p-)
with electron-donating (-CHs, -OCHs) and electron-withdrawing (—CFs, -Br) substituents used in the

ammonia addition and elimination reaction of the PcPAL single mutants
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* reactions were measured by UV microplate reader monitoring the production of cinnamic acid analogue through absorbance at 290 nm;
** reactions were analyzed after 16 h reaction time by reverse phase HPLC

Figure 15. Representative activity screening for the ammonia elimination reactions of the methyl-

susbstituted phenylalanine analogues rac-2a, 2b, 2¢
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Figure 16. Conversion values of ammonia addition reactions of methyl-susbstituted acrylic acid
derivatives 1a, 1b, 1c after 16 h
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The best performing mutants with the three highest conversions and relative activities
were further used in selectivity screens, and besides the conversion values of substrates, the

enantiomeric excesses (eep) of products were also determined (Table 1-3.).

Both in ammonia addition and elimination reactions similar mutations provided
enhanced catalytic properties, despite the differences between the reaction medium of the
ammonia addition (4-6 M NHgz, pH 10, buffered with CO2) and ammonia elimination

(Tris.HCI, pH 8.8) reactions, suggesting that the hydrophobic pocket of the active site adopts
similar fold relative to the substrate in both reaction routes.

In case of o-substituted substrate analogues wt-PcPAL and L256 variant provided
highest conversions both in ammonia addition and elimination reactions, excepting in case of
o-methoxy substituted substrates rac-2d and 1d where the mutants L256 and wild-type
PcPALs provided low activity (0-1% conversion), while mutant L134A, similarly as in case
of substrates containing linear meta-substituents (1b,ek,rac-2b,ek), showed significantly
increased conversion (29.3% for rac-2d and 47.9% for 1d), supporting a spatial orientation of

the methyl group towards of residue L134 (Table 1.).

Tabel 1. Conversion and enantiomeric excess values of the best PcCPAL single mutants and wild-type
PcPAL in the ammonia addition and elimination reactions on ortho-substituted substrates after 16 h

reaction time

Electronwithdrawing group Electrondonor group
] -Br -CF3 -CHs -OCH3
ortho-substituent
E c ee E c ee E c ee E c ee
%) (%) (%) (%) (%) (%) (%) (%)
1j 1g la 1d
. L256V 915 >99 | L134A 784 >99 | L256V 62.1 >99 | L134A 479 >99
Ammonia
addition* L256A 89.8 >99 | L256V 77.6 >99 wit 543 >99 | L134v 185 >99
o wit 89.0 >99 wit 76.2 >99 | L134A 524 >99 | L206V 5.7 >99
‘3 F137v 859 >99 | L206V 76.1 >99 | 1460V 474 >99 wt <1 -
o
= rac-2j rac-2g rac-2a rac-2d
(<5}
@ L256V 491 97.2 { L256V 50.8 >99 | L256V 549 >99 | L134A 293 411
Ammonia
o L256A 44.8 84.8 { L206V 51.8 >99 wt 528 >99 | 1460V 1.3 1.3
elimination*
1460V 447 793 { L256A 50.0 >99 | 1460V 50 >99 wt 1.0 11
wit 420 724 wit 49.0 940 | 1460A 386 628 | L256A <1 -

*the reactions were performed under the conditions of the initial screenings
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In case of meta-substituted substrates mutations of L134A and 1460V provided higher
conversions both in ammonia addition and elimination reactions (Table 2.), in accordance
with the proposed substrate binding model (Figure 13.), since mutation of both L134, 1460
residues to less voluminous Ala (A) and Val (V) could provide more space for the meta-

substituents of the substrate.

Tabel 2. Conversion and enantiomeric excess values of the best PcCPAL single mutants and wild-type
PcPAL in the ammonia addition and elimination reactions on meta-substituted substrates after 16 h

reaction time

Electronwithdrawing group Electrondonor group
meta- -Br -CFs3 -CHs -OCH3
substituent E c ee E c ee E c ee E c ee
(%) (%) (%) (%) (%) (%) (%) (%)
1k 1h 1b le
. L134A 796 >99 | 1460V 36.9 >99 | L134A 227 >99 | L134A 73.0 >99
Ammonia
addition* 1460V 68 >99 | L134A 175 >99 | 1460V 127 >99 | F137Vv 245 >99
g 1460A 296 >99 | L138v 111 >99 | L134v 938 >99 wt 16.9 >99
>
= wit 289 >99 wt <1 - wt 4.9 >99 | 1460V 4.2 >99
o
=) rac-2k rac-2h rac-2b rac-2e
[}
o L134A 489 941 | 1460V 314 495 | L134A 238 312 i L134A 512 >99
Ammonia
o 1460V 424 778 | L134A 262 385 | 1460V 146 20.4 | L134V 295 40.3
elimination®
wit 314 470 wt 9.1 9.9 | L134v 9.1 102 wt 16.1  20.2
F137v 245 33.0 | F137v 6.9 75 wt 7.1 1.7 1460V 7.9 8.7

*the reactions were performed under the conditions of the initial screenings

Expectedly, low conversions were obtained with wt-PcPAL in case of para-
substituted substrates (except the moderate conversion of 34.2% for p-bromo-substituted rac-
2l), and the mutants F137V and 1460V provided higher activity. For some substrates like 1l
and 1i, the conversions with F137V variant were higher (c=61.2% for 1l and ¢c=73.9% for 1i)
than those with 1460V mutant (c=51.1% for 1l and ¢=20.4% for 1i), but the enantioselectivity
was higher for 1460V (ee.2i and ee,.21 of 99% when using 1460V, ee,2i=97% and ee,.2=91.0%
when using F137V) (Table 3.).
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Tabel 3. Conversion and enantiomeric excess values of the best PCPAL single mutants and wild-type

PcPAL in the ammonia addition and elimination reactions on para substituted substrates after 16 h

reaction time

Electronwithdrawing group Electrondonor group
para- -Br -CF3 -CHs -OCHs
substituent E c ee E c ee E c ee E c ee
(%) (%) (%) (%) (%) (%) %) (%)
1l 1i 1c 1f
. F137v 612 97 | F137Vv 739 910 | F137V 16.6 >99 1460V 11.8 >99
Ammonia
addition* 1460V 51.1 >99 | 1460V 204 >99 | 1460V 16.2 >99 | F137v 54 >99
o L138v 132 >99 | F137A 16.6 >99 wt 6.0 >99 | L138A 29 >99
‘E wt 76  >99 wt 57 >99 | L134v 3.7 >99 wit <1 -
o
g rac-2I rac-2i rac-2c rac-2f
D
o 1460V 498 >99 | F137V 488 815 | 1460V 221 258 | F137Vv 21  26.1
Ammonia
L F137v 450 959 | 1460V 36 51.7 | F137v 10.7 23.8 | 1460V 16.8 19.1
elimination*
wt 342 543 { F137A 301 422 wt 30 31 | 1460A 120 151
L256v 7.9 86 wt 59 63 | 1460A 19 19 wt <1 -

3.2.3. Enzyme Kinetic measurements

*the reactions were performed under the conditions of the initial screenings

Further, enzyme kinetic parameters such as Michaelis contanst (Km) turnover number

(keat), specificity constant (kca/Km) were determined using as model substrates o-, m-, p-CFs-

phenylalanines (rac-2g,h,i) the purified wild-type PcPAL and the best-performing variants as

biocatalysts within the ammonia elimination reactions (Table 4.).

Table 4. Kinetic parameters for the ammonia elimination reactions of rac-2g,h,i

rac-2g (0-CFza) rac-2h (m-CFs3) rac-2i (p-CFs)
PcPAL
wt L206V  L256V wt 1460V L134V wt F137V 1460V
Km (1M) 523 743 2733 533 163 912 2490 151 901
-1
Keat 5 7) 0.042  0.041 0.148 | 0.057  0.200 0.203 0.25 0.42 0.55
keatKp 6 *M 7Y | 617 64.8 54.2 103.2 12270 222.8 1004 27814 6111
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In accordance with the conversion value-based ranking of the mutant variants,
obtained with whole cells PAL-biocatalysts, the keat values obtained with purified enzyme,
were also significantly higher for the best-performing mutants than those for the wt-PcPAL.
The higher Ku values in the case of o- and m-CFs-phenylalanines (rac-2g,h), suggest lower
affinity and is in accordance with previous studies'®, where a more relaxed arrangement of
the substrate within the catalytic site for the tested mutant variants was suggested. As
exception, for the m-CFs-phenylalanine (rac-2h) the 1460V mutant shows increased activity
and also affinity and supports the proposed interaction of the electron-withdrawing
substituents with residue K456 (Figure 13.). The kecat/Km values increased in the case of the
best performing mutants for the model substrates in kinetic measurements in comparison with
the keat/Km values for the wt-PcPAL (Table 4.), supporting the increased catalytic efficiency
observed also within the whole-cell biotransformation.

3.2.4. Synthetic aplicability of the engineered PcPAL variants.

The preparative scale biotransformations were performed on 500 mg scale. The
enantiopure phenylalanine analogous (S)-2k and (R)-2c were isolated using ion-exchange
chromatography with high vyields: 94% and 60%. The optical purity of the products were:
ee(s)-2«> 99% and eer)-2c= 97% (Figure 17.).

-NH H s =97% |
COOH 5 : g COOH  °% ¢ NH__(CH,),COH |
/@/\;/ 1460V PcPAL ; @& Y:47% e T 2)nCO; i
HyC NH; ' HyC NH; [a]p: +0.7 i
! CHy 1
rac-2¢ (R)2¢ Pinl inhibitor
1

NH; NH,

Br . COOH L134A PcPAL : Br 5 .COOH  ee: >99% o o
—_ ! Y:60% R EE NH
: NH NH Ay
: 2 fa]i: -39 SR

2k ; ($)-2k Cmpd-15

Figure 17. The preparative scale biotransformations for the ammonia addition reactions of m-bromo-
cinnamic acid 1k using L134A PcPAL and for the ammonia elimination reactions of racemic p-

methyl-phenylalanine rac-2c using 1460V PcPAL
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3.2.5. Crystallization studies

Crystallization studies were also performed to further support the orientation of the
differently positioned of (ortho-, meta-, para-) substituents of the substrate aryl ring within
the hydrophobic part of the active site of PCPAL (Figure 13.) provided by the mutational
analysis. The sample of the purified 1460V PcPAL variant the p-MeO cinnamic acid were
prepared within the Biocatalysis and Biotransformation Research Center, while
crystallization studies was performed by the collaborator group of Prof. Cristopher Schofield
from the University of Oxford, Department of Chemistry, Chemistry Research Laboratory.
The resulted crystal structure shows the 1460V mutant of PcPAL with the substrate p-
methoxy cinnamic acid 1f in the active site (Figure 18.) and has been deposited within the
Protein Data Bank (PDB ID: 6RGS).

The active site residues of the crystallographic structure are in accordance with our
model obtained from the mutational analysis. Analyses of the substrate binding mode shows
the para-position of the aromatic ring in close proximity of the substituted residue 460. An
overlay with the reported structure of the wt-PcPAL?® reveals a potential steric clash with the
1460 side chain (Figure 18.). The other residues in the hydrophobic active site are in very
similar positions as in our model (Figure 18.). An exception is the K456 which is between
the F137 and 1460 residues.

Leu134

Leu256 ¥~\l
) SN
L‘j\ O Leu138 J_\:ﬁ’ Phe137
Val259\/& s Zag
) 2N

PN\

Asn384\_, O =
@ SN Lys456
Leu206 Nz
? :
‘ P
/b MIO wt: 1led60
x 202-204 mutant; 460V
Arg354 1)
/

d

Figure 18. The crystal structure of the PCPAL 1460V mutant (PDB ID 6RGS) (1460 side chain is
magenta) overlaid with the wt-PcPAL (160 side chain is gray) with the p-methoxy-cinnamic acid 1f at

the active site
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3.2.6. Conclusions

It was revealed the correlation between the position (ortho-, meta-, para-) of the
substrate’s aryl ring substituent and specific active site residues within the hydrophobic
binding region of the PcPAL enzyme. Initially using the synthesized phenylalanine and
cinnamic acid analogues, mono-substituted at all positions (ortho-, meta-, para-) of the

aromatic ring with electron-donating (-CH3, -OCH3) and electron-withdrawing (-CF3, -Br)

substituents, we monitored the PAL mediated biotransformations in both reaction directions
of ammonia eliminations and ammonia addition. The enzyme activity rankings obtained from
conversion values of whole-cell biotransformations, were further supported by the kinetic
parameters (Kwm, Keat, Kcat/Km) oObtained with purified enzyme biocatalysts. In accordance with
the model created from the mutational strategy, the crystallographic analysis of the binding
mode of p-methoxy cinnamic acid, at the active site of PCPAL 1460V, supports the proposed
orientation of the methoxy group toward residue 460V and provides the first structure of an
active PAL with a ring-substituted substrate analogue bound at the active site (PDB ID:
6RGS).

To demonstrate the synthetic applicability of the engineered PcPAL variants, the
preparative scale production of enantiopure phenylalanine analogues of high synthetic value,
such as(S)-m-bromo-phenylalanine (S)-2k and (R)-p-methyl-phenylalanine (R)-2c, were
obtained with high yields.

Accordingly we demonstrated that our rational design approach of PAL from
Petroselinum crispum is highly efficient in providing PAL variant with significantly
increased catalytic efficiency for the production of synthetically valuable phenylalanine

analogues.

3.3. Development of high-throughput PAL-activity assay applicable for directed

evolution based protein engineering

Directed evolution driven protein engineering is the most efficient procedure for
expanding the substrate scope of enzymes, and/or to increase their catalytic activity?%2122,
However largely sized mutant libraries (>103-10* clones) are generated, from which the
proper selection of hits have to be performed through high-throughput activity assays. While
high-throughput PAL-activity assays have been developed?®, their general applicability is still
limited.
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In our aim to develop an enzyme-coupled assay for measuring the PAL-activity
employing ferulic acid decarboxylase (FDC1) as coupled enzyme, first it was crucial to

investigate the compatibility of the substrate scope of FDC1 and PAL enzymes.

3.3.1. Exploring and extending the substrate scope of ferulic acid decarboxylase for

ensuring compatibility with the substrate domain of PALSs

To explore the substrate scope of SCFDC1, first the decarboxylation activity of
the enzyme was tested using a largely sized substrate library (Figure 19.), containing
cinnamic acid derivatives, which can be produced by the PAL-catalyzed ammonia
eliminations of the corresponding phenylalanine analogues. The results showed that FDC1

transformed efficiently a wide variety of cinnamic acid analogues (Table 5.).

R\ ~COOH FbC1
PH7.0

1d-z, a’ -Cco, 3d-z,a’

S Lo oLt S
o o G 03, GF o 6F "o

o‘n‘&oﬂcﬁ oty o

Figure 19. The FDC1 catalyzed decarboxylation reaction of cinnamic acid analogues 1d-z, a’
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Table 5. ScFDC1-containing whole-cell biotransformations of 1d-a’: A) conversions from initial
screening, after 24 h reaction time B) maximal conversions obtained under optimized conditions: 100
mM sodium phosphate buffer pH 7.0, cells ODsoo 0f ~1, 35°C.

Substrate A B
(%) | t() | c* (%)

(E)-3-(2-methoxyphenyl)acrylic acid 1d 82 48 92[al
(E)-3-(3-methoxyphenyl)acrylic acid le 92 48 >99
(E)-3-(4-methoxyphenyl)acrylic acid 1f 86 72 >99
(E)-3-(2-(trifluoromethyl)phenyl)acrylic acid 1g 42 72 62[a
(E)-3-(3-(trifluoromethyl)phenylacrylic acid 1h 80 48 g7l
(E)-3-(4-(trifluoromethyl)phenylacrylic acid 1i 69 48 82l
(E)-3-(2-bromophenylacrylic acid 1j 80 48 83l
(E)-3-(3-bromophenyl)acrylic acid 1k >99 8 >99
(E)-3-(4-bromophenyl)acrylic acid 1 >99 24 >99
(2E,4E)-5-phenylpenta-2,4-dienoic acid Im 95 48 >99
(E)-5-phenylpent-2-enoic acid 1n <1 72 <1

(E)-3-(naphthalen-2-yl)acrylic acid lo 96 48 >99
(E)-3-(quinolin-2-yl)acrylic acid 1p 31 8 390k
(E)-3-(quinolin-4-yl)acrylic acid 1q 33 8 28l
(E)-3-(benzofuran-2-yl)acrylic acid 1r >99 8 >99
(E)-3-(benzofuran-3-yl)acrylic acid 1s 75 30 79[a
(E)-3-(5-chlorobenzofuran-2-yl)acrylic acid 1t 93 8 >99
(E)-3-([1,1'-biphenyl]-4-yl)acrylic acid 1u 26 30 590
(E)-3-(4'-fluoro-[1,1'-biphenyl]-4-yl)acrylic acid v 48 48 700
(E)-3-(5-phenylthiophen-2-yl)acrylic acid 1w 82 72 85[al
(E)-3-(5-(4-bromophenyl)furan-2-yl)acrylic acid 1x <1 72 <1

(E)-3-(2-phenylthiazol-4-yl)acrylic acid ly <1 72 <1

(E)-3-(10-methyl-10H-phenothiazin-2-yl)acrylic acid 1z <1 72 <1

cinnamic acid 1a’ 75 24 >99

[a]-complete conversion reached after additional 24 h with fresh cell batch; [b]-no conversion increase
after additional 24 h reaction time with fresh cell batch; *Determined through HPLC monitoring the

substrate depletion.

3.3.1.1. Optimization of reaction conditions of the FDC1-mediated biotransformations
After the initial screenings the optimization of the whole-cell ScFDC1

biotransformations were performed. The optimization consisted of the following: the effect of

pH, temperature and biocatalysts/substrate ratio on the conversion values of the whole-cell

biotransformations, using as model substrate 3-(3-(trifluoromethyl)phenyl)acrylic acid (1h).

The effect of pH on biotransformations

The influence of pH (6.0, 6.5, 7.0, 7.5, 8.0) on the FDC1-catalyzed decarboxylation
reaction was tested with 3-(3-(trifluoromethyl)phenyl)acrylic acid (1h) using 100 mM sodium
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phosphate buffer at pH 6.0, 6.5, 7.0, 7.5, 8.0. The highest conversion values were obtained at
pH values of 6.0-7.0 (Figure 20.), in accordance with the reported pH optimum for the
purified FDC1 enzyme?®,

a7
Ml
wéééém

Figure 20. The effect of pH to the FDC1 catalyzed decarboxylation of 1h

The effect of temperature on biotransformations

The influence of temperature (30, 35, 40, 45C) on the FDCl-catalyzed
decarboxylation reaction was tested with 3-(3-(trifluoromethyl)phenyl)acrylic acid (1h). The

highest conversion values were obtained at 35°C (Figure 21.).
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< 401 B 35°C

§ M 0°C

§ 20 Bl 45°C

Time (h)

Figure 21. The effect of temperature on FDC1 catalyzed decarboxylation of 1h

Effect of cells quantity on biotransformation

Further, the effect of biocatalyst/substrate ratio on conversion values was tested with
3-(3-(trifluoromethyl)phenyl)acrylic acid (1h) by using different amounts of whole-cell
biocatalysts (ODeoo Of 1,2 or 3).
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Increasing the amount of whole-cell biocatalyst, higher conversion was achieved after
the same reaction time. Using cell density of ODesoo=1 providing 42% conversion, whereas
using higher cell densities of 2 and 3 conversion of 76% and complete conversion,
respectively, were registered after 4 h reaction time. To avoid too short reaction times, which
would disturb the precision of time-monitoring of the reaction, in further experiments,

comparison of the SCFDCL1 activity with different substrates was performed at moderate cell
densities (ODgoo <2).

Time conversion profile of the FDC1-mediated biotransformations performed with the
optimized procedure

Finally, to realize time conversion profiles, the ScFDC1-catalyzed enzymatic
reactions were performed under the optimal reaction conditions (100 mM sodium phosphate
buffer pH 7.0, cells ODesoo of ~1, 35°C) for the entire substrate panel (1d-a’) and the
conversion values were monitored over longer time period (Figure 22a,b.; Figure 23a,b.),
and the samples were taken after 1, 2, 3, 4, 8, 24, 30, 48, and 72 hours.

The decarboxylation reactions using the optimized reaction conditions of the
whole-cell FDC1 reached complete conversions in the case of substrates 1a’,k,l,rt in
relatively short reaction time (<24h, Figure 22a., Table 5B.). For the substrates 1e,f,m,o

the conversions completed in longer reaction time (<72h, Figure 22b., Table 5B.).

a) b)
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Figure 22. Time conversion profiles for the SCFDC1 catalyzed decarboxylation reactions
using whole cells and the optimized reaction conditions: a) substrates 1a’,k,l,r,t with complete
conversions in relatively short reaction time (under 24 h), b) substrates 1e,f,m,o with complete

conversions in longer reaction time (24-72 h)
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The substrates 1d,h,i,j,s,v,w reached high but incomplete conversions after 72 h
(Figure 23a., Table 5B.), and for the substrates 1g,p,q,u moderate or low conversions
were registered after 72 h (Figure 23b., Table 5B.). Using the substrates 1n,x,y,z no
conversions were detected (Table 5B.).
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Figure 23. Time conversion profiles for the SCFDC1 catalyzed decarboxylation reactions
using whole cells and the optimized reaction conditions: a) substrates 1d,h,1,j,s,v,w with high
but incomplete conversions and; b) substrates 1g,p,d,u with moderate or low conversions up

to 72 h reaction time.

3.3.1.2. Computational studies

The conversion values/reaction rates are influenced by multiple substrate-related
factors, such as inductive effects of substituents, presence of extended conjugation, substrate
orientation related to the prFMN and within the catalytic site, the latest being influenced by
both size and planarity of substrate (Figure 24.).

Thus we performed computational studies to determine the substrate orientation in
and along the active site of the FDC1 in order to explain the differences in the conversion
values of the substrates 1d-z, a’.

Computational studies shows that in case of 5-(4-bromophenyl)furan-2-yl)acrylic acid
1x an energetically favored, inactive substrate orientation was observed related to prFMN and
the enzyme key residues (R175, E280,E285) and presumably the length of the substrate also
exceeds the limits of the catalytic site for active binding position (Figure 25a.). The volume
of the active site is also a problem in case of the substrate 1z, where the energetically favored
position of the substrate does not allow the accommodation of the substrate in the catalytic
center, instead other surficial substrate binding position is observed in the proximity of the
catalytic site (Figure 26.).
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Figure 24. Comparison of ligand (a-methyl trans-cinnamate) conformations taken from the 4ZA7
crystal structure (violet) with the lowest energy docking pose (green), and with the reported transition
state geometry?* (orange) of 1,3-dipolar cycloaddition. I. — top view - the alignment of the double
bond with respect to the prFMN cofactor in the docking conformation is in good agreement with the
transition state geometry obtained by QM/MM study; 11. — front view — substrate orientation related to
prFMN and key residues R175, E280 and E285

a) b)

Figure 25. a) The energetically favored, inactive orientation of 1x (purple) compared to the active
orientation of 1a’ (green); b) The inactive pose of 1y (magenta) and 1n (blue) within the catalytic
site of FDC1, with the double bond located in an arrangement with respect to prEFMN, which is

unfavourable for the 1,3-cycloaddition in comparison with the productive orientation of bulky 1w

(green)

In case of (2-phenylthiazol-4-yl) acrylic acid 1y the position of the o,p-double bond
was unfavorable for the C1’ and C4a atoms of the prFMN cofactor. In the case of the
substrate 5-phenylpent-2-enoic acid 1n for which also no conversion was detected (Table 5.),

the absence of the m-system and unfavorable arrangement of the acrylic double bond and
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because of this the non-planar molecular arrangement do not let the formation of the 1,3-
cycloaddition (Figure 25b.).

To extend the computational studies and to demonstrate that we can predict, or even
more, to improve the enzyme active site for the substrates where no conversions were
detected, the substrate-cofactor (prFMN) intermediates resulting after the 1,3-cycloaddition

were investigated and were computed in gas phase (Figure 27.).

Figure 26. The energetically favored position of the substrate 1z in the surface cavity (pink colored)

located above the binding pocket (blue colored) of the FDC1 enzyme

Figure 27. a) Ground state conformation of substrate 1x in the cycloadduct is hindered by the

proximity of the bromine atom and the backbone carbonyl of residue K394; b) Steric clashes
between the sulphur atom of covalent intermediate, formed by 1y and prFMN and residue 1330 are
highlighted by violet dotted lines

The residues 1330 and Q192 were replaced by smaller residues Ala (A), Val (V) using

site-directed mutagenesis and the obtained single mutant variants were tested in the
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decarboxylation reaction of bulky substrates showing steric repulsion with the gate limited by
1330 and Q192 (Table 6.). In accordance with the computational results 1330A and 1330V
improved the catalytic efficiency in case of the substrate 1y, while the decreased activity of
Q192N variant supports that residue Q192 is involved in binding of the prFMN cofactor.

Table 6. Conversion values with wild-type (wt)-ScFDC1 and ScFDC1 mutants for the substrates

1a’,x,y,z after 24 h
ScFDC1 mutant
wt-ScFDC1
Substrate I1330A 1330V Q192N
Conversion (%)
cinnamic acid (1a”) >99 >99 >99 92
(E)-3-(5-(4-bromophenyl)furan-2-yl)acrylic acid (1x) <1 <1 <1 <1
(E)-3-(2-phenylthiazol-4-yl)acrylic acid (1y) <1 15 5 0
(E)-3-(10-methyl-10H-phenothiazin-2-yl)acrylic acid (1z) <1 <1 <1 <1

3.3.1.3. Conclusions

The substrate scope of SCFDC1 was explored using differently (ortho-, meta-, para-)
substituted phenyl-, bulky heteroaryl- or biaryl-analogues of cinnamic acid, products of the
biotransformation mediated by wild-type or engineered PALSs. The results demonstrate FDC1
has a broad substrate scope with significant overlapping with the substrate scope of PCPAL
allowing the application of the PAL-FDC1 enzyme cascade for various substrate analogues.
Molecular docking was performed to mark the correlations between the conversion values
and the nature of the substrates. Based on computational studies sterical hindrance for
substrate accommodation within the catalytic site of SCFDC1 has been identified, and the

mutational studies provided ScFDC1 variants with extended substrate scope.

3.3.2. Assembly and validation of the high-throughput fluorescent enzyme-coupled

activity assay

3.3.2.1. Fluorogenic reaction set-up

Firstly we focused on the selection of reaction medium for the combined PAL-,
FDC1- and 1,3-cyloaddition reactions between the tetrazole fluoroprobe and the styrene
(Figure 28.).
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Figure 28. PAL and FDC1 coupled fluorescence assay

Accordingly, water-miscible organic solvents (acetonitrile, methanol) and/or solvents
which are capable to extract the styrene from the aqueous medium (n-hexane) were tried in
the FDC1-mediated decarboxylation reaction of cinnamic acid 1a’. Best fluorescence signal
intensities and signal:noise ratio were observed when n-hexane was used for styrene
extraction.

Next the effect of styrene 3a’ and tetrazole 4 concentrations on the fluorescence
signal turn-on for the product 5 were determined using 3D excitation-emission scans (Figure
29.). Using the same concentration from both reaction partners (styrene 3a’ and tetrazole

fluoroprobe 4) the fluorescence signal turn-on was the highest.
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Figure 29. The effect of different styrene 3a’ and fluoroprobe 4 concentrations. The corresponding

excitation and emission maxima determined by 3D excitation-emission scans

Further, it was necessary the investigation of the detection limit for the determination

of PAL-activities. Therefore, calibration curves were performed (Figure 30.).
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Figure 30. a) and b) the detection limit (defined as mean of negative controls plus three times the
standard deviation of negative controls) of 25 uM styrene was obtained under a linear response up to

1 mM styrene using 0.5 mM of fluorogenic probe 4

3.3.2.2. Coupling the PAL-, FDCL1- and fluorogenic reactions

Further we tested the coupling of PAL-, FDC1- and fluorogenic reaction steps. The
application of PAL-activity assay at whole cell level or cell lysates, suitable for activity
analysis of clone-libraries obtained from directed evolution experiments. Mixtures of induced
E. coli whole cells harboring the recombinant pcpal®® and scfdc1?® genes were tested as
catalysts for the ammonia elimination of L-Phe and the subsequent decarboxylation of
cinnamic acid. To rule out cell penetration issues of substrates or products, besides the whole
cell-biocatalysts, the cell lysates of the induced PAL- and FDC1-whole cells were also tested.

The highest signal intensities were obtained when we used the combined reaction
system (PAL- and FDC1-whole cells were added at the same time, Figure 31.). Moreover
using cell lysates did not increase the signal intensities which suggest that no cell penetration
issues are occurring.

Further, the genes encoding PcPAL and ScFDC1 were sub-cloned into pCDFDuet-1
vector, for their co-expression, providing a combined PAL-FDC1 whole cell-biocatalyst to
exclude that the use of two separate whole cell-systems for PAL and FDC1 biocatalysts
hinders the efficiency of the activity assay. The two system was compared and afforded

similar results (Figure 32a,b.).
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Figure 31. Fluorescent signal intensities for the differently coupled PAL-, FDC1- reactions
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Figure 32. a) separate PCPAL and FDC1 system b) combined PcCPAL-FDC1 system

3.3.2.3. Assay optimizations
The effect of pH on biotransformation

We tested the effect of pH upon the fluorescence signal intensities for the combined
PAL-FDC1 reactions, because the pH optimums for the FDC1 mediated decarboxylation is at
6.5-7.0 and for the PAL catalyzed ammonia elimination reactions is at 8.0-8.5. The highest

signal intensities were obtained at pH 7.5-8.0 (Figure 33.).
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Figure 33. The determination of pH optimum of the coupled PAL-, FDC1- whole cell
biotransformations in comparison with the pH optimum of the isolated wild-type PcPAL-enzyme and
of the FDC1-whole cell biotransformations

Effect of cells quantity on biotransformation

At optimal pH of 8.0, the effect of biocatalysts cell densities upon the
fluorescence signal intensities for the combined PAL-FDC1 reactions was studied (Figure
34.).
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Figure 34. The effect of different cell density of FDC1 (ODeo~1,2,3,5,10) upon the
fluorescence signal intensities using constant PcCPAL whole cell-concentrations of ODggo~1 in the
combined PAL-FDC1 fluorescent activity assay. The negative controls were performed without
PcPAL whole cells

3.3.2.4. Method validation

To explore the applicability of the assay, we analysed the procedure using

phenylalanine ammonia-lyases with different, known activities towards non-natural

34



substrates. Mutants of PCPAL with high activity developed through rational design within
this study (described at Chapter 3.2.), and the wild-type enzyme was tested using as model
substrate the p-methoxy-phenylalanine. In the first study the highest PAL-activities were
obtained for the mutants of PcPAL 1460V, 1460A and F137V. In the fluorescence assay, the

highest intensities were registered in the case of the same mutants (Figure 35.).
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Figure 35. Fluorescence signal intensities using different PCPAL mutants p-MeO-Phe as
substrate

To further support the general applicability of the procedure, the assay was performed
using whole cells harboring genes of different ammonia-lyases: PAL from Arabidopsis
thaliana (AtPAL) (Figure 36a.), tyrosine ammonia-lyase (TAL), PALs from Rhodotorula
sp.%’, histidine ammonia-lyase (HAL) from Pseudomonas fluorescens?® known as inactive

towards L-tyrosine, provided signals at the level of negative controls (Figure 36b.).
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Figure 36. a) Fluorescent assay with PAL from Arabidopsis thaliana (AtPAL) b) Fluorescent assay
with PAL from Rhodotorula toruloides (RtPAL) for TAL-activity detection
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3.3.2.5. Conclusions

In this study a novel high-throughput fluorescent, enzyme-coupled assay was
developed for the determination of PAL activities using the FDC1 enzyme with broad
substrate range. The developed assay was successfully optimized and validated using
different mutants of PCPAL. The general applicability of the assay was also demonstrated
using different type of ammonia-lyases such as PCPAL from Petroselinum crispum, AtPAL
from Arabidopsis thaliana and RtPAL from Rhodotorula toruloides. This high-throughput
activity assay allow the testing of largely sized mutant libraries generated by directed

evolution and paves the way towards PAL protein engineering.
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4. General conclusions

The main aim of the study was to develop engineered PAL biocatalysts which are
useful for the synthesis of several highly valuable non-natural phenylalanine analogues.

Based on existing sturctural information of PALs, firstly the mapping of the active
site of PcPAL through mutational analysis was developed, which revealed a correlation
between the hydrophobic substrate binding site residues of the enzyme PcPAL and the
position (ortho-, meta-, para-) of the substrate’s aryl ring substituent.

Since for the directed evolution of PAL enzymes high-throughput activity assays are
required, in the thesis we focused also on the development of an enzyme-coupled fluorescent
assay applicable for PAL-activity screens at whole cell level. The developed assay involves
the enzymatic decarboxylation of trans-cinnamic acid (the product of the PAL reaction) by
ferulic acid decarboxylase (FDC1) followed by a photochemical reaction of the produced
styrene. Therefore initially for this it was needed exploring the substrate scope of ferulic acid
decarboxylase for ensuring its compatibility with the substrate domain of PALs. The obtained
results demonstrate that FDC1 has a broad substrate scope with significant overlap with the
substrate scope of PcPAL, thus supporting a successful set-up of a PAL-FDC1 enzyme
cascade for various substrate analogues.

After several optimization step the high-throughput fluorescent, enzyme coupled
activity assay was successfully set-up and validated on mutant PcPAL libraries, as well as on
PALs with different origins. Thus the developed high-throughput activity assay provide facile
activity screens for the largely sized mutant libraries generated by directed evolution and

paves the way towards further efficient protein engineering of phenylalanine ammonia lyases.
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