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OBIECTIVE 1: Synthesis and characterization of substrates for the biotransformations

1. Chemi cal synt hesi sa nodrarilalanimes and theirlacrytate c e mi ¢
counterparts

In order to investigate the activity of phenylalanine ammdyaae (PAL) and phenylalanine
ami nomut ase ( P AM)a,n d-arilb an@ hdteeoarilalamihes Were chemically
synthesized starting from the corresponding aldehydes (Figure 1.).

1.1.Chemical synthesis of the racemic-2mino-3-(hetero)aril propionic acids (Figure 1.,
Route 1.)

To a stirred solution of aldehydes (4 g)nrethanol (40 mL) NaBlHwas added in small
portion at room temperature, until the entire amount of the aldehyde was transformed (controlled
by TLC). Then the methanol was evaporated under reduced pressure, water was added to the
products and the pH was asfad to 23 with 1M HCI. The mixtures were extracted with
dichloromethane; the organic phases were dried oves®jaand concentrated under reduced
pressure to obtain the corresponding alcol2a€ which were used in the next step without
further purificdion.

Into a solution of alcohol@a-c and benzotriazole (1.5 eq) in dry dichloromethane SQCI
eq) was added in small portions. Before the addition is complete, benzotriazole hydrochloride
started to precipitate. The mixtures were stirred further fomirb At the end the solid was
filtered off and washed with dry GBl,. The filtrates were washed with 10% HCI, water, 5%
NaOH. The organic layers were separated and dried over anhydrsi®,Nahe products were
immediately used in the next step.

55% NaHoil suspension (0.65 g, 27 mmol) was added into dry DMF (40 mL) and it was
vigorously stirred for 30 min, under argon at room temperature. Subsequeatgty?amine
malonic acid diethyl ester (2.77 g, 14 mmol) was added to the suspension, the mixture was
stirred for 30 min, chloromethylene derivatives (2.68 g, 12.4 mmol) were added, then the
mixtures were stirred for 3h at room temperature, for4 h at 60°C, and finally the products were
poured into ice. The resulting precipitates were filtered off, washédwater and dried under
reduced pressure.

The N-substitutedmalonic acid diethyl esters (2 g) dissolved in methanol (7 mL) were added
into 10% NaOH solution (10 mL), and then the mixtures were stirred for several hours at reflux
temperature. The methanesas removed in vacuo, the reaction mixtures were extracted with



CH.Cl; and the pH was adjusted to 1 with conc. HC1&t°C. The resulting precipitates were
fitered and dried in vacuo. The formed dicarboxylic acids were suspended in toluene and
refluxedfor 2 h. The solvent was removed in vacuo affording the pure products.
Into theN-protected amino acids (1 g) in iddbxane (15 mL) concentrated HCI (3 mL) was
added and the mixtures were refluxed for 4 h, cooled to room temperature, obtaining the
produds which were filtered, dried and washed withp(Et Further purification should be
realized by isoelectric precipitation of the amino acids hydrochlorides atgpH 5
2-amino-3-phenylpropionic acid: *"H NMR (400 MHz, D,O) U i 77.404(vh, 2H), 7.32
7.24 (m, 3H), 3.69 (t)= 7.0 Hz, 1H), 3.25 (ddl= 12.4, 7.1 Hz, 1H), 2.89 (dd~= 12.3, 7.1 Hz,
1H); **C NMR (101MHz,D,0) U 174. 27, 135.46, 130.HRMS 128.
Calcd for GH1;NO, (M+) 165.0794Found165.0802.
2-amino-3-(thiophen-2-yl)propionic acid: *H NMR (400 MHz, D,0): i 3.383.49 (m,2H),
4.054.08 (m, 1H), 7.10 (s, 1H), 8.10 (s, 1H), 8.17 (s, T£;NMR (101 MHz, D;0): Ui 35.7,
58.0, 15.4, 127.2, 128.0, 141.2, 181 BRMS Calcd for GHgNO,S (M+)" 171.0354Found
171.0349.
2-amino-3-(furan-2-yl)propionic acid: *H NMR (400 MHz, D,O): U 3.563.71 (m, 2H),
4.144.17 (m, 1H), 6.89 (s, 1H), 7.18, 1H), 8.14 (s, 1H)**C NMR (101 MHz, D,0): Ui 34.1,
56.0, 10.9, 111.3, 142.8, 153.6, 181.BRMS Calcd for GHgNO; (M+)" 155.0582 Found
155.0571.
2-amino-3-(2-chlorophenyl)propionic acid: *H NMR (400 MHz, DO) a 1 7.465(18,
1H), 7.397 7.30 (m, 3H), 4.34 (dd] = 8.4, 6.4 Hz, 1H), 3.52 (dd,= 14.4, 6.4 Hz, 1H), 3.27
(dd,J=14.4, 8.4 Hz, 1H**C NMR (101 MHz,BO) 4 171.55, 133.92, 131
129.67, 127.60, 53.03, 33.82; HRMS Calcd feHgCINO, (M-H)™ 198.0316. Found 198.0331.
2-amino-3-(4-chlorophenyl)propionic acid: *H NMR (300 MHz, DO) & 7W=8.1Hz( d,
2H), 6.88 (dJ = 8.0 Hz, 2H), 3.14 (1) = 6.4 Hz, 1H), 2.62 (dd] = 13.4, 5.6 Hz, 1H), 2.47 (dd,
J = 13.4, 7.4 Hz, 1H)*C NMR (76 MHz, DO) u 181.99, 136. 66, 131.
57.09, 40.00; HRMS Calcd forgHyCINO, (M-H)  198.0316. Fond 198.0328.
2-amino-3-(2-nitrophenyl)propionic acid: *H NMR (400 MHz, BO) U 8J=1813,1(4d d ,
Hz, 1H), 7.70 (tdJ = 7.5, 1.4 Hz, 1H), 7.55 (ddd,= 8.5, 7.6, 1.4 Hz, 1H), 7.49 (dd= 7.7, 1.4
Hz, 1H), 4.11 (t) = 7.3 Hz, 1H), 3.53 (dd] = 14.0, 6.9 Hz, 1H), 3.38 (dd,= 14.0, 7.7 Hz, 1H);
C NMR (101 MHz, O) & 173.24, 148.71, 134.32, 133.1
33.99; HRMS Calcd for §HgN,O4 (M-H)" 209.0557 Found 209.0571.
2-amino-3-(3-nitrophenyl)propionic acid: *H NMR (400 MHz, DO) U 8J=16%, 1(3d d ,
Hz, 2H), 7.72 (dtJ = 7.7, 1.4 Hz, 1H), 7.64 7.59 (m, 1H), 4.39 (dd] = 7.4, 6.0 Hz, 1H), 3.46
(dd,J = 14.7, 6.0 Hz, 1H), 3.35 (dd,= 14.7, 7.5 Hz, 1H)**C NMR (101 MHz,BO) U 171. 18
148.06, 136.19, 136.11, 130.24, 124.23, 122.99, 53.87, 35.18; HRMS CalcgHid,O4 (M-
H) 209.0557 Found 209.0567.
2-amino-3-(4-nitrophenyl)propionic acid: *H NMR (400 MHz, BO) & 8J=8.3Hz( d,
2H), 7.52 (dJ = 8.3 Hz, 2H), 4.36 (t) = 6.7 Hz, 1H), 3.44 (dd] = 14.6, 6.0 Hz, 1H), 3.33 (dd,



J =145, 7.5 Hz, 1H)®C NMR (101 MHz, BO) & 171. 22, 147.17, 142.

53.81, 35.44; HRMS Calcd forgHgN,O4 (M-H)  209.0557 Found 209.0571.
2-amino-3-(4-bromophenyl)propionic acid: *H NMR (400 MHz, CDC)) U 8J=9719 ( d,

Hz, 2H), 8.64 (dJ = 7.9 Hz, 2H), 5.62 (dd] = 7.5, 5.4 Hz, 1H), 4.71 (dd,= 14.6, 5.5 Hz, 1H),

4.58 (dd,J = 14.6, 7.6 Hz, 1H)*C NMR (101 MHz,CDC})) & 180.58, 135. 25,

122.78, 56.4936.90. HRMS Calcd for §110BrNO, (M-H)  242.9895 Found 242.9901.

Route 1. EtOOC.__COOEt
(0] Cl EtOOC
| NaBH,4 OH SOCl,, 1H-benzotriazole NHCOCH; COOEt KOH 10% HOOC COOH
R” ~MeOH - R R R
e CH,Cl, NaH, DMF NHCOCH, NHCOCH,
Toluene
l.
Route 2| " NH4OAc,H,0, >, A A\ 2,
iPr-OH, | > | > COOH
II. Malonic acid . S O B RTY
R: a b c d NHCOCH;
cl NO,

NH, ©/ﬁ% /@/ie @/ﬁ% /@}e ozN\©/L'H HCI 18%
A COOH cl O:N COOH
B-aminoacid e f 9 h i R/\{

NH,
Route 3 a~aminoacid
. o o
Ph3;P=CHCOOEt KOH 10%
R X0 > R/\)J\O/\ D e R/\)J\OH
Toluene acrylic acid

Figure 1. Synthesis of racemic substrates

1.2. Chemical synthesis of the racemic-8mino-3-(hetero)aryl propanoic acids

The corresponding benzaldehyderivatives(2 g), ammonium acetate (35.7 mmol) and a
catalytic amount of water were stirred in isopropyl alcohol for 20 min at 50°C. Malonic acid
(1.63 g, 15.7 mmol) was then added. During the addition the reaction mixture may solidify,
therefore the ugpe of isopropyl alcohol in excess is recommended. After refluxing 8 h, the
amino acids were separated by hot filtration, washed with isopropyl alcohol, and dried under
reduced pressure.
3-amino-3-phenylpropanoic acid: '"H NMR (400 MHz, BO) U i 77.42 (i, 2H),7.39
(dd,J= 8.2, 6.6 Hz, 2H), 7.3%4 7.27 (m, 1H), 4.58 (1) = 7.0 Hz, 1H), 2.95 (dd]= 12.3, 7.0 Hz,
1H), 2.70 (dd,J = 12.4, 7.0 Hz, 1H)**C NMR (10l MHz, D,0) a 173.10, 141.5
127.67,126.82, 53.03, 42.HRMS Cdcd for GH11NO, (M+)” 165.0794Found165.0802.
3-amino-3-(furan-2-yl) propanoicacid: 'H NMR (400 MHz, DMS®y, U 7. 7
1H), 6.56 (dJ = 3.3 Hz, 1H), 6.47 (dd] = 3.3, 1.8 Hz, 1H), 4.60 (dd,= 9.5, 5.1 Hz, 1H), 3.10
(dd,J = 16.6, 5.2 Hz, 1H), 2.98 (dd,= 16.6, 9.2 Hz, IH)}*C NMR (101 MHz, DM
170.43, 149.75, 143.43, 110.91, 109.22, 44.38, 36.06; HRMS Calcd ;iyNO3; (M-H)
154.0499. Found 154.0511.



3-amino-3-(thiophen-2-yl) propanoicacid: *H NMR (400 MHz, BO) 7.0 (dd,J = 5.1 Hz,
1H), 7.24 (dJ = 3.6 Hz, 1H), 7.10 (dd] = 5.1, 3.6 Hz, 1H), 4.96 (§ =7.1 Hz, 1H), 2.95 (dd]
= 15.4, 6.4 Hz, 1H), 2.90 (dd, = 15.4, 5.9 Hz, 1H);**C NMR (101 MHz, BO) U 176. 78
138.15, 127.44, 127.08, 47.99, 40.77; HRI@&lcd for GHgNO,S (M-H)  170.0270. Found
170.0283.
3-amino-3-(2-chlorophenyl) propanoicacid: *H NMR (400 MHz, BO) u 1 7.344(r0,
2H), 7.301 7.22 (m, 2H), 5.08 (dd] = 8.0, 6.3 Hz, 1H), 3.06 (dd,= 17.4, 7.9 Hz, 1H), 2.98
(dd,J=17.4, 6.4 Hz, 1H)**C NMR (101 MHz,3O) U 173.06, 132.89, 132
128.02, 127.55, 47.90, 36.49; HRMS Calcd fgHgCINO, (M-H) 198.0316. Found 198.0328.
3-amino-3-(3-chlorophenyl)propionic acid: *H NMR (600 MHz, BO) U 7J=4.8Hz( t ,
1H), 7.467 7.39 (m, 2H), 7.36 (dtJ = 7.5, 1.7 Hz, 1H), 4.75 (§ = 7.2 Hz, 1H), 3.15 (dd] =
17.3, 7.8 Hz, 1H), 3.06 (dd,= 17.3, 6.6 Hz, 1H**C NMR (151 MHz,BO) U 173. 11, 1
134.41, 130.87, 129.66, 127.16, 125.42, 50.92, 37.43.
3-amino-3-(4-chlorophenyl) propanoicacid: *H NMR (400 MHz, BO) u i 7.405m,
4H), 4.821 4.73 (m, 1H and solvent peak), 3.16 (d&; 17.2, 7.7 Hz, 1H), 3.07 (dd,= 17.2,
6.7 Hz, 1H);®*C NMR (101 MHz,RO) & 173.21, 134.91, 133.72, 1
HRMS Calcd for GHgCINO, (M-H)  198.0316. Found 198.0331.
3-amino-3-(2-nitrophenyl) propanoicacid: *H NMR (400 MHz, DO) U 8J=8.THz( d,
1H), 7.82 (tJ= 7.5 Hz, 1H), 7.75 (] = 7.7 Hz, H), 7.64 (t,J = 7.7 Hz, 1H), 5.32 (ddl = 7.9,
6.2 Hz, 1H), 3.27 (dd) = 17.6, 7.9 Hz, 1H), 3.18 (dd,= 17.6, 6.2 Hz, 1H)"*C NMR (101
MHz, D,O) a 172. 94, 148. 28, 134. 94, 1 3 OHRNI® |, 129
Calcd for GHgN2O4 (M-H)  209.0557 Found 209.0568.
3-amino-3-(3-nitrophenyl) propanoicacid: *"H NMR (400 MHz, DO) U 8J=2.@Hz( d,
1H), 8.25 (ddJ = 8.2, 2.2 Hz, 1H), 7.83 (d} = 7.7 Hz, 1H), 7.67 (t) = 8.0 Hz, 1H), 4.79 (s,
78H), 2.88 (ddJ = 15.9, 7.7 Hz, 1H), 2.80 (dlJ = 15.9, 6.8 Hz, 1H);"*C NMR (101 MHz,
DO) U 177.21, 148. 14, 139.52, 13BRMBFEaglcdfdor3 0. 38,
CoHoN20O4 (M-H)™ 209.0557 Found 209.0570.
3-amino-3-(4-nitrophenyl) propanoic acid: *H NMR (600 MHz, BO) U 8=8.7Hz( d,
2H), 7.61 (dJ = 8.8 Hz, 2H), 4.86 (1) = 7.1 Hz, 1H), 3.15 (dd] = 17.5, 7.6 Hz, 1H), 3.06 (dd,
J=175, 6.6 Hz, IH)®C NMR (151 MHz, RO) & 172.82, 148.04, 142.
50.75, 37.43HRMS Calcd for GHgN,O4 (M-H) 209.0557 Fond 209.0568.
3-amino-3-(4-bromophenyl) propanoicacid: '*H NMR (300 MHz, BO) U 7=8.GHz,( d,
2H), 7.28 (dJ= 8.1 Hz, 2H), 3.08 (dd]= 17.2, 7.6 Hz, 1H), 2.98 (dd= 17.2, 6.7 Hz, 1H)"C
NMR (75 MHz,DO) U 178. 23, 154. 14, 138. 72, 131.65,
HRMS Calcd for GH;0BrNO, (M-H) 242.9895 Found 242.99.

1.3 Chemical synthesis ofE)-acrylic acids.

To a stirred solution of aldehydes (10 mmol) in 20 mL dry toluérghenyke-
phosphanilidene acetic acid ethyl ester (4.35 g, 12.5 mmol) was added. The reaction mixtures
were refluxed for 4 h, and then the toluene was removed in vacuo. The precipitate was taken up
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in a minimal amount of C}Cl, and the crude product wasrified with column chromatography
on silica gel using CkCl, as eluent. In each casé&% (£)-isomer was also formed.
The E)-acrylic acid esters (0.5 g) were suspended in 10% KOH (10 mL) and the mixtures
were refluxed for 4 h. After that the reactionxtares were cooled to 0°C and the pH was
adjusted to 1 using conc. HCI. The formed precipitate was filtered, washed with water and dried
under reduced pressure.
(E)-3-phenylacrylic acid: *H NMR (400 MHz,DMSO-ds) U i 7.607D, 3H), 7.56 7.41
(m, 3H), 6.35 (dJ = 15.2 Hz, 1H);®*C NMR (1L MHz, DMSO) U 17 1. 43, 146. 2
129.77, 128.99, 128.86, 118.HRMS Calcd for GHgO, (M+)" 148.0528. Found 148534.
(E)-3-(furan-2-ylacrylic acid: *H NMR (400 MHz, DMSO-dg): U 6.96 (d, 1H), 7.2%.23
(m, 1H), 7.34 (d, 1H), 7.81 (d, 1H), 8.25 (d, 1 NMR (101 MHz,DMSO): i 113.0, 113.6,
123.4,128.1, 145.1, 152.1, 175:RMS Calcd for GHgO3 (M+)  138.0316. Found 138319
(E)-3-(thiophen-2-yl)acrylic acid: '"H NMR (400 MHz, DMSQds) U 7 J=71%.8 Kizd ,
1H), 7.29 (dtJ = 5.1, 1.0 Hz, 1H), 7.17 (dd,= 3.8, 1.1 Hz, 1H), 6.97 (dd,= 5.1, 3.6 Hz, 1H),
6.18 (d,J = 15.7 Hz, 2H);*C NMR (101 MHz, DMSO)1i 124.7, 128.3, 129.1, 130.5, 133.7,
141.0, 175.1. HRMS Calcd for;B¢0,S (M+) 154.0088. Found 154.0080.
(E)-3-(2-chlorophenyl)acrylic acid: *H NMR (600 MHz, MeODd,) U 8J=018.0 Hzd ,
1H), 7.78 (ddJ = 7.6, 1.9 Hz, 1H), 7.46 (dd,= 7.7, 1.5 Hz, 1H), 7.36 (dtd,= 17.8, 7.4, 1.6
Hz, 2H), 6.51 (dJ = 16.0 Hz, 1H)®®*Cc NMR (151 MHz, MeOD) U0 1609.
133.79, 132.46, 131.13, 128.95, 128.56, 122.27; HRMS Calcdyf4CBO, (M-H)" 181.0051.
Found 181.0065.
(E)-3-(4-chlorophenyl)acrylic acid: *H NMR (400 MHz, DMSGds) U 12. 48 ( s, 1
(d, J = 8.5 Hz, 2H), 7.58 (dJ = 16.1 Hz, 1H), 7.46 (d] = 8.5 Hz, 2H), 6.55 (dJ = 16.0 Hz,
1H);¥c NMR (101 MHz, DMSO) U 167.46, 142.55, 1:
HRMS Calcd for GHeCIO, (M-H) 181.0051. Found 181.0065.
(E)-3-(2-nitrophenyl)acrylic acid: *H NMR (400 MHz, DMSGds) U 8 .J& 8.1, (.38 d,
Hz, 1H), 7.92 (ddJ = 7.9, 1.4 Hz, 1H), 7.85 (d,= 15.8 Hz, 1H), 7.76 (tdl = 7.6, 1.3 Hz, 1H),
7.65 (dddJ = 8.7, 7.5, 1.4 Hz, 1H), 6.53 (d,= 15.8 Hz, 1}; °C NMR (101 MHz, DM
167.33, 148.69, 139.29, 134.30, 131.24, 129.79, 129.68, 125.10, 1MRRBS Calcd fo
CoHeNO4 (M-H)™ 192.0291. Found 192.0301.
(E)-3-(3-nitrophenyl)acrylic acid: *H NMR (400 MHz, MeODd,) U 8= 2.GHz(1H),
8.25 (ddd, = 8.3, 2.3, 1.0 Hz, 1H), 8.02 (dt= 7.8, 1.3 Hz, 1H), 7.75 (d,= 16.1 Hz, 1H), 7.67
(t, J = 8.0 Hz, 1H), 6.66 (dJ = 16.0 Hz, 1H);**C NMR (101 MHz,MeOD) Ui 168. 07, 14
142.04, 136.35, 133.36, 129.88, 124.05, 122.23, 121.27; HRMS CalckHgNG, (M-H)
192.0291. Found 192.0303.
(E)-3-(4-nitrophenyl)acrylic acid: *H NMR (400 MHz, DMSQds) 0 8J485 Hg,d,
2H), 7.88 (d,J = 8.5 Hz, 2H), 7.59 (dJ = 16.1 Hz, 1H), 6.65 (d] = 16.1 Hz, 1H)*C NMR
(101 MHz, DMS O) a 167.51, 148. 39, 141. 76, 141
CoHeNO4 (M-H)™ 192.0291. Found 192.0303.
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(E)-3-(4-bromophenyl)acrylic acid: *H NMR (400 MHz, DMSGds) U 12 . 49 i( s, 1H

7.51 (m, 5H), 6.57 (d]= 16.0 Hz, IH)*c NMR (101 MHz, DMSO) & 167.
132.30, 130.61, 123.98, 120.59RMS Calcd for GH7BrO, (M-H) 225.9629. Found 225.0652.

5. Synthesis of noraromatic compounds as novel potential substrates for thecPAL

The preliminary results based on computational studies showed that the PcPAL enzyme
accepts a wide variety of novel substrates contairprgpnjugated bonds. Among these
propargyl glycine has special importance, due to itsaromatic nature and wide application in
the peptide chemistry. Therefore we elaborated the phenylalanine lyase mediated
enantioselective synthesis of the propaigjytcine.

Accordingly to the synthet plan (Fig. 2) first we performed the chemical synthesis of
acrylic acid derivative2 and of the racemic aminoacrdc-1. Acrylic acid 2 was synthesized
starting from propargyl alcohol in a opet procedure,containing the PDC oxidation and the
subsequet Wittig reaction with triphenylphosphoilide, obtaining the corresponding ester
derivative. The hydrolysis of the ester derivative was optimized, and due to the mild reaction
conditions and the low stability of the acrylic a@dwe opted for the PLE (giliver esterase)
mediated enzymatic hydrolysis.
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Figure.2. Synthetic plan of the novel n@aromatic substrates for tiRePAL enzyme

The synthesis of racemic aminoacid 1 started from prop&rgyhide, which was
coupled with the diethylacetamidomalonate activated by NaH. The obtained product was
hydrolysed in alcaline conditions, followed by the decarboxylation of the diacidic compound,
followed by the final acidic hydrolysis of the amide bond. The global yieki36&o.

The obtained compounds were characterizedHyy’C-RMN analysis and were further
used as substrated in tRePAL mediated enzymatic transformations.



6. Synthesis of [)-pent-2-en-4-inoic acid 2
9,5 g (56 mmol) P{=CH-COOEt and 10,5 g (56 mmol) pyridiniudichromate (PDC) were
suspended in 100 ml dried dichloromethane. Into the suspension was added the solution of 1,5 g
(53 mmol) propargyhlcohol, disolved in 10 ml dichloromethane. The reaction was stirred at
roomtemperature till completion (16 h), followed by the evaporation of the solvent. The product
was purified by column chromatography using dichloromethane as eluent.
200 mg from the obtained ester derivative was suspended in 10 ml @Q04 buffer (100
mM, pH 7.5), containing 20 mg of PLE (pig liver esterase). The reaction was stirred till
completion at 200 rpm and 3T, maintaining the pH of the solution by adding 2 M \H
solution. The reaction was completed, when the decrease of pH stopped. AinthikgopH was
adjusted to 1, followed by extraction with ethyl acetate. The combined organic phases were dried
over anhydrous sodium sulfate, the organic solvent was evapored under vacuum and the product
2 was purified by recrystallization with hexane.
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Figure 4. *C-NMR spectra of acrylic derivativa



7. Synthesis of racemic propargyl glycineac-1

Under inert atmospher&9,5 mmol diethylacetamidmalonate was addedto the stirred
suspension obtained from 0,85 g (20 mmol) 55% NaH and 20 ml dried DMF. The mixture was
stirred for 30 min at room temperature, followed by the dropwise addition of 19 mmol propargy!
bromide. The reaction mixture was stirred at room tentperdor 3 h, and 4 h at 6XC. The
cooled solution was turned to a watee mixture (100 g). The obtained precipitate was filtered,
dried under vacuum and the diethylacetarmmullonate derivative was recrystallized from
hexane. 0,5 g from the pure protdweas disolved in 5 ml MeOH nad 3 ml of 10% NaOH was
added. The reaction mixture was stirred overnight at reflux temperature, followed by the
evaporation of the organic solvent. The obtained oil was extracted withaettgte/water. The
pH of the water pase was adjusted to 1 and the precipated produced was extracted with ethyl
acetate. The combined organic phase was dried over anhydrous sodium sulfate, followed by the
evaporation of the solvent. The product obtained was redisolved in toluene andastrefdx
temperature for 4 h, obtaining the pit@cetyl propargyl glycine.
1 ml of conc. HCl was added into the solution of 100 Magcetyl propargyl glycine in 15 ml
1,4dioxane. The reaction mixture was refluxed for 4 h, followed by the evaporeatitime
organic solvent. The viscous lichid obtained was washed with cold acetone, obtaining a white
precipiate which was filtered and dried under vacuum and identified as the clorhydrate salt of the
racemic propargylglycineac-1.

5 50 48 46 44 42 4D 3B 36 34 312 30 26 2
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Figure 5.'H-NMR spetra of the racemic propargglycinerac-1.
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Figure 6. *C-NMR spectra of the racemic propargycinerac-1.

Enzymatic transformations
The synthesized novel substraggac-1 were tested in the ammonia addition (Figure 7a) and

elimination (Figure 7b) reaction catalyzed PgPAL.

PAL COCH
(:) ézK/QQ/COOH 22/’\7/

6M NH3 NH,
2 L-1

@ 4‘COOH PAL, Tris pH 8.8 ///\/COOH . /\3/COOH
5 R

NH3 NH,
rac-1 2 D-1

Figure 7.a)addition of ammonia using acrylic acds substrate arg) elimination of
ammonia fronrac-1 catalyzed byPcPAL

By measuring the UWIS spectra of compounds,2, the wavelength of 242 nm was
selected to monitor the production or consumption of acryate the ammonia elimination,
respectively ammonia addition reactions mediated by PAL. At waselength the acrylic
derivate2 shows absorption maximum, while the racemic aminoatids a minimal absorbtion,
neglectible in comparison with the absorbtior2of

To determine the enantioselectivity of the enzymatic transformation and the
enantiomec excesses of the-[and L- aminoacids obtained from the elimination, respectively
addition reactions, we developed a chiral cromatographic separation method for the enantiomers



of the racemic aminoacidsic-1 (Fig. 8). The developed optimal HPLC sepeamatconditions:
chiral column Chiralpak Zwix+, eluent: 50 mM DEA and 6% {£&@O0OH in MeOH/
MeCN/H,O, 49/49/2 (vIv), detection by ELSD:

[ ELS1 A, ELSD Signal [PROPARGILIPG-AM-ST000004.0)

v

T T T T T T T
4 € 2 10 12 14 16 min

Figure 8. Thechromatogram of the racemic propargylglyciae-1.

The ammonia elimination reaction (Figure) was optimized at analytical scale, with
different substrate (2200 mM) and enzyme {10 mg/ml) concentrations. Both native and
immobilized enzyme was tested. The native enzyme was immobilized through reticulation or
covalent binding on magnetic nanopatrticlelse reactions were monitored by the developed UV
and HPLC methods. The determined optimal conditions were used for the preparative scale
enzymatic synthesis: 100 mg of the racemic aminoaael was disolved in 20 ml Tris buffer
(40 mM Tris, 140 mM NaClpH 8.8), followed by the addition of 3 ml solution BEPAL
enzyme (c=4 mg/ml). The mixture was incubated for 80 h afG30 In case of using the
immobilized enzyme, the enzyme was removed by using a magnet. Using the reticulated or
covalently boundenzyme to nommagnetic nanotubes, the removal of enzyme was achieved
through filtration, while the native enzyme was removed by adsorption of active carbon. The pH
of the filtrate was adjusted to 1 and the acrylic &wlas extracted with ethylacetate, ilghthe
D-aminoacid 1 was purified from the water phase by catiarhange chromatography using
Amberlyst 15 as anionic resin. The enantiomeric excess determined with the chiral HPLC
method is > 98% (Fig. 9).

ELS1 A, ELSD Signal (PROPARGIL\PAL-8-2-FT-5005.0)
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Figure 9. The chromatogram dd-propargylglyéne obtained from the ammonia elimination
reaction catalyzed bycPAL




The ammonia addition reaction (Figur@) was optimized at analytical scale, with
different substrate (2200 mM) and enzyme {10 mg/ml) concentrations. Both native and
immobilized engme was tested. The determined optimal conditions were: substrate
concentration of 5 mM and enzyme concentration of 1 mg/ml. Thus the preparative scale
reactions were performed with 50 mg of acrylic a2ith a solution of 6M NH, obtaining a
conversion of 90% after 36 hours at ¥D. The produced 4aminoacid was purified with the
Amberlyst1l5 based catioexchange chromatography, obtaining a a yield of 68%. The
determined enantiomeric excess was > 99 % (Fig. 10).

ELSD Signal (PROPARGILIPAL-20-AAFR1003 D)
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Figure 10.The chromatogram of4propargylglycine produced in the ammonia addition reaction
catalyzed by th€cPAL

Therefore we succesfully performed the chemoezymatic synthesis of bahdLD
propargylglycine using the native and the immobiliZ2dPAL. The resiis obtained are of
significant importance, since according to our knowledge the reported substrate scope of the
PcPAL enzyme consists of aromatic, heteroaromatic derivatives, the propargylglycine and its
acrilic acid derivative being the first n@momatc compound accepted as substrate by the
enzyme.

3. Immobilization of the PcCPAL enzyme

a. to functionalized nanoparticles

Magnetic nanoparticles Magne@aP14, functionalized with epoxyroups (108 mg) were
dispersed in TRIS buffer (3 ml, 0.1M, B48) with ultrasound sonication (35kHz, 20 min) to get
stable suspension. The PcPAL solutiormi4 3 mgml-1, in TRIS buffer 0.1M, pH8.8) was

added to the suspension and the mixture was sh@® rpm) for 24 h. After the sample was
collected with neodymium magnet, the supernatant decanted and the residue washed three times
with TRIS buffer and once with ethanol. The immobilized enzyme was dried at room
temperature for 2 h.



b. Covalent binding of PAL to SWCNTcoon Via GDE-based linker

SWCNTcoon (single walled carbon nanotube) was incubated with carbonyldiimidazole with
shaking (at 1350 rpm at room temperature overnightith occasional sonication to avoid
bundled SWCNT formain (Fig. 11b, step). After CDI activation, the sample was filtered on
membrane filter and then washed with L.

To the CDtactivated SWCNdoon, propanel,3-diamine was added in distilled water and the
reaction mixture was shakeiat 1350 rpm at roontemperature overnightwith occasional
sonication to avoid bundled SWCNT formation (sigpAfter the propand.,3-diamine coupling,
the sample was filtered on membrane filter and then washed with distilled water.

A solution of glycerol diglycidyl ethre was added to the propate8-diaminecoupled
SWCNTcoon and the reaction mixture was shakan1350 rpm at room temperature overnight
with occasional sonication to avoid bundled SWCNT formation (gtepAfter incubation the
sample was filtered onembrane filter and then washed with £Ci}.

To the resulted bisepoxiekctivated SWCNdEoon, PAL was added and the mixture was shaken

at room temperature at 1350 rpm, overnight (stepAfter the PAL-immobilization, the resulted
biocatalyst was filtered off on a membrane filter and washed with distilled water. The amount of
PAL immobilized on the bisepoxidactivated SWCNgoon Was calculated using the Bradford
method.

Figure 11 a. PcPAL immobilization on magnetic nanoparticles epdugictionalizedb. PAL

immobilizationon SWCNToon Via linker. Reactants and solveni$:CDI in CH,Cly; ii) H,N(CH,)sNH, in
water; iii ) glyceroldiglycidyl ether in CHCI,; iv) PAL in Tris buffer (0.1M, pH 8.8).



4. The influence of several additives on thecPAL activity

Several organic solvents and a series of mamal divalent metallic ions were studied
throughPcPAL catalyzed reactions in order to obt&ians-cinnamic acid from tphenylalanine.
In order to determine if the presence of the additives mentioned above lead to increase the
performance of phenylalanine alanine ammonia lyase from parsley, multiple exusrivere
designed.

4.1. The effect of metal ions on thBcPAL activity

The effect of the following metal ions: iNa', K*, Mg**, B&*, Mn**, Cc®*, CU*, Zré",
was investigated bgre-iincubating l-phenylalanine (10 mM) at 30 °C for 5 min with5 mM,
1.0 mM and respectively 2.0 mM metal ions, in 0.1 mM -HGI pH 8.8. The reactions were
started after 5 min by adding purifideicPAL. Formation of cinnamic acid was monitored
spectrophotometrically at 290 nm for 5 min longer.

Table 4.1 The effect ofmetal ions orlyase activity

residual activity (%)
(10 mM L-Phe)

metallic ion 05mM 1.0mM 2.0mM g6 |
Li* 017 915 912
Na* 1141 1013 998 %" rosm
K* 1103 107.9  106.0 00 ©] w20m
Mg?* 72.8 69.9 74.7 “1 ’I
Ba”* 83.1 83.3 79.6 Do Le Nae Ko wgge Ba2e wi2e Coos Cue fipe
Mn#* 160.4 118.9 118.5
Co?* 89.6 1092  150.7 metallic ions
cu? 90.9 72.0 44.2
Zn* 88.4 78.1 48.3

The results obtained in the experiments carried out in presence of the metallic ions prove
that Mrf* and CG* enhanced considerably the activity of the enzyme, while others likamda
K* caused a negligible increase of the enzyme activity. Other metal ions IKe &1§", zr**
proved to inhibit at small concentration the lyase activity.



4.2. The effect of or@nic solvents on thé’cPAL activity

The organic solvents: propanol-PtOH), isopropanol ¢2PrOH), methanol (MeOH),
ethanol (EtOH), acetonitrile (ACN) and dimethyl sulfoxi®MSO) were tested at different
concentrations (1%, 5% and 10%) in order to determine the enzyme stability in their presence.

Table 4.2. The effect of organic solvents on lyase activity

residual activity (%) 160 |
(10 mM L-Phe) resid
organic 1% 506 10% N | B
solvent %) ® .
1-PrOH 109.2 95.7 64.9 0 | =10%
2-PrOH 109.4 108.6 98.7 I ’i
MeOH 124.7 124.5 114.7 ";@ &S S S S P
EtOH 113.1 110.1 114.3 NN S
ACN 99.3 78.2 55.8
DMSO 126.6 125.8 122.5 organic solvents

The investigation performed in the presence of polar solvents revealeBcal showed
increasing stability and activity in presence of ethanol, methanol and dimethyl sulfakiitie

10% of other solvents as propanol and acetonitrile reduced with almost 50% the enzyme activity.
After incubating the substrate with and without the organic solvend® & for 5 min, the
enzymatic reaction was initiated BcPAL addition. The agilate formation was continously
monitored using the spectrophotometer at 290 nm for 5 min.

The table bellow include the kinetic parametersg, aldvmax, Obtained forPcPAL in
presence of the substrate, and the substrate in combination with certaingéssoieationed
above.

Table 4.3.Determination of kinetic parameters

organic solvent o Vmax 200 1 "L-Phe

(1%) [ € M] [ € M/ s 160 1 'Et“:‘)io

L-Phe 164.83 2.50E01 K 120 4 = EtOH_DMSO

DMSO 112.50 2.50E01 (e MFO ' ::2: o

EtOH 127.53 2.50E01 40 -

EtOH_DMSO 93.77 2.50E01 0+

MeOH 101.38 2.50E01 FF S

MeOH_DMSO 101.82 2. 50E01 S &




4.3. Enzymatic screening

In order to investigate the effect of methanol, ethanol**Mnd the combination of the
metallic ion with the two solvents on the enzyme activity, the-2-aminc3-(tiophen2-
yl)propanoic acidvas selected as model substrate.

HoN PcPAL

MCOOH 0.1 M Tris-HCI, pH 8.8 N COCH
S S

25 °C, 1350 rpm
2-amino-3-(thiophen-2-yl)propanoic acid (E)-3-(thiophen-2-yl)acrylic acid

Scheme4.1. The enzymatic elimination of ammonia frolc-2-amino3-(tiophen2-
yl)propanoic

Table 4.4. Enzymatic screeningf rac-2-amino-3-(tiophen2-yl)propanoic acid in presence of
PcPAL and several additives

substrate MnZ* MeOH EtOH
reactions 5mM 0.5 mM 10% 10%
1 ", ; ; ;
o o : :
3 W i Vv, i
4 W i i o
5 v 4 4 i
6 v 4 i v

The enantiomeric separation of the raceBaamino3-(thiophen2-yl)propanoic acicand
the determination of the conversion value at different periods of time was performed on a
Chiralpak ZWIX(+) HPLC column (4.& 250 mm) using acetonitrile: methanol (50 mM DEA,
6% CHCOOH): KO (49:49:2, v/viv) at 1.0 mL/min flow rate as nielphase.

Table 4.5. The conversions obtained after 24 hours in the ammonia elimination reactions
catalyzed byPcPAL

conversion (%)
time 1 3 4 5 6
(hours)
2 28 29 27 28 27 26
3 32 30 31 30 32 31
7 33 39 40 38 37 38
24 35 43 50 47 47 46




Following the enzymatic screening and after analyzing the HPLC chromatograms, it was found
that the elimination reaction of ammonia from the racemic mixture occurred optimal by using
10% MeOH € = 50%, after 24 hours)



OBJECTIVE 2: BIOTRANSFORMATION OF SUBSTRATES USING NATIVE AND MUTANT PAL
AND PAM.

The biotransformation of substrates using native and mutant PAL and PAM

Phenylalanine ammonigases (PALEC 4.1.3.24) catalyse the +oxidative
deamination of Ephenylalanine in E)-cinnamic acid, while pheylalanine 2,3aminomutases
(EC 5.4.3.x) catalyse the isomerization ofphenylalanine to form L or D-b-phenylalanine,
depending on the origin of the enzyme (Scheme 1.). Even though PALs are frequently found in
plants, where they have an essential rofiming phenylpropanoids, only a few bacterial PALs
have been identified so faPAL and PAM are used as biocatalysts for the synthesisf L
amino acids from acrylates (PAL), in kinetic resolution processes for obtainthgrino acids
starting from tleir racemates (PAL), or for the synthesis ebL D-b-arylalanines (PAM).

NH,
L-alanine trans-cinnamic acid
NH,
b). R/\‘/COOH PaPAM R&COOH
NH,
L-alanine D-alanine

Schemel. PAL (a).) and PAM p). mediated reaction$.

PcPAL and PaPAM purified enzymes were used for obtaining both enantiomers of
severaunnat ur al aannadhrgldpnires of U

First, the influence of the substrate concentration upon the reaction velocity and the
inhibitory effect of the acrylate on tHiRaPAM mediated biotransformations wiawestigated. It
was found that in the investigated concentration range, the concentration of the substrate has no
significant influence on the conversion of the reactions. Similarly, the inhibitory effect of the
increasing acrylate concentration ugesiPAM was negligible Figure 1.)

50 - 50 - ® (S)-alpha-Phe
L] # rac-beta-Phe
40 40 L] . . -
z #
T 30 230
g E
.-
20 * E20 . * ® -
: e v S ¢
10 10
] a T T T T 1
0 20 an g0 a 10 20 30 40 50
Concentratia (mM) Concentratia (mM)

Figure.l. a). The effect ofcinnamicacid concentration on conversibhpThe effect of
substrate concentration on conversion



In order to obtain both enantiomerR) (and § o-drylalénine, we proposed two
methods.Thus, R-b-pheny |l al ani ne was obt ai npaahylalaning,r t i ng
usingPaPAM andPcPAL in tandemPaPAM enzyme transformsS[-b-phenylalanine in9-U-
phenylalanine, which in the presencdPaPAL is converted to cinnamic aciigure 2.b.).

a) NH, b NH; NH;

'R/YCOOH PaPAM __ R/'VCOOH ) R/'\/COOH - ~_-COOH

NH; Stage . (S)-p-arylalanine (R)-B-arylalanine
(S)-a-arylalanine (S)-B-arylalanine

cl PaPAM, PcPAL
PAL |} stage II. R: P\ % =, \
ot 1R
r

NH,
R/\/COOH

NO, A
joglicaha ool o ol il el
trans-arylacrylic acid | Cl OoN

trans-arylacrylic acid (R)-p-arylalanine

Figure 2. The synthesis ofg)-b-arylalanine §).) and the synthesis @R)-b-arylalanine Ip).)

Enantiopure R)-b-phenylalanine was isolated by using cationic ion exchange chromatography.
The monitoring of theeactions was realized using high performance liquid chromatography
(HPLC), with a CHIRALPACK ZWIX(+) column, and MeOH(50mM FA+ 100mM
DEA):ACN:H,0 49:49:2 (v:v:v) as eluent, respectiveliqure 3.).

-1o0 T T T T T T
( E 75 10 125 15 175 20 225 min

Figure 3. Racb-phenylalanine transformed BBaPAM. A.after 2h, B.after 24h, C.after
48h



In order to extend the method to unnatural alanines, we considered it necessary to first
analyze the reactions catalysedRgPAM (Figure 4.). We observed that the nature and posi
of the substituents significantly modifies the activity of the enzyme. By comparison to the
unsubstitutedrac-b-phenylalanine, theorto- substituted phenylalanines and the heterearyl
alanines, respectively, are good substrate$?&tAM, unlike para- substituted phenylalanines
where the enzyme presents no activity.
B-Fenilalanina :*
2-NO; -B- Fenilalanina
4-NO; -B- Fenilalanina
2-Cl -B- Fenilalanina
4-Cl -B- Fenilalanina

B- (Furan-2-il}alanina
B- (Tiofen-2-il)alanina

8 16 24 32 40 48 56 64 72 BO
ee (%) h

(J OO B N I

10-30  30-45  45-65 65-70 70-85 85<

Figure 4. Racb-arylalanines transformed BaPAM
By applying the method described above to different unnatural analogues-bf
arylalanine, it was observed that the transforming o&t€s)-b-phenylalanine into acrylic acid

depends on the behaviourdPAM discussed abovd éble 1).

Table 1.Unnatural analogudasansformed usin@aPAM-PcPAL in tandem

Substrates T(h) eep (%)
b- (Tiofen-2-ialanina 35 86

b- (Furan2-il)alanina 48 66
2-Cl-b-Fenilalanina 16 99
4-Cl-b-Fenilalanina 48 -
2-NO,-b-Fenilalanina 98 77
3-NO,-b-Fenilalanina 98 51
4-NO,-b-Fenilalanina 48 -
4-Br-b-Fenilalanina 98 10

In order to obtain $)-b-arylalanine, we started fronS)¢U-arylalanine, which wagrepared by
adding ammonia (6M Nilaqueous solution) to the corresponding acrylic acid, catalysed by
PcPAL.

This method has two steps. In the first steg?AM catalyses the transformation &)<
U-arylalanine to $)-b-arylalanine, but the reaction stops$ their equilibrium concentrations.
Because of this,theaPAM enzyme was inactivated and removed from the reaction medium and
PcPAL was addea in order to transform the unreac8dMarylalanine into the acrylic acid
(Figure 2.). lon exchangechromatography was used for isolatirg-i phenylalanine in its
optical pure form.



Regarding the reactions catalysed PgPAM (Figure 5.), only thiofer and para-Cl-
phenylalanine, respectively, were transformed with acceptable enantiomeric eXdietsaeand
para-substituted alanines gave moderate results, vanitesubstituted compounds presented no
reactivity. In the case of furg-alaninePaPAM presents significant lyase activity, therefore the
t r ansf or -aantné takes plade with a higheterdoward the formation of fun2-acrylic
acid.

a-Fenilalanina

2-NQ3 -a- Fenilalanina

4-NQs -a- Fenilalanina
2-Cl -a- Fenilalanina
4-C| -a- Fenilalanina

o- (Furan-2-iljalanina
o- (Tiofen-2-il)alanina

8 16 24 32 40 48 56 64 72 BO

L1 L] O I3 I I

10-30 30-45  45-65 65-70 70-85 85<
Figure 5. RacU-arylalanines transformed usifgPAM

ee (%) h

The monitoring of the reactions was realized using high performance liquid
chromatographyHPLC), with a CHIRALPACK ZWIX(+) column, and MeOH(50mM FA+
100mM DEA):ACN:HO0 49:49:2 (v:v:v) as eluenFigure 6.).

COOH

Figure 6. (9-Uphenylalanine transformed usiRgPAM. A.after 2h, B.after 24h, C.after
48h



4. THE MODELING OF MIO -DEPENDENT AMMONIA -LYASES AND 2,3
AMINOMUTASES BY HOMOLOGY . MECHANISTIC COMPARISONS

Besides ammonifyases PAL and HAL, 2;aminomutases (PAM and TAM) which catalyse the
sel ecti ve faminonaaidsifigune 44A) alsb contain as a prosthetic group-3.5
dihydro-5-methyliden4H-imidazole4-one (MIO), a strong electrofil, formed by the
intramolecular ciclization of a tripeptide AlBerGly (Scheme 4.1

The Protein Database (PDB) contains the structures determined threnaghdKfraction of 10
different enzynas in which this prosthetic group was identified: HAL freseudomonas putida
PAL from Rhodosporidium toruloided’etroselinum crispumAnabaena variabilisand Nostoc
punctiformy TAL from Rhodobacter sphaeroideAM from Streptomyces globisporusnd
PAM from Taxus canadensi§axus chinensiandPantoea agglomerans

H* OH
AL (EC 4.3.1.x) COOH W el
AN ——— A +  NH Aoy
NH, U
),\liz/ \
AM (EC 5.4.3.x) .
COOH COOH .
A " Ar (R) or (S) on
NH, G
N H,0
A NN
wNH OH;\
o N
H
B

Scheme 4.1. AThe scheme of the reactions catalyzed by lyases (AL) arch@&ses (AM)B.
The formation of the MIO prosthetic group, common to enzymes

The sequences of the chosen enzymes were analyzed and presé@iaieleé #h 1 We compared
not only the enzymes which catalyse the same type of reactions, but also enzychesatatyse
different reactions.

The analysis led to a series of interesting observations. For example, by overlaying the active site
of PIHAL and that of AWPAL (Figure 4.1A) it can be observed that the GIn452 and Glu412
residues are localized at the sapuosition, close to Tyr314. GIn411 residue frBIRAL is in

the same position as Asn451 fréxwPAL.



ccccc

Figure 4.1. The catalytic site of aromatic ammodjmses and aminomutaségreen) by
comparison to the active site BMPAL (3CZO, pink).a. The homology model oPIHAL b.
Crystalline structure offcPAM c. Homology model ofSnPAM d. Crystalline structure of
RSTAL e. Crystalline structure ddgrAM.
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