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Experimental

General All chemical reagents and solvents were purchased from Sigma-Aldrich Company
Ltd, Fisher Scientific UK Ltd, or Alfa Aesar, a Johnson Matthey Company. All chemicals
were used without further purification with the exception of anthranilic acid which was HPLC

purified before use in assays.

5-chlorotryptophan® was prepared according to the general procedure described in the
manuscript experimental section with tryptophan and PyrH to give 5-chlorotryptophan (87%
yield). Amax (H,O/CH3CN) 226 and 286 nm; '"H NMR (400 MHz, D,0) & 7.57 (1H, d, J, 5=
2.0 Hz, ArH4), 7.31 (1H, d, J;5= 8.7 Hz, ArH7), 7.17 (1H, s, ArH2), 7.07 (1H, dd, Js; = 8.7
Hz, Js4 = 2.0 Hz, ArH6), 3.87 (1H, dd, Jos4 = 8.0 Hz, Josz= 4.9 Hz, H9), 3.28 (1H, dd,
Jsasp = 15.7 Hz, Jsa9 = 4.9 Hz, H8»), 3.12 (1H, dd, Jsgs4 = 15.7 Hz, Jsp9 = 8.0 Hz, H8p);
BC NMR (500/125 MHz, D,O, HMQC, HMBC) & 137.6 (ArC7a), 130.8 (ArC3a) 129.3
(ArC2), 127.2 (ArCS), 125.1 (ArCo), 120.4 (ArC4), 116.1 (ArC7), 110.2 (ArC3), 57.9 (C9),
29.2 (C8); LRMS-ESI (m/z) 239.0 (**Cl), 241.0 (*’Cl) [M+H]; HRMS-ESI (m/z): calcd for
[M-NH;]" CiiHoNO,*Cl 222.0317 and C;;HoNO,’Cl 224.0287 found 222.0229 and
224.0247

7-chlorotryptophan®’ was prepared according to the general procedure described in the
manuscript experimental section with tryptophan and PrnA to give 7-chlorotryptophan (84%
yield). Amax (HO/CH;CN) 220 and 280 nm; 'H NMR (400 MHz, D,0) & 7.51 (1H, d, Jy5=
8.0 Hz, ArH4), 7.11 (1H, s, ArH2), 7.15 (1H, d, Js5 = 7.6 Hz, ArH6), 7.09 (1H, t, J54 = 8.0
Hz, Js6= 7.6 Hz, ArHS), 3.89 (1H, dd, Jos4 = 7.7 Hz, Josg= 4.9 Hz, H9), 3.31 (1H, dd, Js4ss
= 15.3 Hz, Jss0 = 4.9 Hz, H8,), 3.15 (1H, dd, Jsgss = 15.3 Hz, Jszo = 7.7 Hz, H8g); °C
NMR (400/101 MHz, MeOD, HMQC, HMBC) 6 170.4 (C10), 133.9 (ArC7a), 128.9 (ArC3a),
125.1 (ArC2), 120.9 (ArC6), 119.4 (ArC5), 116.5 (ArC4), 107.9 (ArC3), 53.0 (C9), 26.2(C8);
LRMS-ESI m/z 239.1 (*°Cl), 241.1 (’Cl) [M+H]; HRMS-ESI (m/z): caled for [M+H]
C11H12N,0,7°C1 239.0587 and C;H1,N,0,"'C1 241.0558, found 239.0566 and 241.0535.

3-chlorokynurenine™' was prepared according to the general procedure described in the
manuscript experimental section with kynurenine and PrnA to give 3-chlorokynurenine (84%

yield). Amax (H20/CH;CN) 228, 264 and 368 nm; 'H NMR (400 MHz, MeOD) & 7.81 (1H, dd,
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Js.s= 8.2 Hz, Jss= 1.3 Hz, ArH6), 7.52 (dd, J,5 = 7.7 Hz, J,5= 1.3 Hz, 1H, ArH4), 6.67 (1H,
dd, Jss= 8.2 Hz, Js4 = 7.7 Hz, ArH5) 4.26 (1H, dd, Jos4 = 7.3 Hz, Jogs= 3.5 Hz, H9), 3.78
(1H, dd, Jssss = 18.6 Hz, Jss0 = 3.5 Hz, H8,), 3.70 (1H, dd, Jszs4 = 18.6 Hz, Jszo = 7.3
Hz, H8g); *C NMR (101 MHz, MeOD) & 200.9 (C7), 173.5 (C10), 149.0 (ArC2), 136.8
(ArC4), 132.1 (ArC6), 122.5 (ArC3), 119.5 (ArC1), 117.1 (ArC5), 51.7 (C9), 41.3 (C8);
LRMS-ESI (m/z): 243.1 (**Cl), 245.1 ('Cl) [M+H]; HRMS-ESI (m/z): caled for [M+H]
C10H12N,057°C1 243.0536 and C1oH,N,05°'Cl 245.0507, found 243.0515 and 245.0484.

5-chlorokynurenine®' was prepared according to the general procedure described in the
manuscript experimental section with kynurenine and PyrH to give 5-chlorokynurenine (76%
yield). Amax (H,O/CH3CN) 230, 258 and 378 nm; 'H NMR (500 MHz, D,0) & 7.85 (1H, d, Js4
= 2.8 Hz, ArH6), 7.38 (1H, dd, J,3; = 9.4 Hz, J,s = 2.8 Hz, ArH4), 6.87 (1H, d, J54 = 9.4 Hz,
ArH3), 4.16 (1H, dd, Joss = 7.4 Hz, Josz= 5.0 Hz, H9), 3.68 (2H, m, H8,+ H8g); °C NMR
(500MHz/125 MHz, D>,O, HSQC) 6 138.2 (ArC4), 133.6 (ArC6), 122.4 (ArC3), 53.4 (C9),
42.0 (C8); LRMS-ESI m/z 243.0, 245.0 [M+H] HRMS-ESI (m/z): calcd for [M+H]
C1oH12N,057°C1 243.0536 and CjoH1,N,05”'C1 245.0507, found 243.0513 and 245.0482.

3-chloroanthranilamide®> was prepared according to the general procedure described in the
manuscript  experimental section with anthranilamide and PrnA to give 3-
chloroanthranilamide (14% yield). Amax (H;O/CH3CN) 220, 242 and 330 nm; 'H NMR (400
MHz, MeOD) ¢ 7.52 (1H, dd, Js5 = 7.5 Hz, Js4= 1.4 Hz, ArH6), 7.38 (1H, dd, J,5 = 7.9 Hz,
Jys = 1.4 Hz, ArH4), 6.62 (1H, dd, J5s = 7.5 Hz, J54 = 7.9 Hz, ArHS); LRMS-ESI (m/z)
171.0, 173.1 [M+H]; HRMS-ESI (m/z): caled for [M+H] C;HgN,O’Cl 171.0325 and
C7HsN,0 *'C1 173.0296, found 171.0308 and 173.0277

5-chloroanthranilamide®” was prepared according to the general procedure described in the
manuscript experimental section with anthranilamide and PyrH to give 5-
chloroanthranilamide (19% yield). Amax (H2O/CH3CN) 216, 254 and 340 nm; 'H NMR (400
MHz, MeOD) é 7.55 (1H, d, Js 4 = 2.3 Hz, ArH6), 7.17 (1H, dd, J,3 = 8.7 Hz, J;5 = 2.3 Hz,
ArH4), 6.74 (1H, d, J;, = 8.7 Hz, ArH3). °C NMR (400MHz/101 MHz, MeOD, HSQC) &
132.0 (ArC4), 127.8 (ArC6), 117.9 (ArC3); LRMS-ESI (m/z) 171.0, 173.0 [M+H]; HRMS-
ESI (m/z): caled for [M+H] C;HgN,O’Cl 171.0325 and C;HgN,O *’Cl 173.0296, found
171.0307 and 173.0277.
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3-chloroanthranilic acid®** was prepared according to the general procedure described in the
manuscript experimental section with anthranilic acid and PrnA E450K to give 3-
chloroanthranilic acid (12% yield). Amax (H2O/CH3CN) 220, 244 and 338 nm; '"H NMR (400
MHz, MeOD) 6 7.84 (1H, dd, Js5 = 8.1 Hz, Js4= 1.5 Hz, ArH6), 7.42 (1H, dd, J,5 = 7.9 Hz,
Jss = 1.5 Hz, ArH4), 6.62 (1H, dd, Jss = 8.1 Hz, Js; = 7.9 Hz, ArH5); “C NMR
(400MHz/101 MHz, MeOD, HSQC, HMBC) & 169.8 (C7), 147.0 (ArCl), 133.3 (ArC4),
130.1 (ArC6), 119.3 (ArC3), 114.9 (ArCS), 111.5 (ArC2); LRMS-ESI m/z 172.0, 173.9
[M+H]; HRMS-ESI (m/z): caled for [M+H] C;H;NO,*°Cl 172.0165 and C;H,NO,’’Cl
174.0136, found 172.0148 and 174.0116.

5-chloroanthranilic acid®*® was prepared according to the general procedure described in the
manuscript experimental section with anthranilic acid and PyrH to give 5-chloroanthranilic
acid (9.4% yield) Amax (H;O/CH3CN) 220, 256 and 340 nm; 'H NMR (400 MHz, MeOD) &
7.75 (1H, d, Js4 = 2.6 Hz, ArH6), 7.20 (1H, dd, J4+s =, 2.6 Hz, J,; = 8.9 Hz, ArH4), 6.74 (1H,
d, J34 = 8.9 Hz, ArH3); LRMS-ESI m/z 172.0, 173.9 [M+H]; HRMS-ESI (m/z): calcd for
[M+H] C;H;NO,*C1 172.0165 and C;H;NO,”'Cl1 174.0136, found 172.0149 and 174.0117.

Chlorination of 2-amino-4-methylbenzamide was carried out according to the procedure
described in the manuscript experimental section with starting material 2-amino-4-
methylbenzamide and enzyme PrnA to give a mixture of 3 and 5-chlorinated products. The
products were separated by HPLC to give product 2-amino-3-chloro-4-methylbenzamide
(6.5% vyield) and 2-amino-5-chloro-4-methylbenzamide (9.8% yield). 2-amino-3-chloro-4-
methylbenzamide - Ay (HO/CH3CN) 220, 250 and 328 nm; '"H NMR (400 MHz, MeOD)
0 7.43 (1H, d, Js5 = 8.0 Hz, ArH6), 6.59 (1H, d, J55 = 8.0 Hz, ArH5), 2.36 (3H, s, CH3);
LRMS-ESI m/z 185.0, 187.0 [M+H]; HRMS-ESI (m/z): caled for [M+H] CgH;oN,O*Cl
185.0482 and CgH;(N,O 371 187.0452, found 185.0464 and 187.0433. 2-amino-5-chloro-4-
methylbenzamide - Ama, (H-O/CH;CN) 218, 256 and 338 nm; 'H NMR (500 MHz, MeOD) &
7.57 (1H, s, ArH6), 6.84 (1H, s, ArH3), 2.31 (3H, s, CH;); °C NMR (125 MHz/500 MHz,
MeOD, HSQC, HMBC) 6 144.5 (C2), 131.5 (C6), 122.8 (C3), 122.4 (CS5), 22.2 (CHj3);
LRMS-ESI m/z 185.0, 187.0 [M+H']; HRMS-ESI (m/z): caled for [M+H] CgH;oN,O*’Cl
185.0482 and CsH;oN,O *’Cl 187.0452, found 185.0462 and 187.0432.
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Chlorination of 2-amino-N-ethylbenzamide was carried out according to the procedure
described in the manuscript experimental section with starting material 2-amino-N-
ethylbenzamide and enzyme PrnA to give a mixture of 3 and 5-chlorinated products. The
products were separated by HPLC to give 2-amino-3-chloro-N-ethylbenzamide and 2-amino-
5-chloro-N-ethylbenzamide. Yields not recorded. 2-amino-3-chloro-/N-ethylbenzamide -
Mmax (H2O/CH3CN) 216 and 324 nm; 'H NMR (400 MHz, MeOD) & 7.53 (1H, dd, Js5 = 7.8
Hz, Js+= 1.4 Hz, ArH6), 7.46 (1H, dd, J,5 = 7.9 Hz, J,s = 1.4 Hz, ArH4), 6.59 (1H, dd, J; 4
=17.9 Hz, Jss = 7.8 Hz, ArH5), 3.39 (2H, q, Jo,10 = 7.2 Hz, C9H,), 1.24 3H, t, Ji99 = 7.2 Hz,
C10H3); LRMS-ESI m/z 199.0, 201.0 [M+H"]. 2-amino-5-chloro-N-ethylbenzamide - Ayqx
(H,O/CH;CN) 218, 254 and 336 nm; '"H NMR (400 MHz, MeOD) & 7.50 (1H d, Jss = 2.5
Hz, ArH6), 7.21 (1H, dd, J.; = 8.7 Hz, J4,6 = 2.5 Hz, ArH4), 6.82 (1H, d, J34 = 8.7 Hz,
ArH3), 3.37 (2H, q, Jo = 7.3 CH,), 1.22 (3H, t, Jigo = 7.3 Hz, C10H3); °C NMR (400
MHz/101 MHz, MeOD, HMQC) 6 131.1 (C4), 127.1 (C6), 118.8 (C3), 34.0 (C9) 13.4 (C10);
LRMS-ESI m/z 199.0, 201.0 [M+H']; HRMS-ESI (m/z): caled for [M+H] CoH;2N,0*Cl
199.0638 and CoH,N,0 *’C1 201.0609, found 199.0620 and 201.0588.

N-(4-chlorophenyl)anthranilic acid®>> was prepared according to the general procedure
described in the manuscript experimental section with N-phenylanthranilic acid and PrnA to
give N-(4-chlorophenyl)anthranilic acid (7% yield) Amax (HO/CH3CN) 222, 284 and 354 nm;
'H NMR (800 MHz, MeOD) & 7.96 (1H, d, J;5 = 7.5 Hz, ArH7), 7.25 (2H, d, J;, = 8.8 Hz,
ArH3), 7.18 (2H, d, J> 3 = 8.8 Hz, ArH2), 7.28-7.23 (2H, m, ArH9+10), 6.76 (1H, t, Js,= 7.5
Hz, ArH8 ); >C NMR (800 MHz/201 MHz, MeOD, HSQC, HSQC TOCSY) & 131.8 (C7),
130.9 (C9), 128.8 (C3), 120.5 (C2), 117.4 (C8), 113.7 (C10); LRMS-ESI m/z 248.0, 250.0
[M+H]; HRMS-ESI (m/z): caled for [M-H] C;3HoNO,*Cl 246.0327 and C;3sHoNO,>'Cl
248.0297, found 246.0363 and 248.0457

Enzyme Preparation, Crystallization, and Soaking. For crystallographic trials, E450K and
F454K variant enzymes for PrnA halogenase from Pseudomonas fluorescens were prepared
by overexpressing in Origami™ 2(DE3) Singles™ competent cells from Novagen. Bacterial
cells containing the pet28b_PrnA plasmid (Hexa His tagged at C and N terminal) were grown
in 2YT medium at 37°C for 2 h, before decreasing the temperature to 24°C until ODgg 0.6.

Recombinant protein overexpression was induced with IPTG (0.1 mM) and the cells
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incubated at 18°C for a further 24 h prior to harvesting by centrifugation (4°C, 20 min, 4000 x
g,). Proteins were purified initially using an Ni*" sepharose affinity tag procedure (as
described previously), followed by loading onto a 140 ml Sephadex 200 size exclusion
chromatography column (pre-equilibrated with 50 mM potassium phosphate, 500 mM NaCl,
pH 7.2). Monomeric homogeneous variant enzyme solution was subsequently diluted (12.5
mg/ml) in crystallization buffer (20 mM HEPES, 100 mM NacCl, pH 7.2 buffer) and mixed in
a 1:1 ratio with the precipitant solution (commercially available protein crystallization screen
solution Morpheus®, single reagent, tube Number ¢3 from Molecular Dimensions). The
composition of the precipitant solution was as follows: 1.0 M Imidazole and MES Buffer Mix
at pH 6.5, containing 0.09 M nitrate phosphate sulfate salt mix (NaNO;; Na,HPOy;
(NH4),SO4)) and 60% w/v glycerol and polyethylene glycol 4K). Crystals were grown by

vapour diffusion at 4°C overnight.

Data Collection, Model Building, and Refinement. Data were collected at Diamond Light
Source from single cryofrozen crystals of PrnA variant F454K and E450K crystals to a
resolution of 2.4A and 2.3A respectively. (Table S3).

All data were processed and scaled using XDS and the structures solved by molecular
replacement in Phaser (Search model 2AQJ). Iterative cycles of rebuilding and refinement
were carried out in COOT and Phenix, validation with MOLPROBITY was integrated into
the iterative rebuild process. Further validation of the final model was carried out using
PDB_REDO. The crystal structures for F454K and E450K are deposited in the protein data
bank (pdb files 4Z44 and 4743).
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Figure S1 — Kynurenine (magenta) docked into PrnA crystal structure (2AQJ) showing possible active
site interactions. Key active site residues K79 (green), H101 (pink), F103 (pink), E346 (green), Y443
(cyan), Y444 (blue), E450 (yellow), F454 (orange), W455 (pink) and N459 (grey).
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Figure S2 - Anthranilamide (magenta) docked into PrnA crystal structure (2AQJ) showing possible active
site interactions. (A) Orientation of substrate favouring halogenation at the 3-position of anthranilamide,
(B) Orientation of substrate favouring halogenation at the 5-position of anthranilamide. Key active site
residues K79 (green), H101 (pink), F103 (pink), E346 (green), Y443 (cyan), Y444 (blue), E450 (yellow),
F454 (orange), W455 (pink), N459 (grey).
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literature and are of considerable industrial importance. The deversity of important biological targets [S1-S15]
illustrated above would suggest that halo anthranilic acid represent a privileged bioactive structure: (A) Some
examples of pharmaceuticals in use and in development that are halo anthranilic acid derivatives [S1-S11]; (B)
Agrochemicals derived from from halo anthranilic acids [S12-S15] including DuPont’s “blockbuster” insecticide

Rynaxpyr (chlorantraniliprole); (C) Chloro anthranilic acid based materials (FujiFilm) [S16]; Other examples

where halo anthranilic acid derivatives have been used industry are also cited [S17-S24].
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Figure S4. X-ray crystal structures of PrnA wild-type (PDB 2AQJ) in grey cartoon aligned with PrnA F454K
(PDB 4Z44) in orange cartoon, with anthranilic acid 4 docked in an alternative binding mode (shown in
magenta) The region in blue is a helical region in the wild type compared to a loop in the F454K structure.
Only key active site residues are displayed, with mutant residue K454 shown as red sticks. The additional
contact between the carboxylate group of 4 and K454, may enable an alternative substrate binding mode
opposite to the one shown in Figure 4; in this case the amino group of 4 is oriented away from E346 at the
opposite side of the substrate binding pocket, which would favour C5-halogenation. This would account for
the increase in C5-halogenation of F454K, compared with the wild-type enzyme. In the wild-type enzyme an
H-bond between the amino group of 4 and E346 is likely to be the major contact with the substrate which
would lead to predominately C3 halogenation.

% Conversion

PrnA Mutant % 4a % 4b (4a, 4b)
Wild type 16 84 1.7
E450K 7 93 14.2
E450R 18 82 49
F454K 38 62 7.5
F454R 46 54 3.0
E450K F454K 54 46 27.6
E450K F454R 62 38 16.7
E450R F454K 44 56 16.2

Table S1 - Results from PrnA mutants with Anthranilic acid, showing % conversion of 5-
chloroanthranilic acid (4a) and 3-chloroanthranilic (4b) as well as total % conversion
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prnA F

pmA R

fre F

fre R

prnA E450K F
prnA E450K R
prnA F454K

prnA F454R

prnA Y444K

prnA Y444R

prnA Y443K

prnA Y443R

prnA E450K F454K
prnA E450K F454R
prnA E450R F454K

5'-AAAAAACATATGATGAACAAGCCAATCAAGAA-3
3'-AAAAAAGCGGCCGCCTACTGGCGTTCCTGAGCC-5'.
5'-AAAAAAGGTACCATGACAACCTTAAGCTGTAAA-3
3-AAAAAACTCGAGTCAGATAAATGCAAACGCATC-5’
5'-CCACGTATCACGAGACCTTCGACTACAAATTCAAG-3'
5'-GCCGTTCAACCAGAAGTTCTTGAATTTGTAGTC-3'
5'-CGACTACGAATTCAAGAATAAATGGTTGAACGGCAACTACT-3'
5'-CGACTACGAATTCAAGAATCGCTGGTTGAACGGCAACTACT-3'
5-CGTTCGACGATTCCACGTACAAAGAGACCTTCGACTACGAATT-3'
5'-CGTTCGACGATTCCACGTACCGCGAGACCTTCGACTACGAATT-3'
5-GTCGTTCGACGATTCCACGAAATACGAGACCTTCGACTACG-3'
5-GTCGTTCGACGATTCCACGCGCTACGAGACCTTCGACTACG-3'
5'-CTACGAGACCTTCGACTACAAATTCAAGAATAAATGGTTG-3'
5'-CTACGAGACCTTCGACTACAAATTCAAGAATCGCTGGTTG-3'
5'-GTACTACGAGACCTTCGACTACCGTTTCAAGAATAAATGGTTGAACG-3'

Table S2 — Primers used in this study
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Data collection

F454K (4244)
FAD and ClI

E450K (4Z43)
FAD and ClI

Wavelength (A)
Resolution range (A)
Space group

Unit cell

Unique reflections
Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-work

R-free

Number of atoms
macromolecules

ligands

water

RMS(bonds)

RMS(angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore

Average B-factor
macromolecules

ligands

solvent

0.977

68.84-2.20 (2.28-2.20)
P43212

68.1 68.1 275.38 90 90 90

33920 (3298)
99.96 (99.82)
8.31 (3.80)
31.37

0.1795
0.2325

4561

4158

59

344

0.008

1.13

97

0.19

2.41

26.00

25.70

24.60

30.10

0.977
30.85-2.29 (2.37-2.29)
P43212

68.74 68.74 276.17 90 90 90

30949 (3030)
99.92 (99.93)
22.16 (3.44)
47.95
0.2075
0.2578

4220

4067

53

100

0.009

1.21

94.2

0.40

7.71

51.2

51.3

465

48.9

Table S3 - Crystallographic data and refinement statistics [525-29]
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Figure S5 Kynurenine HPLC calibrations
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Anthranilamide
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Figure S6 Anthranilamide HPLC calibrations
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Anthranilic acid
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Figure S7 Anthranilic acid HPLC calibrations
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Figure S8 Representative kinetic data - Rate graphs - PrnA wild-type with anthranilamide (3)
S18



¢ 100
0 2.5 B 150
°
f:, 2 A 300
? X
£ 15 500
g X 750
S 1
>
3 1000
e 05
1500
of
2500
0 1 2 3 4 5 6
Time ( Min)
4
__35 4100
(7]
L m 150
£ =
£25 = 4300
= /
(]
£ 2 X500
L
g 1> X750
° 1
o
& 1000
0.5
; 1500
0 1 2 3 4 5 6 2500
Time (Min)
3
4 100
7 25 H 150
g
£ 2 A 300
°
E 15 y X 500
£ p
2 X 750
S 1
3
o 1000
& 0.5 .
1500
0 = 2500
0 1 2 3 4 5 6
Time (Min)

Figure S9 Representative kinetic data - Rate graphs - PrnA E450K F454K with anthranilic acid (4)
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T: FTMS + p ESI Full ms [80.00-500.00]
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