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LELPADTVQR | AAE LK CHPTDERV AL HLBE EDKL RH FllEC FY IP K1 QDLPPVDLSLVNKDEN A1 BF LGNSILG Lo PBmv KT vLIEEE LD KW AK | BAY GHE

HsKYNase/1-460 1 GKR PW I TGDES [IVGL Mk DIVGANE KElI 126
HsKYNase_46/1-460 1 LELPADTY QR | AAE LK CHPTDERV AL HLBE EDKL RH FRIEC EY IP K1 QDLPPVDLSLVNKD ED A1 ¥F NGNSIL GL QP KM VK TY LEEE LD KWAK 1 AAY GHlo|V - GKR PW ITGDES IVGL MK DI VG ANE KEI 126
HsKYNase_66/1-460 1LELPADTVQR | AAE LKCHPTDERVAL HLIBIE EOKL RH FRIEC EY IP K| QDLPPVDLSLVNKD EDAI NGNISILGL QPEM VK TY LEEE LD KWAK | A | Y GWFIE GDSPWIHYDES VG LMKD IMGANE KEII 126
HsKYNase_9309/1-460 1 LELPADTY QR | AAE LK CHPTDERV AL HLBEEDKL RH FRIEC EY IP K1 QDLPPVDLSLVNKD EN A1 MM NGNSL GL QP BM VK TY LEEE LD KWAK | AAY GH|F| TKRPWTTT DESIVG LMKD IMGANE KEII 126

- GDSPWMHY HKK LT EP LAAIVGALN T 99

MpKYNase/1-428 1 - ------- MNYQNTLAFARE LBIEQDNLAGFRNEFI10PQH- - - - - - - - - - - HGR DM 1 ¥ILC GMISIL GL QP BAT AG VI AE QL SNWG S L AVE GWF[E - -
ScK¥Nase/1-453 1 - - ME KAL EL E-YPES LEDE ENJIP TF KS - -MGLS SDDK PVTHILC GNSILGLMP IS TR NS [N AE LD AWSD CAVE SH[FK HP EEA RGKV PWVS IDLP [IL PL LA PEVGAQE N 105

HsKYNase/1-460 127 AL g LHLEMLS FF kP Y@L LBAkAF PEIBHWA 1ESBLQLAIGL N-[1|ees mRmiI kPIE GEJE T LRI 1 [E BILE vIlEK EG Bs TAVI LFSGVHIF FN[IP ATk AGQA - kGC Yv GF BLARIAV GRIV E LY 256
HsKYNase_46/1-460 127 AL | LHLLMLS EFKP YRIL LEAKAE PEBHWA 1658 LQLAIGLN-[1feEs MR 1 I KPRE GEIE T LBIIfE BILE VIEK EGBS TAVI LFSGVHIY ENIP ALTK AGQA - KGC Yv GF DL AHIAV GRV EL Y 256
HsKYNase_66/1-460 127 VL MEITETVRRLH LL ML SFFKP TP RRY Bl LL ElA kAF PEBH WA 1E SBLQLEGLN-|I[EES MR | 1 KP B GE|E T LRNIE BILE VIEK EGBS TAVI LFSG IH| FNIPALTK AGQA - KGC YV GF BL ABIAV GRV E LV 256
HsKYNase_93D9/1-460 127 AL L LHLLMLS FF KP YEIL LEAKAF PSIDH YA 1ESBLQLAIGL N-PIAES LR | INPRE GE[TTL BITERNILEV IE KE GBS I AV I L FSGVHIF FNIP ALTK AGQA - KGC Yv GF DL AHIAV GNV EL Y 256
MpKYNase/1-428 100 VA MNITLTVMILH FL LV SEYR PHARKY B LM EG GAF P 1ESBVHFHGY Q-|FIDDA | 1 EV FPRIAGED TLRITEGNI I RT IHDH ABIDLAL VL FGG I N FYDLEQ ITQAAHQ- VG AYA GF BL AHAA GNV P LQ 229
SckVNase/1-453 106 AV MNIS L LNSLL ITEVKP FRICLF Bx 6 EPSBIY VA Fv NBC K1 HB/ 15 epjeNvE 10 1E PRleGET v BT /QBILIDT e v NQBIE LAL VC LS 6V O YF DGR IS F AHQFPD | L VGWBILAHAVG NV P L 237
HsKYNase/1-460 257 LH[oWe VBIF ACWE s A GAlGG 1A GAF 1HE HT < 1-KP ALVEWFIGHEL s TRIFKMONK LQL 1 PGVC GFR I BINPP ILLY 5 LHABILE IFKQ A- TMKAL IVELTGHL EY LIKHN YGKDK - - AAT- K 379
HsKYNase_46/1-460 257 LH|DWGV BF ACWE G A GAIGG 1A GAF I1HE HT - - - KP ALVGWFIGHEL 5T fIF KMDNK LQ GVCGFRVENPP ILLVCS LHASILE IFKQ A- TMKAL BKIKSIVLLTIGHL EY LI KHN YGKDK - - AAT- K 379
HsKYNase_66/1-460 257 LHIOWG VBIF ACWE G 55|PIGG 1A GAF I HE HT - - -KP ALVGWFIGHEL S TRIFKMONK LQLI PGVC GFRCETPP ILLVCI LHASILE IFKQA- TMKAL IVELTGHL EY LI KHN YGKDK - - AAT- K 379
HsKYNase_9309/1-460 257 LH|OWG V BIF At s s GP|GG 1A GAF 1HE HT - - -« 1-KP AL V@ HELSTRMFKMDNK LQ LI PGVC GFRISINFP ILLY CS LHASILE IFKQA- TMKAL VLLTGHEL EY LI KHN YGKDK - - AAT- K 379
MpKYNase/1-428 230 LHHWQV DF A¢ 5 55/P|GG IS GAF I HE@HF GN - - - - KE LN RF AG W Y RE DKEFE M< PGFKPQEGAE GWQYSICSP LLL MAAHKA SILNVE EK AG Y1 EP L ELPGHL EYLIEG IN----- - TAH-Q 350
SckYNase/1-453 238 LHlowc ¥ 3 A GP|6GIG GL FvHs BHITK PDPAKE SLPRLAGWWMEND P AKBIFQML EV FEP I PGAL GFRQBINPSVID TV AL RS SILEL FAKF NG INEV LLLTANMMT ELLE AS KY YK HP LR 1 EK L 369
HsKYNase/1-460 380 KP vV NINIIP's - Hve BR GCBUTITF[S) PN - - KDVFQE LEK RGWV CBK@INP NG Iflvae vP L BH FTNLET 51 LDSAETKN 460
HsKYNase_46/1-460 380 KP VW NELRPS - HVE GCRLTLTF PN - - KDVE QE LEK RGWV CBK@INP NG IRIVAP VP L FH FTINLLT SILDSAETKN 460
HsKYNase_66/1-460 380 KP VY NP - HVE BR GCALTLTF [NVPN - KDVF QE LEK RGWV CBKRINP NG IRvVAP VP L EH FTNLLT SILDSAETKN 460
HsKYNase_9309/1-460 380 KP VV NI IP'S - HVE ER GC AL T I TF[S\VPN KDVF QE LEK RG WV CBKEINP NG IBVAP VP L EH FTNLLT 51 LDSAETKN 460
MpKYNase/1-428 351 KQ LF KL ITPK - NENER 6C BIL S I VC|D- NG - - - KA IEDQLV EG GVL G EPOVIMLS PIPLYMISFE LAGKLLAGVT QF FAE- - 428
SckYNase/1-453 370 PCFFT LR TS TDEEHGAQILS LY FID|SD TGKE DI MP KVEIQYLHDHGW! GBIARIR PNV IEILA PAPLYMITES IAVNALINE AMDK L - - - - 453

Supplementary Figure 1. Amino acid sequence alignment of HsKYNase, HsKYNase 46,
HsKYNase 66, HsKYNase 93D9, MpKYNase and ScKYNase. The blue rectangular frame indicated by
the arrow shows the amino acid substitution shared by HsKYNase 46 and ScK'YNase. The red rectangular
frames indicate residues that are shared by the eukaryotic OH-KYN-preferred ScKYNase and the
prokaryotic KYN-preferred Mucilaginibacter paludis KYNase (MpKYNase). Asterisks denote the five
mutations of HsKYNase 93D9 that are found in ScKYNase and MpKYNase. The alignment was
performed using the CLUSTALW algorithm of the Snapgene program (Version 6.05) and the coloring of
the residues is based on their properties as per CLUSTALW (conservation cutoff for the coloring was set at
>80%). The alignment file was exported as FASTA and the final figure shown here was prepared by
JalView.
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Supplementary Figure 2. Detailed workflow of the evolutionary trajectory leading to the
identification of HsKYNase 93D9. Fully randomized (NNS) amino acid residues of HsKYNase and
HsKYNase 93 are shown as magenta spheres. For simplicity, the targeted residues of only one of the
monomers are shown. Mutations in evolutionary intermediates, namely HsKYNase 1, HsKYNase 8,
Combo variant 1, rationally designed variant 12 and B-factor 10 found in HsKYNase 93 (Supplementary
Table 4) are shown in green cartoon representations. Further NNS randomization on HsKYNase 93 sites
and DNA shuffling of variants (Supplementary Table 6) led to the identification of HsKYNase 93D9 which
harbors seventeen amino acid substitutions. The two monomers in HsKYNase 93D9 harboring 17
mutations are shown in cyan light and in dark blue respectively and the mutations (on both monomers) are
depicted as magenta spheres. The two monomers of HsKYNase 93 are shown in wheat and green color
respectively.
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Supplementary Figure 3. Confidence contour analysis of the global fitting of the pre-steady-state
kinetic data shown in main Figure 2. a-b. 1D and 2D FitSpace confidence contour analysis respectively,
from the global fit of the stopped-flow kinetic data for the reaction of HsKYNase 93D9 with KYN. The
simulation data and the respective models are shown in Fig. 2a, b. ¢-d. 1D and 2D FitSpace confidence
contour analysis respectively from the global fit of the data for the reaction of HsKYNase 66 with KYN
(Fig. 2d, €). All rate constants are expressed as uM's™! (k) and s! (k.1, ko, k3).
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Supplementary Figure 4. Pre-steady-state Kinetic traces of HsKYNase 93D9-H102W/N333T variant
during reaction with KYN or OH-KYN. a. Rapid formation of AA after mixing 9 uM enzyme with 500
uM KYN. b. Pre-steady-state OH-AA formation upon mixing 9 pM HsKYNase 93D9-H102W/N333T
with 500 uM OH-K'YN. Experimental red traces represent the average of five measurements and the black
line is the analytical fit to the single-exponential function as described in Methods. All reactions were
performed in PBS, pH 7.4 at 37 °C.
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Supplementary Figure 5. HsKYNase 93D9 homology model. Overlaid structures of HsKYNase (PBD
entry: 3E9K) and HsKYNase 93D9 homology model focusing on the active site and mutated regions.
HsKYNase and HsKYNase 93D9 are shown in green and cyan, respectively. Side chains of mutated
residues are shown in bold black font whereas in red font are key active site residues shared by both enzyme
species. The asterisk denotes residues which are contributed from the “second” monomer and HsK'YNase’s
wild-type residues are shown in italics font.
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https://www.wwpdb.org/pdb?id=pdb_00003E9K

Supplementary Figure 6. Docking of 3-hydroxy-hippuric acid inhibitor into the HsK'YNase 93D9
active site. Overlaid active sites of HsK'YNase (PDB: 3E9K, shown in green) in complex with 3-hydroxy-
hippuric acid inhibitor and HsKYNase 93D9 (homology model shown in cyan). The docked inhibitor into
the active site of HsKYNase 93D9 is shown as cyan sticks colored by atom sticks (nitrogen: blue,
phosphate: orange, oxygen: red). The distances between the inhibitor and the N333 residue are shown as
yellow dashed lines (3.7 A and 3.6 A for HsKYNase and HsKYNase_93D9 respectively). The side chains
of the motif H102-N333 residues are shown as sticks. The PLP is also shown as yellow sticks.
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Supplementary Figure 7. RMSD graphs showing the solute RMSD from the starting structure as a
function of simulation time for HsKYNase. a-c. Replicate runs for HsK'YNase/KYN complex and d-f.
MD simulation runs for the HsK'YNase/OH-KYN complex. Each plot displays the RMSDCa, backbone
(RMSDBDb) and all-heavy atom including that from the ligand as well (RMSDAII) in blue, red and green
traces respectively. The RMSD plots indicate that the simulations reach equilibrium and are stable over 50
nanoseconds. The trajectories shown in panels a and d were chosen for further analysis of the enzyme-
ligand interactions and are shown in the main text.
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Supplementary Figure 8. RMSD graphs showing the solute RMSD from the starting structure as a
function of simulation time for HsKYNase 93D9. a-c. Replicate runs for HsKYNase 93D9/KYN
complex and d-f. replicate runs for the HsKYNase 93D9/OH-KYN complex. Traces are colored as in
Supplementary Fig. 7 above. The trajectories shown in panels a and d were chosen for further analysis of
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Supplementary Figure 9. RMSD graphs showing the solute RMSD from the starting structure as a
function of simulation time for HsKYNase_66. a-c. Replicate runs for HsSKYNase 66/KYN complex and
d-f. replicate runs for the HsSKYNase 66/OH-KYN complex. Traces are colored as in Supplementary Fig.
7 and 8 above. The trajectories shown in panels a and d were chosen for further analysis of the enzyme-
ligand interactions and are shown in the main text.
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Supplementary Figure 10. Summary of HDX-MS protein dynamics for wild-type HsKYNase,
HsKYNase 66 and BF-HsKYNase. a-b. Zoom-in on the active site of HsK'YNase (PDB: 3E9K) colored
by the difference in fractional D-uptake (-15 to +15%) between no substrate and with KYN or OH-KYN
respectively after 10 minutes exposure to deuterium' . ¢-d. Zoom-in on the active site of HsKYNase 66
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(PDB: 7S3V) during reaction for 10 minutes with KYN and OH-KYN respectively®. e-f. Zoom-in on the
active site of BF-HsK'YNase during reaction for 10 minutes with KYN and OH-KYN respectively®. Key
active site- and important PLP-interacting residues at regions with significant exchange are labeled in all
panels and atom sticks are color-coded (nitrogen: blue, phosphate: orange, oxygen: red). Asterisk indicates
that residue is contributed by the “second” KYNase chain. HDX-MS experiments for each protein were
conducted in the same conditions but independently. The data were reproduced upon permission of the
respective journals cited here. HsK'YNase data were reprinted with permission from Karamitros, C. S. et
al. Conformational Dynamics Contribute to Substrate Selectivity and Catalysis in Human Kynureninase.
ACS Chem. Biol. 15, 3159-3166 (2020). Copyright 2020, American Chemical Society.
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Supplementary Tables

Supplementary Table 1. Summary of all the mutant libraries that were generated and subjected to genetic

selection and 96-well plate screening in the present study.

Sites targeted and

# Type of library fixed/allowed HsKYNase Screening method
mutations template
. T297-A301-V303 Wild-type E. coli ATrpE high throughput selection &
1 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. A295-H296-1298- Wild-type E. coli ATrpE high throughput selection &
2 Saturated mutagenesis (NNS) T297 HsKYNase 96-well plate spectrophotometric assay
. N127-E128-K129 Wild-type E. coli ATrpE high throughput selection &
3 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. F71-L72-K81-M82 Wild-type E. coli ATrpE high throughput selection &
4 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. F149-K150-K154- Wild-type E. coli ATrpE high throughput selection &
S Saturated mutagenesis (NNS) Y156 HsKYNase 96-well plate spectrophotometric assay
. K84-T85-Y86-E88 Wild-type E. coli ATrpE high throughput selection &
6 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. E90-K93-V104-K106- | Wild-type E. coli ATrpE high throughput selection &
7 Saturated mutagenesis (NNS) R107 HsKYNase 96-well plate spectrophotometric assay
. V339-C340-S341- Wild-type E. coli ATrpE high throughput selection &
8 Saturated mutagenesis (NNS) H343-E347-T353 HsKYNase 96-well plate spectrophotometric assay
. 197-A98-A99-Y100 | Wild-type E. coli ATrpE high throughput selection &
i Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. E103-V104-G105 Wild-type E. coli ATrpE high throughput selection &
10 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. G105-K106-R107- Wild-type E. coli ATrpE high throughput selection &
1 Saturated mutagenesis (NNS) P108 HsKYNase 96-well plate spectrophotometric assay
. P108-1110-T111-S115 | Wild-type E. coli ATrpE high throughput selection &
12 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. Y100-E103-P108- Wild-type E. coli ATrpE high throughput selection &
13 Saturated mutagenesis (NNS) 1110-T111 HsKYNase 96-well plate spectrophotometric assay
. V326-1331-P334 Wild-type E. coli ATrpE high throughput selection &
14 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. F329-R330-1331-P334 | Wild-type E. coli ATrpE high throughput selection &
15 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. M187-M189-K191 Wild-type E. coli ATrpE high throughput selection &
16 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
. E259 Wild-type .
17 Saturated mutagenesis (NNS) HsKYNase 96-well plate spectrophotometric assay
Fixed mutations and partial T138S-VI139NDT- Wild-type .
18 saturation mutagenesis HI142F-L143K HsKYNase 96-well plate spectrophotometric assay
Fixed mutations and partial Y156NNS-K157V- . E. coli ATrpE high throughput selection &
19 . . L160A/T-A162R/T- | Wild-type .
saturation mutagenesis K163S/T-A164N HsKYNase 96-well plate spectrophotometric assay
Fixed mutations and pairwise F249W-A254S/T-
20 muta enesisp V255A-N257A- Wild-type 96-well plate spectrophotometric assay
wag E259P HsKYNase
Fixed mutations and pairwise W272G-8274G/S/T-
21 puta enesisp A280G/S-A282P- Wild-type 96-well plate spectrophotometric assay
& G287F HsKYNase
. Recombination of see separate | E. coli ATrpE high throughput selection &
2 DNA shuffling-1 genes Table 4 96-well plate spectrophotometric assay
. F149-K150-K154- HsKYNase | E. coli ATrpE high throughput selection &
23 Saturated mutagenesis (NNS) Y156 93 96-well plate spectrophotometric assay
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. Y156-K157-L160- HsKYNase | E. coli ATrpE high throughput selection &

24 Saturated mutagenesis (NNS) A162-K163 93 96-well plate spectrophotometric assay
. L219-F220-S221- HsKYNase | E. coli ATrpE high throughput selection &

25 Saturated mutagenesis (NNS) G222 93 96-well plate spectrophotometric assay
. H230-F231-N232D- | HsKYNase | E. coli ATrpE high throughput selection &

26 Saturated mutagenesis (NNS) P234 93 96-well plate spectrophotometric assay
. P234-K238-Q241 HsKYNase | E. coli ATrpE high throughput selection &

27 Saturated mutagenesis (NNS) 93 96-well plate spectrophotometric assay
. A242-K243-Y246- HsKYNase | E. coli ATrpE high throughput selection &

28 Saturated mutagenesis (NNS) F249 93 96-well plate spectrophotometric assay
. (G284-1285 HsKYNase | E. coli ATrpE high throughput selection &

2 Saturated mutagenesis (NNS) 93 96-well plate spectrophotometric assay
. H224-F225 HsKYNase | E. coli ATrpE high throughput selection &

30 Saturated mutagenesis (NNS) 93 96-well plate spectrophotometric assay

31 Saturated mutagenesis (NNS) 1331 HSK\;;\Iase_ 96-well plate spectrophotometric assay
. S394-H395-V396- HsKYNase | E. coli ATrpE high throughput selection &

32 Saturated mutagenesis (NNS) E397 93 96-well plate spectrophotometric assay
. T404-1405-T406- HsKYNase | E. coli ATrpE high throughput selection &

3 Saturated mutagenesis (NNS) F407-S408 93 96-well plate spectrophotometric assay
. N411-D413-Q416- HsKYNase | E. coli ATrpE high throughput selection &

34 Saturated mutagenesis (NNS) E419 93 96-well plate spectrophotometric assay
. K427-N429-N431- HsKYNase | E. coli ATrpE high throughput selection &

35 Saturated mutagenesis (NNS) G432-A436 93 96-well plate spectrophotometric assay
36 Saturated mutagenesis (NNS) A99-1110-G112 HsKYNase | E. coli ATrpE high throughput se.lectlon &

93 96-well plate spectrophotometric assay
. K106-R107-1110- HsKYNase | E. coli ATrpE high throughput selection &

37 Saturated mutagenesis (NNS) G112 93 96-well plate spectrophotometric assay
Random incorporation | HsKYNase | E. coli ATrpE high throughput selection &

38 Error prone PCR (epPCR) of mutations 93 96-well plate spectrophotometric assay
. Recombination of see separate | E. coli ATrpE high throughput selection &

39 DNA shuffling-2 genes Table 6 96-well plate spectrophotometric assay
. HsKYNase | E. coli ATrpE high throughput selection &

40 Saturated mutagenesis (NNS) E90-K93-197 93D9 96-well plate spectrophotometric assay
. HsKYNase | E. coli ATrpE high throughput selection &

41 Saturated mutagenesis (NNS) T111-D113-E114 93D9 96-well plate spectrophotometric assay
. V339-C340-E347- HsKYNase | E. coli ATrpE high throughput selection &

42 Saturated mutagenesis (NNS) K350-T353 93D9 96-well plate spectrophotometric assay
43 Saturated mutagenesis (NNS) & Y306-H308H/Y- HsKYNase | E. coli ATrpE high throughput selection &

pairwise E309-L310-S311 93D9 96-well plate spectrophotometric assay
44 Saturated mutagenesis (NNS & C327-F329-R330- HsKYNase | E. coli ATrpE high throughput selection &

NDT) 1331(NDT) 93D9 96-well plate spectrophotometric assay
. HsKYNase | E. coli ATrpE high throughput selection &

45 Saturated mutagenesis (NNS) 1405-S408-N411 93D9 96-well plate spectrophotometric assay
Pairwise based on primary E. coli ATrpE high throughput selection &

46 sequence of bacterial K315-R330 HsKYNase 96-well plate spectrophotometric assay

MpKYNase 93D9

Random incorporation | HsKYNase | E. coli ATrpE high throughput selection &

47 Error prone PCR (epPCR) of mutations 93D9 96-well plate spectrophotometric assay
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Supplementary Table 2. HsKYNase variants 1-27 that were isolated from NNS combinatorial
mutagenesis using HsK'YNase as the parental species. Mutations from the most highly active variants were
rationally combined yielding Combo variants 1-6. Amino acid substitutions F300Y, 1331C and I3331N
were identified from a previous study?. KYN steady-state kinetic parameters were obtained from purified
enzyme preparations in PBS, pH 7.4 at 37 °C. Key variants are shown in green bold fonts in all

Supplementary Tables.
Variant name Amino acid substitutions keat (s) Kv (UM) | keat/Kn (M's') | Fold-HsKYNase
Hvzllgggse no mutations 0.12£0.02 | 1200120 10026 1
HsKYNase 1 F71M-L72N-K81R-M82N 1.12+0.07 650+100 1720+285 17.2
- (consensus sequence) )
HsKYNase 2 F149Y-K150R-K154R 0.45+0.04 | 1400+230 320460 3.2
HsKYNase 3 F149Y-K150N-K154T 0.70+0.07 | 2000+320 35066 3.5
HsKYNase 4 | K84R-T85N-Y86S-ESSL 0.57+0.05 | 1500+300 380+83 3.8
V339F-C340P-H343R- 0.25+0.01 1000120 250+£32
HsKYNase 5 E347L-T353G (consensus 2.5
sequence)
HsKYNase_6 197L-A98G-Y100A 0.36+0.09 | 1300450 280120 2.8
HsKYNase 7 | I97V-A98G-A99V-Y100H | 0.30£0.03 | 1000+120 30070 3
HsKYNase_8 E103F-V104H-G105T 0.85+0.02 500+33 1700+120 17
HsKYNase 9 F329Y-1331T 0.38+0.05 18004350 210+50 2.1
HSKYNaSG_lO M187L-M1891-K191S 0.254+0.01 5004354 500+40 5
HSKYNaSG_ll MI187L-M189V-K191N 0.234+0.01 440:t40h 520452 52
HsKYNase_12 T297G-A301G 0.27+0.03 | 930+300 290100 2.9
HsKYNase_13 T297L-A301P 0.33+0.06 | 1300+250 250+66 2.5
A295H-H296L-T297V- 0.25+0.015 1200£140 210427
HsKYNase 14 1298V 2.1
HsKYNase 15 | A295H-H296R-T297S-1298L | 0.10£0.025 | 1600+350 63+21 0.6
HsKYNase 16 N127R-E128P-K129S 0.20+0.02 | 9304230 21557 2.1
HsKYNase 17 F149Y-K150R-K154T 0.67+0.06 | 2300+330 290+50 2.9
HsKYNase 18 A98G-Y100A 0.36+0.07 1300+550 280+130 2.8
HsKYNase 19 E103F-V104E-G105S 0.63+0.02 620+55 100094 10
HsKYNase 20 | E259P (consensus sequence) 0.40+0.05 800+100 500+88 5
: ) only sequenced (high activity on plates but lower than HsKYNase 8
HsKYNase 21 E103F-V104S-G105T from same library)
HsKYNase 22 | A2951-H296P-T297A-1298K only sequenced (marginally higher activity than wild type HsKYNase
- on plates; similar to HsKYNase 14)
HsKYNase 23 A295H-H296V-T297D- only sequenced (marginally higher activity than wild type HsKYNase
- 1298F on plates; similar to HsKYNase 14)
HsKYNase 24 A295H-H296H-T297H- only sequenced (marginally higher activity than wild type HsKYNase
— 1298L on plates; similar to HsKYNase 14)
only sequenced (high activity on plates but lower than HsKYNase 4
HsKYNase 25 | KB84A-T85M-Y86G-E88G from same library)
only sequenced (high activity on plates but lower than HsKYNase 4
HsKYNase 26 K84A-T85D-Y86R-E88G from same library)
. . ) only sequenced (high activity on plates but lower than HsKYNase 4
HsKYNase 27 K84S-T85V-Y86A-E88G from same library)
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Combo F71M-L72N-K81R-M82N- 0.69+0.05 430+45 1600200 16
variant 1 I331N-F306Y
Combo F71M-L72N-K81R-M82N- 1+£0.065 250+18 4000+390 40
variant 2 E103F-V104H-G105T
Combo F71M-L72N-K81R-M82N- 0.24+0.04 400+30 600110
. 6
variant 3 1331C
Combo F71M-L72N-K81R-M82N- 0.63+0.05 400+30 1575+170
. 16
variant 4 1331N
Combo E103F-V104H-G105T-197V- 0.70+0.04 550+45 1270+£126 13
variant 5 A98G-A99V-Y100H
Combo F71M-L72N-K81R-M82N- 0.65+0.06 500+30 1300+143 13
variant 6 K84R-T85N-Y86S-E88L

“This value represents KS as the variant displayed sigmoidal kinetics with a Hill coefficient of ny ~ 1.95

"This value represents KS as the variant displayed sigmoidal kinetics with a Hill coefficient of ng ~ 2.6
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Supplementary Table 3. Rationally designed variants 1-15 were constructed based on phylogenetic
analysis and mutational data from previous studies®. Steady-state kinetic parameters were calculated from
assays performed in PBS, pH 7.4 at 37 °C. Key variants are shown in green bold fonts.

4 Stratesy of mutagenesis Amino acid HsKYNase Keat (1) Km keat/Km Fold-
gy utag substitutions template et QM) | M1sh HsKYNase
Rationally designed W272G-5274G- Wild-type 1000 500+
. A280S-A282P- 0.50+0.06 5
1 variant 1 HsKYNase +180 110
- G287F
. . W272G-S274S- . 0.53+ 1300 400+85
Ratlonal!y designed A280S-A282P- Wild-type 0.05 1250 4
2 variant 2 HsKYNase
— G287F
. . W272G-S274A- . 0.38+ 750+ 500+
Rationally designed A280G-A282P- Wild-type 0.032 170 120 5
3 variant 3 HsKYNase
— G287F
. . W272G-S274A- . 0.25+ 600+ 420488
Rationally designed A280S-A282P- Wild-type 0.016 120 4.2
4 variant 4 HsKYNase
- G287F
. . W272G-S274T- . 0.17+ 850+ 200+£35
Rationally designed A280S-A282P- Wild-type 0.014 | 130 2
5 variant 5 HsKYNase
— G287F
Rationally designed W272G-5274G- Wild-type 0.16x 480+
. A280G-A282P- 330+38 33
6 variant_6 HsKYNase 0.008 50
- G287F
Rationally designed Wild-type 0.35+ 1000
7 variant 7 N232D-Q241H HsKYNase 0.03 +200 330+76 33
. . . Was not kinetically characterized-only 96-well
Ratlonal!y designed H224N-F225Y Wild-type plate assessment using cell lysate (~2.5X active
8 variant_8 HsKYNase .
- than wild-type)
Rationally designed Wild-type Was not klnetlcally'characterlzed-only 96-w§11
. F225Y plate assessment using cell lysate (~2.5X active
9 variant_9 HsKYNase .
- than wild-type)
Rationally designed E259P-W272G- Wild-type Was not kmetlcally.characterlzed-only 96-yvell
10 variant 10 S274A-A280G- HsKYNase plate assessment using cell lysate (~3X active
- A282P-G287F than wild-type)
Rationally designed E259P-W272G- Wild-type Was not klnetlcally'characterlzed-only 96-We11
1 ariant 11 S274A-A280S- HsKYNase plate assessment using cell lysate (~3X active
vanant_ A282P-G287F than wild-type)
Rationally designed §259P-W 272G- Wild-type Was not kmetlcally.characterlzed-only 96-yvell
12 variant 12 S274G-A280S- HsKYNase plate assessment using cell lysate (~3X active
- A282P-G287F than wild-type)
Rationally designed E259P-W272G- Wild-type Was not klnetlcally'characterlzed-only 96-Well
13 ariant 13 A280G-A282P- HsKYNase plate assessment using cell lysate (~3X active
variant_ G287F than wild-type)
Ratiomally designed | N232DQ241H- | Wiliype | R SO tive
14 variant_14 E259P HsKYNase | D@ using cely : v
- than wild-type)
Rationally designed G4321-V435F- Wild-type .
15 variant_15 A436G-P437F HsK YNase Insoluble protein
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Supplementary Table 4. Genes of HsK'YNase variants that were shuffled, and screening of the resulting
library led to the isolation of HsKYNase 93. Group 1 includes variants that were isolated from NNS
combinatorial mutagenesis whereas group 2 includes variants whose mutations were rationally combined.
B-factor variants are from?®. All genes were mixed at 1:1 molar ratio prior to DNase-I treatment. Key variants
are shown in green bold fonts.

GROUP 1-Variants isolated from combinatorial saturation mutagenesis

Variant name

Amino acid substitutions

HsKYNase_1 F71M-L72N-K81R-M82N
HsKYNase 2 F149Y-K150R-K154R
HsKYNase 3 F149Y-K150N-K154T
HsKYNase 4 K84R-T85N-Y86S-ESSL
HsKYNase_5 V339F-C340P-S-H343R-E347L-T353G
HsKYNase 6 197L-A98G-Y100A
HsKYNase 7 197V-A98G-A99V-Y100H
HsKYNase 8 E103F-V104H-G105T
HsKYNase 9 F329Y-I1331T

HsKYNase 10 M187L-M1891-K191S

HsKYNase 11

M187L-M189V-K191N

B-factor 1 1183P-E184A
B-factor 2 K191R-E197S-1201T
B-factor 3 K191S-E197T-1201T
B-factor 4 N375A-Y376C-K378G
B-factor 5 K380G-A382G-K384R-P386S
B-factor_6 K380G-A382G-K384R
B-factor 7 D413S-Q416T-E419L
B-factor 8 D413C-Q416T-E419L
B-factor_9 K427M-N429E-G432A-A436T

GROUP 2-Variants with rationally combined mutations

Combo variant_1

F71M-L72N-K81R-M82N-1331N-F306Y

Combo variant 2

F71M-L72N-K81R-M82N-E103F-V104H-G105T

Combo variant 3

F71M-L72N-K81R-M82N-I1331C

Combo variant 4

F71M-L72N-K81R-M82N-I331N

Combo variant 5

E103F-V104H-G105T-197V-A98G-A99V-Y100H

Combo variant 6

F71M-L72N-K81R-M82N-K84R-T85N-Y86S-E8SL

Rationally designed

H224N-F225Y

variant 8

Rationally designed F225Y
variant 9

Ratlonally designed E259P-W272G-S274A-A280G-A282P-G287F
variant 10
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Rationally designed

E259P-W272G-S274A-A280S-A282P-G287F

variant 11
Rationally designed E259P-W272G-S274G-A280S-A282P-G287F
variant 12
Rationally designed E259P-W272G-A280G-A282P-G287F
variant 13
Rationally designed E259P-N232D-Q241H
variant 14
B-factor 10 1183P-E184A-M187L-M1891-K191N-E197T-1201T
B-factor 11 1183P-E184A-M187L-M1891-K191S-E197T-1201T
B-factor 12 N375A-Y376C-K378G-K380G-A382G-K384R-P386S
B-factor 13 N375A-Y376C-K378G-K380G-A382G-K384G-P386G
B-factor_14 N411R-D413F-N375A-Y376C-K378G
B-factor 15 N411R-D413F-K427M-N429E-G432A-A436T
B-factor 16 N411R-D413F-Q416T-E419L
B-factor 17 N411R-D413C-Q416T-E419L
B-factor 18 N411R-D413S-Q416T-E419L
Bfactor 19 N375A-Y376C-K378G-K380G-A382G-K384G-P386S-N411R-D413S-Q416T-E419L-
- K427M-N429E-G432A-A436T
B-factor 20 N375A-Y376C-K378G-K380G-A382G-K384R-P386S-N411R-D413S-Q416T-E419L-
— K427M-N429E-G432A-A436T
Bfuctor 21 N375A-Y376C-K378G-K380G-A382G-K384G-P386S-N411R-D413L-Q416T-E419L-
— K427M-N429E-G432A-A436T
Bfactor 22 N375A-Y376C-K378G-K380G-A382G-K384G-P386S-N411R-D413F-Q416T-E419L-
-lactor_ K427M-N429E-G432A-A436T
Bfactor 23 N375A-Y376C-K378G-K380G-A382G-K384G-P386T-N411R-D4131-Q416T-E419L-
— K427M-N429E-G432A-A436T
Bfactor 24 N375A-Y376C-K378G-K380G-A382G-K384R-P386G-N411R-D413S-Q416T-E419L -
— K427M-N429E-G432A-A436T
Bfactor 25 N375A-Y376C-K378G-K380G-A382G-K384G-P386G-N411R-D413F-Q416T-E419L-
— K427M-N429E-G432A-A436T
B-factor 26 N375A-Y376C-K378G-K380G-A382G-K384G-P386G-N411R-D4131-Q416T-E419L-

K427M-N429E-G432A-A436T
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Supplementary Table 5. KYN steady-state-kinetic parameters of HsSKYNase 94-102 variants that were
isolated from NNS combinatorial mutagenesis using HsKYNase 93 as the parental species. HsKYNase 93

parental protein and key variants are shown in red and green bold fonts respectively.

i - keat/ Km Fold-
Variant name Amino acid substitutions ket 57) | K (uM) M5 HsKYNase
F71M-L72N-E103F-V104H-G105T-1183P-E184A-
HSKVNase 93 | y11871M1891-K191IN-E197T-1201T-A2805-A282P- | 1.5¢0.1 | 110415 | 13600% 136
(Parental) F306Y 2000
F7IM-L72N-E103F-V104H-G105T-F149Y-KI50R- | 1.3+0.025 | 21014 | 6190430
HsKYNase 94 | K154R-1183P-E184A-M187L-M1891-K191N-E197T- 62
1201T-A280S-A282P-F306Y
F7IM-L72N-E103F-V104H-G105T-F149Y-KI50R- | 1.25+0.12 | 19060 | 6580+
HsKYNase 95 | K154M-Y156H-1183P-E184A-M187L-M189I-K191N- 2100 66
E197T-1201T-A280S-A282P-F306Y
F7IM-L72N-E103F-V104H-G105T-F149Y-KI50H- | 1.15+0.01 | 170£10 | 6760245
HsKYNase 96 | K154M-1183P-E184A-M187L-M1891-K19IN-E197T- 68
1201T-A280S-A282P-F306Y
F7IM-L72N-E103F-V104H-G105T-1183P-E184A- | 1£0.07 | 130+40 | 7700+
HsKYNase 97 | MI87L-M1891-K191N-E197T-1201T-H230Y-N232D- 2400 77
P234S-A280S-A282P-F306Y
F7IM-L72N-E103F-V104H-G10ST-1183P-E184A- | 1.4240.02 | 300£13 | 4730+220
HsKYNase 98 | MI87L-M1891-K191N-E197T-1201T-A280S-A282P- 47
F306Y-N411S-D413F-Q416S
F7IM-L72N-A99G-E103F-V104H-G105T-I110T- | 0.7320.02 | 65+14 11230+
HsKYNase_99 G112T-1183P-E184A-M187L-M189I-K191N- 2450 112
E197T-1201T-A280S-A282P-F306Y
F7IM-L72N-A99V-E103F-V104H-GLOST-I110V- | 1.520.033 | 200+17 | 7520+660
HsKYNase_100 | G112S-1183P-E184A-M187L-M1891-K191N-E197T- 75
1201T-A280S-A282P-F306Y
F7IM-L72N-E103F-V104H-G105T-K106P-R107E- | 1.35£0.04 | 16516 | 82004620
HsKYNase 101 | I1110T-G112L-1183P-E184A-M187L-M189I-K191N- 82
E197T-1201T-A280S-A282P-F306Y
F7IM-L72N-E103F-V104H-G10ST-K106R-R107S- | 1.64=0.04 | 220+17 | 74504600
HsKYNase 102 | 1110V-G112Q-1183P-E184A-M187L-M189L-K191N- 74

E197T-1201T-A280S-A282P-F306Y
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Supplementary Table 6. Genes of HsK'YNase variants which were shuffled, and screening of the library
led to the identification of HsKYNase 93D9. Variant HsKYNase 99 harbors the two mutations 1110T-
G112T which were found in HsKYNase 93D9. Rationally designed variants were constructed by

incorporating previously identified beneficial mutations (underlined in bold)? on HsKYNase 93.

Gene # Variant name Amino acid substitutions
) kY Nase 93 F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M1891-K191N-E197T-
- 1201T-A280S-A282P-F306Y
5 HSKYNase 94 F71M-L72N-E103F-V104H-G105T-F149Y-K150R-K 154R-1183P-E184A-M187L-
Sh.TINase_ M1891-K191N-E197T-1201T-A280S-A282P-F306Y
3 HSKYNase 95 F71M-L72N-E103F-V104H-G105T-F149Y-K150R-K 154M-Y 1 56H-1183P-E 184 A-
s S M187L-M189I-K191N-E197T-1201T-A280S-A282P-F306Y
4 HSKYNase 96 F71M-L72N-E103F-V104H-G105T-F149Y-K150H-K 154M-1183P-E 1 84A-M187L-
— M1891-K191N-E197T-1201T-A280S-A282P-F306Y
s HSKYNase 97 F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M189I-K 19 IN-E197T-
Sh.YINase_ 1201 T-H230Y-N232D-P234S-A280S-A282P-F306Y
P HSKYNase 98 F71M-L72N-E103F-V104H-G105T-T183P-E184A-M187L-M189I-K 19 IN-E197T-
s 5 1201T-A280S-A282P-F306Y-N411S-D413F-Q416S
; Y Nase 99 F71M-L72N-A99G-E103F-V104H-G105T-1110T-G112T-1183P-E184A-M187L-
—~ M1891-K191N-E197T-1201T-A280S-A282P-F306Y
g HeKYNase 100 F71M-L72N-A99V-E103F-V104H-G105T-1110V-G112S-T1183P-E184A-M187L-
— M1891-K191N-E197T-1201T-A280S-A282P-F306Y
0 HeKYNase 101 F71M-L72N-E103F-V104H-G105T-K106P-R107E-1110T-G112L-T1183P-E184A-
S S€_ M187L-M189I-K191N-E197T-1201T-A280S-A282P-F306Y
1o HeKYNase 102 F7IM-L72N-E103F-V104H-G105T-K106R-R107S-1110V-G112Q-T183P-E184A-
- M187L-M1891-K191N-E197T-1201T-A280S-A282P-F306Y
" Ratlofﬁilgnfzsn‘gned F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M189I-K 19 IN-E197T-
HeK Y Nase. 93 1201 T-E259P-A280S-A282P-F306Y
" Ratl(’fj‘rlilgn?f;gned F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M1891-K191N-E197T-
HK Y Nase. 93 1201T-N232D-Q241H-A280S-A282P-F306Y
" Ra“"vna;“rlilgn‘tizs;g“ed F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M189I-K 19 IN-E197T-
HeK Y Nase. 93 1201 T-A280S-A282P-F306W
14 Rauovnj‘rlilg’n‘tizs;gmd F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M1891-K191N-E197T-
HeK YNase. 93 1201 T-F225Y-A280S-A282P-F306Y
15 Ra“"vna;“rlilgn‘tizs;g“ed F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M189I-K 19 IN-E197T-
HK Y Nase. 93 1201 T-N232D-Q241H-E259P-A280S-A282P-F306Y
1 Rauovnjrlilg'nfﬁgned F71M-L72N-E103F-V104H-G105T-1183P-E184A-M187L-M1891-K191N-E197T-
HeK YNase. 93 1201 T-F225Y-N232D-Q241H-A280S-A282P-F306Y
17 Ra“"vn;lilgnfeigned F71M-L72N-A99G-E103F-V104H-G105T-1110T-G112T-1183P-E184A-M187L-
N M1891-K191N-E197T-1201T-A280S-A282P-F306 W
HsKYNase 93 -
18 Rauonj‘rlilg'n?zsggned F71M-L72N-E103F-V104H-G105T-K106R-R107S-1110V-G112Q-1183P-E184A-
HJ{YNaSC 9 MI187L-M189I-K191N-E197T-1201T-A280S-A282P-F306W
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Supplementary Table 7. The most highly active HsK'YNase variants including HsKYNase 93D9 (shown
in bold red) that were isolated from the DNA shuffling library described in Supplementary Table 6.

Variant name . . o keat (s1) Ku Keat/Kna Fold-
Amino acid substitutions (uM) M-sh) HsKYNase
F71M-L72N-E103F-V104H-G105T-1110T-G112T- 17000+
HsKYNase_93D9 1183P-E184A-M187L-M1891-K191N-E197T-1201T- 1.45+0.07 | 85+0.01 2200 170
A280S-A282P-F306Y
F71M-L72N-A99G-E103F-V104H-G105T-K106R-
R107S-1110V-G112L-1183P-E184A-M187L-M1891-
HsKYNase 93C3 K191N-E197T-1201T-Q24 1 H-E259PA280S-A282P- 1.4+£0.04 150+15 | 9330+£970 93
F306Y
F71M-L72N-A99G-E103F-V104H-G105T-1110V-
HsKYNase 93F8 G112S-1183P-E184A-M187L-M1891-K191N-E197T- 1.6+0.05 220420 | 7300£700 73

1201T-A280S-A282P-F306Y
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Supplementary Table 8. Rate constants calculated from the global fit analysis of the reaction of
HsKYNase 93D9 with KYN (data are shown in Fig. 2a and b in the main text).

Rate constant | Lower limit* | Upper limit? %Range¢ Best fit
k; (uM-1s 1) 0.22 0.27 10 0.24
k., (s 3.31 4.83 19 4
ky (s1) 0.77 0.81 2.5 0.79

“’Lower and upper limits represent a threshold of 5% deviation from the minimal Sum Square Error (SSE)
in the confidence contours. “The percentage range was calculated by dividing the mean of the range by the
best fit values as follows: (upper-lower)/(2xbest fit). This represents the allowable variation of each best fit
value as a percentage.
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Supplementary Table 9. Rate constants calculated from the global fit analysis of the reaction of

HsKYNase 66 with KYN (data are shown in Fig. 2d and e in the main text).

Rate constant | Lower limit* | Upper limit? %Rangec¢ Best fit
k, (uM-1s1) 5.5 6.4 7.6 5.9
ky (s 2.78 3.28 8 3.1
ks (s7) 17.5 24.8 17.3 21

“’Lower and upper limits represent a threshold of 5% deviation from the minimal Sum Square Error (SSE)
in the confidence contours. “The percentage range was calculated by dividing the mean of the range by the
best fit values as follows: (upper-lower)/(2xbest fit). This represents the allowable variation of each best fit
value as a percentage.

Supplementary Table 10. Steady-state kinetic properties of HsKYNase 93D9 against KYN and OH-
KYN in DO, pD 7.4 at 37 °C.

keat (s) Km (uM) keat/Km (M-1s1)
KYN
0.16£0.012 | 250449 | 640+134
OH-KYN
0.135:0.007 | 5048 | (2.7£045) x 10°
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Supplementary Table 11. Summary of HDX-MS experimental parameters

Data Set HsKYNase_93D9

PBS + substrate?

HDX reaction details

PHread = 7.0
HDX time course (min) 1,10, 100 at 37°C
HDX control samples Unlabeled HsKYNase_93D9
Back-exchange (mean) ~30%
# of peptides 132
Sequence coverage 94%
Average peptide length / Redundancy 12.5/3.73
Replicates (biological or technical) 3 (technical)

0.07 (average standard

Repeatability deviation)

AHDX greater than 0.3 Da
p-value<0.01

Significant difference

9%KYN and OH-KYN were 3
mM
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