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Supplementary Figure 1: The effect of temperature (A) and substrate

concentration (B) on the specific activity of PedH toward HMF.
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Supplementary Figure 2: FDCA production from HMF catalyzed by PedH.
Conversion was performed in 100 mM Tris-HCI buffer (pH 8.0), HMF 0.25 mM, PedH
1 uM, at 30 °C.
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Supplementary Figure 3: The specific activity of PedH toward HMF in the

presence of different metal ions. "-" indicates that no metal ions were added.
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Supplementary Figure 4: Biocatalysis of HMF and FFA using PedE. Conversions

were performed in triplicate in 100 mM Tris-HCI buffer (pH 8.0), PedE 1 uM, 0.25
mM of substrates, at 30 °C, for 24 h.

Supplementary Figure 5: SDS-PAGE analysis of PedH wild type. Lane M, protein
marker; lane 1, supernatant of cell lysates by sonication of recombinant E. coli; lane 2,

precipitate of cell lysates by sonication of recombinant E. coli.
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Supplementary Figure 6: The thermostable single mutants predicted by PROSS

and FireProt.
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Supplementary Figure 7: SDS-PAGE analysis of variant PedHS.
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Supplementary Figure 8: Root-mean-square fluctuations (RMSF) values of

backbone atoms for WT and 4M.
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Supplementary Figure 9: Transformation of HMF using thermostable variants.

Conversions were performed in triplicate in 100 mM Tris-HCI buffer (pH 8.0), HMF
10 mM, PedH 1 puM, 30 °C.



8 G4_T7ter_T5520231123.. SETAGCAGCGTTTTTGTTGCACCGGCATTTCTEGGTGCAAAAAATTGEATGCCGATGECATATAATAAAGAT
e
. AS:T7ter:T5520231123t CCATCGTCGCAAAAACAACGTGGCCGTAAAGACCCACGTTTTTTAACCTACGGCTACCGTATATTATTTCTA
B Ho_T7ter TSS20231123 | b5t Al phe va Als Bio Als Phe Liu Gl A s e Tip Pist Pro vt s T Fer D Ae
#23: 4 ¥
R - -

B [4][][+] 56TAGCAGCETTTTTETTGCACCEECATTTCTEGETGCAAARAATTGEATGCCGATGECATATAATAAAGAT
P B1_TSS520231123-0571-0 == SGTAGCAGCGTTTTTGTTGCACCGGCATTTCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P D1_TS520231123-0571-C == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P E1_TS520231123-0571-0 == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P F1_T7ter TSS20231123-( == SGTAGCAGCGTTTTTGTTGCACCGGC@I’CTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
» G1_T7ter_TSS520231123-1 == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P A2_T7ter_TS520231123- == SGTAGCAGCGTTTTTGTTGCACCGGCA@'@TGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P C2_T7ter TSS20231123- <mm SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P D2_T7ter_TSS20231123- <= SGTAGCAGCGTTTTTGTTGCACCGGCATEEETGGGTGCAAAAAATTGGATGCCGATEGCATATAATARAGAT
P E2_T7ter_TS520231123- == SGTAGCAGCGTTTTTGTTGCACCGGCA@TTCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P F2_T7ter TSS20231123-( == SGTAGCAGCGTTTTTGTTGCACCGGCA@TCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
3 H2_T7ter_TS5520231123- <=m SGTAGCAGCGTTTTTGTTGCACCGGCAT@TCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P A3_T7ter_TS520231123- == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P E3_T7ter_TSS20231123- == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P H3_T7ter_TSS20231123- == SGTAGCAGCGTTTTTGTTGCACCGGCA@TTCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P D4_T7ter_TSS520231123- == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P G4_T7ter TSS20231123- == SGTAGCAGCGTTTTTGTTGCACCGGCAT@TCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P C5_T7ter_TSS20231123- == SGTAGCAGCGTTTTTGTTGCACCGGCCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P F5_T7ter_TS5520231123-( == SGTAGCAGCGTTTTTGTTGCACCGGCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P A6_T7ter TS520231123- == SGTAGCAGCGTTTTTGTTGCACCGGC@TCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT
P HE_T7ter TSS20231123 == SGTAGCAGCGTTTTTGTTGCACCGGCAH'TCTGGGTGCAAAAAATTGGATGCCGATGGCATATAATAAAGAT

Supplementary Figure 10: Quality validation of site-saturation mutagenesis

libraries with NNK randomization.

Supplementary Figure 11: Site-directed mutations on agar plates that were

carried out by iBiofoundry.
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Supplementary Figure 12: Process flow diagram for automatic screening of PedH

variants.
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Supplementary Figure 13: Heatmap of mutation predictions for PedH by
MutCompute. Disfavored residues are marked in red. Disfavored residues refer to
those where the predicted amino acid with the highest probability differs from the wild-

type amino acid.

A 1 2 3 4 5 6 7 8 8 10 " 12
A R300A R300K R300V W554G W554Q G556D G556N G556Y W5611 W561S F412G F412Q
B R300C R300L R300W W554H W554R G556E G556P W561A W561K Wse1T F412H F412R
C R300D R300M R300Y w5541 W5548 G556F G556Q W561C W561L W561V Fa121 F4128
D R300E R300N W554A W554K W554T G556H G556R W561D W561M W561Y F412K F412T
E R300F R300P W554C W554L W554V G5561 G556 W561E W561N F412A Fa12L F412v
F R300G R300Q W554D W554M W554Y G556K G556T W561F W561P F412C F412M Fa12w
G R300H R3008 WS54E W554N G556A G556L G558V W561G W561Q F412D F412N F412Y
H R3001 R300T W554F W554P G556C G556M GS56W | W5B1H W561R F412E Fa12P 4M
B 1 12
0.388 0.654
]
0.591 0.247
0.653 0.458
0.58 0.402
0.623
0.34
0.572 0.43

Supplementary Figure 14: Plate reader data of first-round iterative saturation

mutagenesis (ISM).

A 1 2 3 4 5 6 7 8 9 10
A W554A W554H W554T W561Q W561F R300D R300K R300V F412G F412T
B W554R W5EB41 W554Y WS561E W561P R300C R300M F412A F412H Fa12w
[o] W554N W554L W554V W561G W561S R300Q R300F F412R F4121 F412Y
D W564D W554K W561A W561H W5e1T R300E R300P F412N F412L F412v
E W554C W554M W561R WEB1l W5B1Y R300G R300S8 F412D F412K 5M
F W554Q W554F W561N W561L W561V R300H R300T F412C F412M 5M
G W5E4E W554P W561D WS561K R300A R300I R300W F412Q Fa12pP 5M
H W554G W5548 Ws61C WE61M R300N R300L R300Y F412E F4128 5M

B

Supplementary Figure 15: Plate reader data of second-round perfect iterative

saturation mutagenesis.
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Supplementary Figure 16: Whole-cell conversion results of selected mutants from

the second round of evolution.
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Supplementary Figure 17: Whole-cell conversion results of mutants from the

third round of evolution.
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Supplementary Figure 20: Whole-cell conversion results of mutants from the fifth

round of evolution.
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Supplementary Figure 21: Transformation of HMF using 8M, 8M-G198S and 8M-
A261C. Conversions were performed in triplicate in 100 mM Tris-HCI buffer (pH 8.0),
HMF 10 mM, cells ODgy=10, 30 °C.
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Supplementary Figure 22: Conversion of HMFA by different mutants.
Conversions were performed in triplicate in 100 mM Tris-HCI buffer (pH 8.0), HMFA
10 mM, cells ODgy=10, 30 °C.
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Supplementary Figure 23: RMSD values of 4M/HMF and SM/HMF calculated for
protein backbone atoms with the initial structure as reference. RMSD: root mean

squared deviation.
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Supplementary Figure 24: RMSD values of 4M/FFA and 8M/FFA calculated for

protein backbone atoms with the initial structure as reference.
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Supplementary Figure 25: Hydration and oxidation of FFA. The formed gem-diol

is oxidized by the PedH to form the FDCA.
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Supplementary Figure 26: Schematic representation of the lid loop and the

relative positions of the W554, G556, A557, and W561 sites. The lid loop is shown

in blue.

Supplementary Tables

Supplementary Table 1: Amino acid sequences of PedHS, PedH6, PedH7 and

PedHS predicted by PROSS. The mutation sites are highlighted in yellow.

PedH5

MAVSDEEILNDPKNPQQIVTYGLGVQGQRYSPLDKLNVNNVKELRPVWA
FSFGGEKQRGQQAQPLIKDGVMYLTASYSRVFAVDARTGKKLWQYDARL
PDDIRPCCDVINRGVALYGDLVFFGTLDAKLVALNKDTGKVVWSKKVAD

17



HKEGYSISAAPMIVNGKLITGVAGGEFGVVGFIQAYNPENGELLWMRPTV
EGHMGYVYKDGKAIENGISGGEPGKTWPGDLWKTGGAAPWLGGYYDPE
TNLILWGTGNPAPWNSHLRPGDNLYSSSLLALNPDDGKIKWHFQHTPHDG
WDFDGVNELIPFNYKDGGKEVKAAATADRNGFFYVLDRTNGKFIRGFPFV
DKITWATGLDKDGRPIYNDANRPGDPGSEEKGSSVFVVPAFLGAKNWMP
MAYNQDTGLFYVPSNEWGMDIWNEPITYKKGAAFLGAGFTIKPLNEDYIG
VLRAIDPVSGKEVWRHPNYAPLWGGVLTTKGNLVFTGTPEGYLMAFNAK
TGDKVWEFQTGSGVLGPPVTWEMDGEQYVAVVSGWGGAVPLWGGEVA
KRVKDINQGGMLWVFKLPKQLQQTASVKPHHHHHH

PedH6

MAVSDEEILNDPKNPQQIVTYGLGVQGQRYSPLDKLNVDNVKELRPVWA
FSFGGEKQRGQQAQPLIKDGVMYLTASYSRVFAVDARTGKKLWQYDHRL
PDDIRPCCDVINRGVALYGDLVFFGTLDAKLVALNKDTGKVVWSKKVAD
HKEGYSISAAPMIVNGKLITGVAGGEFGVVGFIQAYNPENGELLWMRPTV
EGHMGYVYKDGKAIENGISGGEPGKTWPGDLWKTGGAAPWLGGYYDPE
TNLILWGTGNPAPWNSHLRPGDNLYSSSLLALNPDDGKIKWHFQHTPNDA
WDFDGVNELIPFNYKDGGKEVKAAATADRNGFFYVLDRTNGKFIRGFPFV
DKITWATGLDKDGRPIYNDANRPGDPGSEEKGSSVFVVPAFLGAKNWMP
MAYNQDTGLFYVPSNEWGMDIWNEPITYKKGAPYLGAGFTIKPLNEDYIG
VLRAIDPVSGKEVWRHPNYAPLWGGVLTTKGNLVFTGTPEGYLMAFNAK
TGDKVWEFQTGSGVLGPPVTWEMDGEQYVAVVSGWGGAVPLWGGEVA
KRVKDINQGGMLWVFKLPKQLQQTASVKPHHHHHH

PedH7

MAVSDEEILNDPKNPTQIVTYGLGVQGQRYSPLDKLNVDNVKELRPVWAF
SFGGEKQRGQQAQPLIKDGVMYLTASYSRVFAVDARTGKKLWQYDHRLP
DDIRPCCDVINRGVALYGDLVFFGTLDAKLVALNKDTGKVVWSKKVADH
KAGYSISAAPMIVNGKLITGVAGGEFGVVGFIQAYDPENGELLWMRPTVE
GHMGY VYKDGKAIENGISGGEPGKTWPGDLWKTGGAAPWLGGYYDPET
NLIFWGTGNPAPWNSHLRPGDNLYSSSVLALNPDDGKIKWHFQYTPNDA
WDFDGVNELIPFNYKDGGKEVKAAATADRNGFFYVLDRTNGKFIRGFPFV
DKITWATGLDKDGRPIYNDSSRPGDPGSEEKGKTVFVVPAFLGAKNWMP
MAYNQDTGLFYVPSNEWGMDIWNEPITYKKGAPYLGAGFTIKPLNEDYIG
VLRAIDPVSGKEVWRHPNYAPLWGGVLTTAGNLVFTGTPEGYLMAFDAK
TGKKVWEFQTGSGVLGPPVTWEMDGEQYVAVVSGWGGAVPLWGGEVA
KRVKDINQGGMLWVFKLPKQLQQTASVKPHHHHHH

PedH8

MAVSDEEILNDPKNPTQIVTYGLGVQGQRYSPLDKLNVDNVKELRPVWAF
SFGGEKQRGQQAQPLIKDGVMYLTASYSRVFAIDARTGKKLWQYDHRLP
DDIRPCCDVINRGVALYGDLVFFGTLDAKLVALNKDTGKVVWKKKVADH
KAGYSISAAPMIVNGKLITGVAGGEFGVVGFVQAYDPENGELLWMRPTVE
GHMGY VYKDGKAIENGISGGEPGKTWPGDLWKTGGAAPWLGGYYDPET
NLIFWGTGNPAPWNSHLRPGDNLYSCSVLALNPDDGKIKWHFQYTPNDA
WDFDGVNELIPFNYKDGGKEVKAAATADRNGFFYVLDRTNGKFIRGFPFV
DKITWATGLDKDGRPIYIPDNRPGDPGSDEKGKTVFVVPAFLGAKNWMP
MAYNQDTGLFYVPSNEWGMDIWNEPITYKKGAPYLGAGFTIKPLNEDYIG

18




VLRAIDPVSGKEVWRHPNYAPLWGGVLTTAGNLVFTGTPEGYLMAFDAK
TGKKVWEFQTGSGVLGPPVTWEMDGEQYVAVVSGWGGAVPLWGGEVA
KRVKDIPQGGMLWVFKLPKQLQQTASVKPHHHHHH

Supplementary Table 2: Hydrogen bond occurrence analysis of thermostable

mutant.

WT 4M

S/T242.0G1 - P221.0 68.6% 88.6%

A/G374.0 - WAT561.0 0 93%

19



Supplementary Table 3: Disfavored PedH residues predicted by MutCompute. MutCompute outputs a probability distribution that
describes the likelihood of each of the 20 standard amino acids occurring as the wild-type amino acid in the surrounding chemical
environment. Avg log ratio refers to the fold difference in probability between the predicted amino acid and the wild-type amino acid.

Here, a cutoff of avg_log ratio >1 was used to down select disfavored residues.

Probability distribution across all 20 amino acids

position | wtAA prAA | wt_prob |pred_problavg_log_ratio] prALA | prARG | prASN prAsP prcYS | prGLN | prGLU prGLY prHIS priLE prLEU prLYS | prMET | prPHE | prPRO | prSER | prTHR | prTRP | prTYR prvAL
528 GLN ASP | 0.000583| 0.6879818 10181 0.309539 | 0.687982 | 0.000377 | 0.000583 | 0.000544 0.000521 0.000117 562E-05 0.0002
207 GLN ASN | 0.001223| 0.6887381 9.137 0.000168 0688738 0.044715] 0.087632 0.001223 | 0.001921 | 0.005529 | 0.083187| 0.0003 | 0.03599 0.004934 | 0.000231 0.033127 | 0.001212 0.000187 | 0.00084
341 GLU SER | 0.001235] 0.3474084 8.136 0.010121 0.000751] 0.297297 | 7.52E-05 - 0.001235 0.347408 | 0.342076 0.000942
135 ILE VAL 0.003481 0.9058399 8.023 0.001207 0.003176] 0.001371] 0.011117 | 0.000479 | 0.000758 0.003481 7.79E-05 0.000144 ] 0.010441 ] 0.061828
189 GLU ASP | 0.008748 | 07634335 6.447 0001599 0078842 0015393 | 0.006609 | 0.008748 0110513 0.000312 | 0.000321 | 0.001254 | 0.000108 | 0.000358 | 0 010175 | 0.001921 0.000173 ] 0000114
586 GLN GLU | 0.012542| 0.9408836 6.229 0.001369 | 0.009788 | 0.030457 | 7.86E-05 | 0.012542 0.001884 6.11E-05 | 0.001531 | 0.000293 0.000165] 0.000712 | 0.000124
316 SER THR | 0.020298 | 0.9704866 5.579 0.003431 0.000191 0.005363 0.000116 0.020298
254 LEU MET | 0.020965 | 0.8942389 5415 0.000332 | 0.003395| 0.000141) 0.000976 | 0.036594 | 0.001552 0.00804 | 0.005026 | 0.020965] 0.00246 0.001666 0.003198 | 5 0.000601 | 0.019708
75 ALA SER |0.022796| 0.9201314 5.335 0.022796 | 9.16E-05 | 0.008401 | 0.002118 | 0.006505 | 0.000405 | 0.000467 | 0.000458 | 0.0C0382 6.29E-05 0.037871 0.000207
554 TRP PHE |0.016817| 0.5315467 4.982 7.05E-05 0.000108 0.531547 0.016817 | 0.451453
81 GLN ASN | 0.022707 | 0.8415969 4.82 0.052747 0.019827 | 0.641597 | 0.160814 | 0.00084 | 0.022707 | 0.029109 0.000623 | 0.008857 0.002079 0.024222 | 0.001668 | 0.000556 0.03337 | 0.000425| 0.0001 | 0.00052 |7.18E-05
144 ASN ASP | 0.034432 | 0.9624906 4.805 0.034432 0.001061 0.000102 00001991 0.001135 0.000431
42 GLN ASN | 0.021044 | 0.5572112 4.727 0.001207 | 0.557211 | 0.095858 | 0.000755 | 0.021044 | 0.112216 0.162039 0.01237 | 0.009855 | 0.011285 0.012211 | 0.001697 | 7.91E-05 | 0.000445 0.001639
136 ASN HIS 0.03652 | 0.8950145 4618 0.000221]0.000623 | 0.03652 | 0.00143 | 0.000168| 0.04573 | 0.004381 0.000151| 0.00101 §0.011211 0.000259| 0.00012 0.001571] 0.001163 0.00017 | 0.000215
300 ARG GLN | 0.023288| 0.530322 4.509 0.023288 | 0.001871 | 0.000429 0.530322 | 0.009473 0.174404 | 7.50E-05 | 0.001282 | 0.194682 | 0.021861 | 0.004871 7.99E-05 0.019251] 0.017919
30 SER THR | 0.044466 | 09554767 4.425 0044466
323 ASP ALA | 0.036167 | 0.650021 4.168 | 0.650021 0.079507 | 0.036167 | 0.137073 | 0.000331 | 0.001528| 0.00066 | 0.0C0928 E-05 | 0.006588] 0.08701 | 5.33E-05
429 LEU ASN | 0.043901] 0.7505777 4.096 0.000501 0.000773] 0.005587 | 0.013414 | 0.000337 0.167313 0.043901 § 0.002973 | 0.012816 | 0.000951 0.000799
560 LEU ASP | 0.023408 | 0.3940057 4.073 0.001545 0.007855 | 0.077222 | 0.394006 | 0.012571 | 0.019691 | 0.090119 | 5.67E-05 | 0.005064 | 0.002548 | 0.023406 | 0.090437 | 0.019353 | 0.001159 | 0.000225 | 0.016228 | 0.23171 | 0.000208 | 0.000839 | 0.005756
486 HIS TYR | 0.048336 | 0.7514567 3.959 0.048336 E 0.177488 0.022627
181 SER THR | 0.062151| 0.9336364 3.809 0.000599 0.003568 0062151
28 ALA SER 0.02817 | 0.4220946 3.908 0.02817 | 8.63E-05 | 0.204485| 0.30132 | 0.002289 | 0.000168 | 0.000298 | 0.003388 | 4.93E-05 0.00026 0.000369 | 0.422095 | 0.036605 0.000317
313 HIS TYR |0.050402| 0.7307483 3.858 0.000274 | 7.16E-05 0.000167 | 5.79E-05 0.050402 5.97E-05 | 6.45E-05 | 0.150052 0.068071
574 GLN LEU | 0.043245] 0.6201134 3.842 0.000103 | 0.00275 | 0.001387 0.043245| 0.31268 0.001592 0.620113 ] 0.000424 | 0.016791 | 0.000353 0.00046 | 5.63E-05
450 LYs GLU 0.02927 | 0.4152384 3.826 0.000203 | 0.006935 | 0.002333 | 0.000515 | 0.001867 | 0.075278 | 0.415238 5.37E-05 | 0.116054 | 0.009026 | 0.02927 | 0.042791 0.000113] 0.001595 | 0.128797 0.1869903
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419 MET GLN ] 0.026211] 0.3563406 3.765 0.000647| 0.011 |0.018498 0.014837 0.207114 0.000258 | 0.000265 | 0.026211 | 0.018108 | 0.000117 | 0.000688 0.020402 ] 0.325183

82 LYS GLN | 0.053764 | 0.8969547 3.696 0.000329 | 0.000433 0.053669 0.000258 0.028861 | 0.053764 | 0.165164 | 0.00012 0.000289 0.000148

126 ASP SER | 0.034285| 0.4366157 3671 0.06801 | 0.029967 | 0.008976 | 0.034285| 0.00214 0.235166 | 0.005675 | 0.002407 | 0.005398 | 0.003937 | 0.089013 | 0.002274 | 0.000683 | 0.009788 | 0.436616 | 0.023174 | 0.000214 | 0.000564 | 0.006349
329 GLU PRO | 0.06281 | 0.7932398 3.659 0.006554 0.001503| 0.00014 | 0.000228 | 0.115848| 0.06281 | 8.21E-05 0.019543

439 MET GLN | 0.072977 0.8693816 3.575 0.056997 0072977

202 VAL ILE 0.080541| 0.917354 351 0.000376 0.000209 0.001461 0.080541
84 ARG GLN | 0.048705]| 0.51252 3.385 0.048705| 0.01109 | 0.001248 | 0.000646 | 0.51252 | 0.041848 0.014847 | 0.000241 | 0.004828 | 0.257361 | 0.105695 | 0.00026 0.000378] 0.000168

277 PHE TRP | 0.085784 | 0.8797484 3.358 0.000111 0.085784 0.034302

457 ALA SER 0.089971 | 0.9023634 3.326 0.089971 0.000143 0.004705 | 0.000347 0.002343

402 LYs GLN ] 0.059417| 0.514146 3.113 0025128 0.015865] 0.001898 | 0.000376 | 0.514146 | 0.09614 0.263326 | 8 72E-05 | 0.001802 | 0.059417 | 0.011086 | 0.004147 0.001308 | 0.002049| 0.00287 | 0.000326
170 LYS ASN | 0.082605 | 0.4963086 2.987 0.000115] 0.005383 | 0.496309 | 0.323363 | 0.003067 | 0.002801 | 0.066845 0.005649 | 0.006378 | 0.000953 | 0.062605 | 0.000381 | 0.000206 | 5.87E-05 | 0.002393 | 0.008834 0.000201 | 0.014334
573 ASN LYS |0.085478| 0.4683028 2.838 0.036487 | 0.054246 | 0.065478 | 0.020267 | 0.00467 | 0.055886 | 0.062065 | 0.000124 | 0.022718| 0.00457 | 0.022515 | 0.468303| 0.010458 | 0.002186 | 0.000316 | 0.036897 | 0.099571| 0.00013 | 0.000987 | 0.032115
437 TRP MET | 0.123367| 0.8613015 2804 6.26E-05 | 0.000508 0.000469 0.000576 0.001051 | 0.000323 0.007608 0.123367 | 0.004556

567 LYs GLU 0.073762] 0.4502934 261 0.001998 | 0.102105 | 0.010447 | 9.89E-05 | 0.163419 | 0.450293 0.002149 | 0.000268 | 0.180274 | 0.073762 | 0.004657 | 0.000282 6.62E-05] 0.000105

350 ARG LYS |0.123385| 0.7465928 2.597 0.123385 0.049858 | 0.032833 0.00275 0.043115| 0.000746 7.53E-05 | 0.000593

77 SER ALA 01468 | 0.8316153 2.501 0.00108 | 0.000572 | 0.009306 | 0.000202 | 0.001355 | 0.004956 | 0.000406 0.002847 | 8 48E-05 0.00033 | 0.1469 |0.000306

159 ASN ASP ] 0.151453| 0.8480359 2.485 0.151453 0.000301 0.000133

31 ASN GLN ] 0.084314 | 0.4405599 2385 0.000222 0.084314 ] 0.049783 | 0.000591| 0.44056 | 0.262984 0.015177 | 0.000266 | 0.123431 | 0.000539 | 0.020222 | 0.000125 0.000259 0.000758 9.67E-05 | 0.000602
88 ALA SER | 0.123142| 0.6250075 2.344 0.123142 0.00026 | 0.001737 0.244073 0.000371 | 0.625007 | 0.005369

340 LYsS ARG | 0.147817] 0.7499333 2.343 0.004768 0.004787 | 0.001524 | 8.51E-05 | 0.021775 | 0.059929 | 6.08E-05 | 0.000417 | 6.86E-05 | 0.000793 | 0.147817 | 0.004288 0.002685 0.000751 | 7.91E-05 | 6.07E-05 | 0.00013
580 THR SER | 0.054472| 0.2713338 2.316 0.088995 0.25088 | 0.075679 | 0.257296 | 0.000206 | 0.000248 0.271334| 0.054472 0.000806
107 PHE TYR ] 0.172038 | 0.8279406 2.267 0.172036

337 ASP GLU | 0.189755 | 0.7427953 213 0.000177 | 0.001565 | 0.011659 | 0.169755 | 0.000323 | 0.015268 0.00108 | 0.001954 | 0.012823 | 0.006864 | 0.00692 | 9.02E-05 0.00187 | 0.007952 0.000116 0.018759
85 ASN GLU | 0.098707 | 0.4279543 2.116 0.002103] 0019932 | 0.098707 | 0.261347 | 0.000429] 0.098522 | 0.427954] 0.0147 | 0.003683 0.003957 | 0.055595 | 0.004528 | 0.001081 0.004918 0.000672 | 0.000584 | 0.001192

454 PHE TYR | 0.187714 0.7990873 2015 0.003167 0.197714

460 THR VAL | 0.088138| 0.2585358 1.824 l9,44E-l.)5 0.136226 | 0.040786 | 0.119084 | 0.045734 | 0.074423 9.57E-05 | 0.039176 ] 0.208217 | 0.001243 | 0.007225 0.000961| 0.068138 0.258536
43 GLN SER 0.13289 | 0.5040752 1.923 0.005339 0.046581 | 0.014268 | 0.007928 | 0.13289 | 0.255981 0.000108 | 0.000911 ] 0.000382 | 0.005349| 0.002437 0504075 0.022627 0.001062
212 GLU ALA ] 0.149405| 0.5549331 1.893 0.554933 | 0.040757 | 0.004851 | 0.016434 | 0.001369 | 0.035494 | 0.149405 | 0.029184 | 0.002233 | 0.000125 | 0.000862 | 0.083955 | 0.001469 | 0.000804 | 5.58E-05 | 0.071421] 0.004823 | 9.19E-05 | 0.000743 | 0.000964
558 VAL LE 0.212576| 0.7873192 1.889 7.92E-05 0.212576
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512 PHE TYR |0.218883| 0.780973 1.848 0.000883 0.000289 0.216883 0.000916

390 ASP ALA | 0.087479| 0.3080705 1.816 0.308071] 0.001368 | 0.010154 | 0.087479 | 0.002975 ] 0.000552 ] 0.010597 | 0.274643 0.000198 | 0.000201 | 0.001221 | 0.000325 0.09503 | 0.196477 | 0.009556

93 LYs TYR | 0.141802| 0.4894597 1787 0.007018 | 0.000206 | 0.000109 0.00124 | 0.00018 0.093309 0.000653 | 0.141802 | 0.000658 | 0.253205 0.012086 ] 0.48346
87 GLN GLU |0.157694 | 0.5272988 1741 0.000522 | 8.34E-05 0.000241 | 0.157694 | 0.527299 0.000294 9.39E-05 | 0.007634 | 0.279143 0.001317 0.025548 7.22E-05
425 LYs GLN |0.179202| 0.5720701 1675 0.011204 | 0.002705 0.57207 | 0.211494 0.000572 | 0.021194 | 0.179202 | 0.001444

409 ALA SER | 0.175606| 0.53897 1.612 0.175606 0.000241 0.000294 | 0.002572 6.84E-05 0.53897 | 0.284184

327 VAL ALA  |0.1100086 | 0.3359572 1611 0.335957 | 5.51E-05 | 0.003823 | 0.222484 | 0.142178 | 0.00149 | 0.005149 | 0.000181 | 0.000524 | 0.000112 000014 0000392 | 0.052585 | 0.124881

540 TRP PHE |0.208349 | 0.6084724 1.58 0.000322 0.000139 | 0.608472 0.206349] 0.184659
39 LYs GLU 0.09979 | 0.2910535 1.544 0.026400| 0.08234 | 0.246289| 0.0008 |0.138916] 0.291053 0.002432 | 0.008675 | 0.022693 | 0.09979 | 0.037046 | 0.000257 0.001299| 0.032659 | 0.001492 | 0.000134
549 SER ALA 0.25824 | 0.7408792 1.521 8.50E-05 0.000421 0.25824 | 0.000284

51 VAL PRO | 0.187151| 0.5212157 1478 0.066422 0000572 0.037049 | 0.000485 | 0.000645 5.79E-05 0521216 | 0.050647 | 0135685

389 ASN ASP | 0.274987] 0.7137021 1.376 0.274987 0.000406 | 0.000223 | 0.001709 7.36E-05 0.000131 | 7.45E-05 0.000249 0.002897

576 GLY ALA | 0214618 0.5219873 1282 05219867 0.014591 0.001688 | 0.001548 | 0.000118 | 0.000102 | 0.214619 | 7.60E-05 0245173 | 7 41E-05

459 PHE TYR |0.257485| 0.6044338 1.231 0.000169] 0.004287 | 0.000723 | 0.000178 | 0.000205 | 0.001922 ] 0.000657 0.038282 0.000435 | 0.000908 | 0.003488 | 0.257495 0.000207 0.08653 | 0.604434
248 LYs LEU |0.085843| 0.2207681 1.202 0.007438] 0.047717 | 0.05655 | 0.025968 | 0.027256 | 0.068581 | 0.059991 | 0.000163 | 0.020881 | 0.039105 | 0.220768 | 0.095949| 0.045828 | 0.006171 | 0.000293 | 0.010773| 0.11709 | 0.001552 | 0004339
359 ARG LYS |0.308669| 0.693142 1176 0.308669 0.000105

224 GLU GLN |0.308134| 0.6908181 1174 0.000708 0306134 | 8. 57E-05 0.000824 0.000967 | 0.000232

452 ALA GLU ]0.113442| 0.2457205 1115 0.113442] 0.023607 | 0.010925 | 0.045719 | 0.007798 | 0.210687 | 0.24572 E 0.001757 | 0.000155] 0.004178 | 0.111579| 0.01345 | 0.000183 0.197723 0.010568 | 9.16E-05 | 0.000457
242 SER THR | 0.193455] 0.4170451 1.108 0.386601 0.002787 0.193455 | 0.417045

392 SER ALA | 0.317942] 0.6818087 1.101 %}uﬁﬂ 7.84E-05 6.21E-05 0.317942| 8.48E-05

17 LEU ILE 0.318845| 0.6733751 1.074 0.000708 | 0.000378 | 6.43E-05 | 0.001646 | 0.000737 0.000116 7.38E-05 | 0.001537

123 ARG LYS |0.160293| 0.3341106 1.08 0.004106 | 0.160293 | 0.004006 | 0.004506 | 0.000305 | 0.138541 | 0.076898 | 0.000434 | 0.003254 | 0.052213| 0.0091 |0.3341110.023423 | 0.002089 | 0.146441 | 0.003554 | 0.009786 | 0.001886 | 0.003451
361 ASN ASP | 0.324281 0.6699073 1.047 0.3242810.669307 | 0.005133 0.000506 | 0.000147
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Supplementary Table 4: The top 20 mutants ranked by the fold change in

probability between the predicted amino acid and the wild-type amino acid.

Ranking position WtAA pPrAA wt_prob pred_prob avg_log_ratio
1 528 GLN ASP 0.000593 0.687982 10.181
2 207 GLN ASN 0.001223 0.688738 9.137
3 341 GLU SER 0.001235 0.347408 8.136
4 135 ILE VAL 0.003481 0.905840 8.023
5 199 GLU ASP 0.008748 0.763433 6.447
6 586 GLN GLU 0.012542 0.940884 6.229
7 316 SER THR 0.020298 0.970487 5.579
8 254 LEU MET 0.020965 0.894239 5.415
9 75 ALA SER 0.022796 0.920131 5.335
10 554 TRP PHE 0.016817 0.531547 4.982
11 81 GLN ASN 0.022707 0.641597 4.82
12 144 ASN ASP 0.034432 0.962491 4.805
13 42 GLN ASN 0.021044 0.557211 4.727
14 136 ASN HIS 0.036520 0.895015 4.615
15 300 ARG GLN 0.023288 0.530322 4.509
16 30 SER THR 0.044466 0.955477 4.425
17 323 ASP ALA 0.036167 0.650021 4.168
18 429 LEU ASN 0.043901 0.750578 4.096
19 560 LEU ASP 0.023406 0.394006 4.073
20 486 HIS TYR 0.048336 0.751457 3.959

Supplementary Table 5: Hydrogen bond occurrence analysis of SM/HMF and

8M/FFA systems.

8M/HMF 8M/FFA

Substrate O - N557 65.7% 0%
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Supplementary Table 6: Binding free energies of HMF and FFA calculated for 4M

and 8M using MM/GBSA.
4M/HMF 8M/HMF 4M/FFA SM/FFA
Binding affinity
-14.77 £ 0.32 -16.26 £ 0.25 -14.46 £ 0.39 -16.59 £ 0.35
(kcal/mol)
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