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Supplementary Figures

A

B

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-HCl buffer (pH 8.0), HMF 0.25 mM, PedH 

1 μM, at 30 oC.

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-HCl buffer (pH 8.0), PedE 1 μM, 0.25 

mM of substrates, at 30 oC, 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. 

Supplementary Figure 7: SDS-PAGE analysis of variant PedH8. 
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Supplementary Figure 8: Root-mean-square fluctuations (RMSF) values of 

backbone atoms for WT and 4M.

Supplementary Figure 9: Transformation of HMF using thermostable variants. 

Conversions were performed in triplicate in 100 mM Tris-HCl buffer (pH 8.0), HMF 

10 mM, PedH 1 μM, 30 oC.
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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. 

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

mutagenesis (ISM). 

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. 

Supplementary Figure 17: Whole-cell conversion results of mutants from the 

third round of evolution.
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Supplementary Figure 18: Whole-cell conversion results of mutants from the 

fourth round of evolution.

Supplementary Figure 19: Whole-cell conversion results of additional mutants 

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

round of evolution.

Supplementary Figure 21: Transformation of HMF using 8M, 8M-G198S and 8M-

A261C. Conversions were performed in triplicate in 100 mM Tris-HCl buffer (pH 8.0), 

HMF 10 mM, cells OD600=10, 30 oC.
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Supplementary Figure 22: Conversion of HMFA by different mutants. 

Conversions were performed in triplicate in 100 mM Tris-HCl buffer (pH 8.0), HMFA 

10 mM, cells OD600=10, 30 oC.

Supplementary Figure 23: RMSD values of 4M/HMF and 8M/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. 

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 PedH5, PedH6, PedH7 and 

PedH8 predicted by PROSS. The mutation sites are highlighted in yellow.

PedH5
MAVSDEEILNDPKNPQQIVTYGLGVQGQRYSPLDKLNVNNVKELRPVWA
FSFGGEKQRGQQAQPLIKDGVMYLTASYSRVFAVDARTGKKLWQYDARL
PDDIRPCCDVINRGVALYGDLVFFGTLDAKLVALNKDTGKVVWSKKVAD
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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
GHMGYVYKDGKAIENGISGGEPGKTWPGDLWKTGGAAPWLGGYYDPET
NLIFWGTGNPAPWNSHLRPGDNLYSSSVLALNPDDGKIKWHFQYTPNDA
WDFDGVNELIPFNYKDGGKEVKAAATADRNGFFYVLDRTNGKFIRGFPFV
DKITWATGLDKDGRPIYNDSSRPGDPGSEEKGKTVFVVPAFLGAKNWMP
MAYNQDTGLFYVPSNEWGMDIWNEPITYKKGAPYLGAGFTIKPLNEDYIG
VLRAIDPVSGKEVWRHPNYAPLWGGVLTTAGNLVFTGTPEGYLMAFDAK
TGKKVWEFQTGSGVLGPPVTWEMDGEQYVAVVSGWGGAVPLWGGEVA
KRVKDINQGGMLWVFKLPKQLQQTASVKPHHHHHH

PedH8

MAVSDEEILNDPKNPTQIVTYGLGVQGQRYSPLDKLNVDNVKELRPVWAF
SFGGEKQRGQQAQPLIKDGVMYLTASYSRVFAIDARTGKKLWQYDHRLP
DDIRPCCDVINRGVALYGDLVFFGTLDAKLVALNKDTGKVVWKKKVADH
KAGYSISAAPMIVNGKLITGVAGGEFGVVGFVQAYDPENGELLWMRPTVE
GHMGYVYKDGKAIENGISGGEPGKTWPGDLWKTGGAAPWLGGYYDPET
NLIFWGTGNPAPWNSHLRPGDNLYSCSVLALNPDDGKIKWHFQYTPNDA
WDFDGVNELIPFNYKDGGKEVKAAATADRNGFFYVLDRTNGKFIRGFPFV
DKITWATGLDKDGRPIYIPDNRPGDPGSDEKGKTVFVVPAFLGAKNWMP
MAYNQDTGLFYVPSNEWGMDIWNEPITYKKGAPYLGAGFTIKPLNEDYIG
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VLRAIDPVSGKEVWRHPNYAPLWGGVLTTAGNLVFTGTPEGYLMAFDAK
TGKKVWEFQTGSGVLGPPVTWEMDGEQYVAVVSGWGGAVPLWGGEVA
KRVKDIPQGGMLWVFKLPKQLQQTASVKPHHHHHH

Supplementary Table 2: Hydrogen bond occurrence analysis of thermostable 

mutant.

WT 4M

S/T242.OG1 - P221.O 68.6% 88.6%

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

Supplementary Table 5: Hydrogen bond occurrence analysis of 8M/HMF and 

8M/FFA systems.

8M/HMF 8M/FFA

Substrate_O - N557 65.7% 0%

Ranking position wtAA prAA 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
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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 8M/FFA

Binding affinity

(kcal/mol)
-14.77 ± 0.32 -16.26 ± 0.25 -14.46 ± 0.39 -16.59 ± 0.35


