Supplementary Material

Substrate specificity mapping of fungal CAZy AA3_2 oxidoreductases
Hongbo Zhao1, Johanna Karppi1, Owen Mototsune2, Daria Poshina1, Jenny Svartström1, Thi Truc Minh Nguyen3, Tri Minh Vo3, Adrian Tsang3, Emma Master2,4, Maija Tenkanen1*
*Correspondence: hongbo.zhao@helsinki.fi
1 Department of Food and Nutrition, University of Helsinki, Helsinki, Finland
2 Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, ON, Canada
3 Centre for Structural and Functional Genomics, Concordia University, 7141 Sherbrooke Street West, Montreal, QC, H4B 1R6, Canada
4 Department of Bioproducts and Biosystems, Aalto University, Espoo, Finland

[image: ]Table S1. List of the previously biochemically characterized proteins with the information of the database source, source organism, strain, name, and the related publication.
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Description automatically generated with medium confidence]Table S2. The AA3_2 sequences that were selected in this study with the database source, organism, production status, and biochemical information.














[image: ]Table S3. The list of substrates that were tested for the activity assays.



[image: ]Table S4. UPLC PDA retention time for each compound and the wavelength used for quantifivation of each compound

Table S5. Substrate depletion by KiOdhA followed by HPAEC-PAD after 24 h incubation. 
	
	Percentage (%)
	
	Percentage (%)

	Gentiobiose
	78.6±1.3
	Mannose
	BQL

	Melibiose
	5.1±2.8
	L-arabinose
	BQL

	Glucose
	3.7±1.4
	Isomaltose
	BQL

	Xylose
	BQD
	Laminaribiose
	BQL


BQL: Below quantification limit.

[image: ]Table S6. The extinction coefficient and wavelength to be used for the activity assay on aryl alcohols under different pH.
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Figure S1. SSN at the cut-off of 470 for the further division of cluster II. 
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Figure S2. Absorption spectra of the concentrated AA3_2s. The oxidized FAD should have two absorbance maxima at 375-380 nm and at 440-444 nm. 
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Figure S3. SDS page gel of the successfully produced AA3_2 proteins. 
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Figure S4. UPLC-PDA Chromatogram (290 nm) of a) Standards of coniferyl alcohol, coniferaldehyde, ferulic acid, benzoquinone and hydroquinone; b) Coniferyl alcohol after 8 h incubation with boiled PsAaoA at 30 °C; and c) Coniferyl alcohol after PsAaoA oxidation for 8 hour at 30 °C, showing the formation of coniferaldehyde.
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[bookmark: _Hlk145623812]Figure S5. Mass spectra collected in negative ion mode showing a) Glucose b) Glucose after oxidation by ApGoxA and c) Glucose after oxidation by TaGdhA 
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Figure S6. Mass spectra collected in negative ion mode showing a) Gentiobiose and b) Gentiobiose after oxidation by KiOdhA
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Figure S7. Mass spectra collected in negative ion mode showing a) Glucose; b) Glucose after incubation with ApAA3_2B; c) Glucose after incubation with PcAA3_2A; and d) Glucose after incubation with McGdhA.
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Figure S8. Multiple sequence alignment (MSA) of AA3_2s characterized in this study and some AA3_2s characterized previously. Red boxes show the primary sequence differences between the different enzymes. 
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Figure S9. a) Surface and b) ribbon and sticks (active site and FAD) of the AlphaFold structure of PsAaoA. The FAD and catalytic residues colored in green, hydrophobic residues to form the tunnel to block free access to active site are shown in orange, and the unique motifs identified from MSA are shown in Cyan. c) Alignment for the active site of PsAaoA (Red) and PeAAOx (white, PDB: 3FIM).
[image: ]
Figure S10. a) Surface and b) ribbon and sticks (active site and FAD) of the AlphaFold structure of TaGdhA. The FAD and catalytic residues colored in green, residues for substrate binding are shown in orange, and the unique motifs identified from MSA are shown in cyan. c) Alignment for the active site of TaGdhA (blue), AfGDH (white, PDB: 4YNT), and AfGDH in complex with D-glucono-1,5-lactone (pink, PDB: 4YNU).
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Figure S11. A) Surface and B) ribbon and sticks (active site and FAD) of the AlphaFold structure of ApGoxA. The FAD and catalytic residues colored in green, residues for substrate binding are shown in orange, and the unique motifs identified from MSA are shown in cyan. C) Alignment for the active site of ApGoxA (blue), TcODH (white, PDB: 6XUT), and TcODH in complex with glucose (pink, PDB: 6XUU).
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Figure S12. a) Surface and b) ribbon and sticks (active site and FAD) of the AlphaFold structure of AsAadhA. The FAD and catalytic residues colored in green and the unique motifs identified from MSA are shown in cyan. c) Alignment for the active site of AsAadhA (Red) and PeAAO (white, PDB: 3FIM).
[image: ]
Figure S13. a) Surface and b) ribbon and sticks (active site and FAD) of the AlphaFold structure of AsAadhB. The FAD and catalytic residues colored in green and the unique motifs identified from MSA are shown in cyan. c) Alignment for the active site of AsAadhB (Red) and PeAAO (white, PDB: 3FIM).
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Figure S14. a) Surface and b) ribbon and sticks (active site and FAD) of the AlphaFold structure of KiOdhA. The FAD and catalytic residues colored in green, residues for substrate binding are shown in orange, and the unique motifs identified from MSA are shown in cyan. c) Alignment for the active site of KiOdhA (blue), TcODH (white, PDB: 6XUT), and TcODH in complex with glucose (pink, PDB: 6XUU).
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Figure S15. Amino acids and positions within the characterized AA3_2 sequences that are implicated in catalysis and substrate preference.
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Figure S16. Sequence logos of the active site residues from clades IIa, IIb, IV, VI, XI, XII, and XXX. The amino acid numbering of the sequences is based on PsAaoA for cluster IIa, AmPDH1 for cluster IIb, AsAadhA for cluster IV, TaGdhA for cluster VI, ApGoxA for cluster XI, AnGOx for cluster XII, and KiOdhA for cluster XXX. 
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Wavelenght used for

Wavelenght used for

Substrate Retention time Product Retention time quantification
min min nm
p-Coumaryl alcohol 3.934 p-Coumaryl aldehyde 5.951 320
Coniferyl alcohol 45 Coniferyl aldehyde 6.82 340
Sinapylalcohol 5.183 Sinapyl aldehyde 7.336 340
Caffeyl alcohol
(3,4-Dihydroxycinnamyl alcohol) 2.906 260 Caffeyl aldehyde 4.545 260
Cinnamylalcohol 6.638 290 Cinnamylaldehyde 8.603 290
Anisyl alcohol 4.168 224 Anisylaldehyde 7.151 290
4-hydroxybenzyl alcohol 1.925 274 4-hydroxybenzyl aldehyde 4,038 290
Benzyl alcohol 3.398 210 Benzyl aldehyde 5.518 250
3,5-Dimethoxy-4-hydroxybenzyl alcohol 2.889 210 3,5-Dimethoxy-4-hydroxybenzyl aldehyde 5.18 320
3,4-Dimethoxybenzyl alcohol 3.974 290 3,4-Dimethoxybenzyl aldehyde 6.717 290
4-hydroxy-3-methoxybenzyl alcohol 2.463 290 4-hydroxy-3-methoxybenzyl aldehyde 4.717 290
5-hydroxymethylfurfural 1.821 290
BQ 2.486 249 HQ 1.633 290
ferulic acid 5.325 3224
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Substrate Wavelength pH Extinction coefficient pH Extinction coefficient
nm mM-icm? mM-icm?

BQ 290 3-8 224

pcip 520 3.5-5.5 8.1 6-8 7.8

ABTS 420 3-8 36

Benzyl alcohol 290 3-8 0.34

Benzyl alcohol+BQ 290 3-8 2.58

4-hydroxybenzyl alcohol 290 3-8 16

4-hydroxybenzyl alcohol+BQ 290 38 18.24

Anisyl aldehyde 290 3 19.03 4-8 18.47

Anisyl aldehyde+BQ 290 3 21.27 4-8 20.71

3,4-dimethoxylbenzylalcohol 320 3-8 9.2

3,4-dimethoxylbenzylalcohol+BQ 320 38 9.2

4-hydroxy-3-methoxybenzyl alcohol 320 3-6 7.27 6.5-8 79

4-hydroxy-3-methoxybenzyl alcohol+BQ 320 36 727 6.5-8 7.9

3,5-dimethoxy-4-hydroxybenzyl alcohol 320 3-6 9.14 6.5-8 7.27

3,5-dimethoxy-4-hydroxybenzyl alcohol+BQ 320 36 9.14 6.5-8 7.27

Cinnamyl alcohol 290 3-8 16.21

Cinnamylalcohol+BQ 290 3-8 18.45

Coniferyl alcohol 340 3-6.5 20 7-8 18.83

Coniferyl alcohol+BQ 340 3-6.5 20 7-8 18.83

p-coumaryl alcohol 320 3-6.5 15.1 7-8 14.25

p-coumaryl alcohol+BQ 320 3-6.5 15.1 7-8 14.25

Sinapyl Alcohol 340 57 14.37

Sinapyl Alcohol+BQ 340 5-7 14.37
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GenBank PDB Organism Strain Cluster Protein name Reference
KIS68002.1 Ustilago maydis 521/FGSC9021 | UmAAO (1]
AAC72747.1 3FIM Pleurotus eryngii ATCC90787; CBS 613.91; IFMAL69 lla PeAAOX 2]
AAF31169.1 Pleurotus pulmonarius BS507.85 lla PpAAOX 3]
ALS87661.1 Pycnoporus cinnabarinus BRFM 137 lla PCAAQOL 4]
ALS87662.1 Pycnoporus cinnabarinus BRFM 137 lla PcAAQO2 4]
ALS87663.1 Pycnoporus cinnabarinus BRFM 137 lla PcAAQO3 4]
AMWE7253.1 P sapidus DSMZ 8266 lla PSAAD 5]
DDBJ LC349726 Coprinopsis cinerea #326 lla CcAAO (6]
AAWB2996.1 4H7U Leucoagaricus meleagris lb AmPDH1 7]
AHA5313.1 Agaricus campestris CCBAS 20649 lb AcPDH (&l
AHA5314.1 Agaricus xanthodermus CCBAS225 lb AXPDH (&l
AAW92124.1 Agaricus bisporus lb AbPDH1 o]
AAWB2998.1 Leucoagaricus meleagris lb AmPDH2 10]
AAZ94874.1 Leucoagaricus meleagris lb AmPDH3 (10]
XP_003660923.1 609N Thermothelomyces thermophilus m77 v MEAAOX [11]
EHK19553 Trichoderma virens vi TVGDH (12]
AER13600 Glomerella cingulata DSM 62728 vi GcGDH (13]
QMW26415.1 4YNT Aspergillus flavus NRRL 3357 vi AGDH [14]
XP_001394544.1 Aspergillus niger BS513.88 vi AnGDH2 15]
KEQ90431 Aureobasidium subglaciale Xi AsGOx (12]
KIS68464 Ustilago maydis Xi UMGDH (12]
CEL62789 Rhizoctonia solani Xi RsGDH [12]
CD069819.1 6XUT Trametes cinnabarina BRFM137 Xil TcODH 16]
AAA32695.1 1CF3 Aspergillus niger B60 Xil AnGOx (17]
CAC12802.1 Aspergillus niger 67141 Xil AnGOx2 18]
P81156-Uniport 1GPE Penicillium amagasakiense Xil PaGOX 19]
AFA42947.1 Penicillium chrysogenum F4 Xil PCGOX [20]
ACRS6326.1 Aspergillus niger Xil AnGOX3 18]
CAE47418.1 Talaromyces variabilis P16 Xil TvGOX [21]
AAB09442.1 Talaromyces flavus ATCC32908 Xil THGOX [22]
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Production Best accepted Best accepted
Sequence ID Organism Division_Ecology Habitat (/substrate) CBM Cluster status electron donor E-acceptor _Protein name
jgi_Agbis_177008 Agaricus bisporus var bisporus B litter decomposing litter N lla Succeeded AbAA3_2A
jgi| Punst1|143069 Punctulariastrigosozonata B white rot hardwood N lla Succeeded Cinnamyl alcohol Oxygen  PsAaoA
csfg_Aurpu2pa_000012 Aureobasidium pullulans A yeast-like endophyte soil/plant/water/air NoX Succeeded Glucose Oxygen  ApGoxA
jgi_Phaca1|179599 Phanerochaete carnosa B white rot softwood NoX Succeeded PcAA3_2A
jgi| Aurde3_1| 1328312 Auricularia subglabra B white rot hardwood/softwood 1w Succeeded  4-hydroxyl benzylalcohol  Benzylquinone AsAadhA
igi| Aurde3_1| 1407644 Auricularia subglabra B white rot hardwood/softwood 1w Succeeded SHMF Benzylquinone AsAadhB
csfg_Aurpu2pa_000585 Aureobasidium pullulans A yeast-like endophyte soil/plant material/water/air NV Succeeded ApAA3_2B
csfg_Aurpu2pa_010615 Aureobasidium pullulans A yeast-like endophyte soil/plant material/water/air NV Succeeded ApAA3_2C
csfg_Malci1p7_002451 Malbranchea cinnamomea A thermophilic decomposer compost/manure NV Succeeded Glucose BQ McGdhA
csfg_Corse1p7_015851 Myceliophthora sepedonium A thermophilic decomposer soil NV Succeeded MsAA3_2A
csfg_Theau2p4_003545 Thermoascus aurantiacus A thermophilic decomposer soil/agricultural residues NV Succeeded Glucose/xylose Benzylquinone TaGdhA
jgi_Kocim1_624787 Kockovaella imperatae B non-pathogenic basidiomycetous yeast  cogon grass 13 XXX Succeeded Gentiobiose Benzylquinone KiOdhA
csfg_Amore2p4_007119 Amorphotheca resinae A saprotroph alkanes, fuels N Failed
jgi_Spoth2_2305709 Myceliophthora thermophila A thermophilic decomposer compost N Failed
jgi_Dicsq1] 103879 Dichomitus squalens B white rot mainly softwood N Failed
jgi_Dicsq1] 160546 Dichomitus squalens B white rot mainly softwood N Failed
jgi_Glalo1_9289 Glarea lozoyensis A water/plant litter/soil N Failed
jgi_Hypsu1| 133315 Hypholoma sublateritium B saprotroph hardwood N Failed
jgi_Melli1| 207781 Melampsora lini B plant pathogen flax/linseed/wheat N Failed
jgi_Phaca1| 100299 Phanerochaete carnosa B white rot softwood N Failed
jgi_Phaca1| 260543 Phanerochaete carnosa B white rot softwood N Failed
jgi_Sphst1] 204359 Sphaerobolus stellatus B saprotroph woody debris/herbivore dung N Failed
jgi_Stehi1| 126741 Stereum hirsutum B white ot/ plant pathogen hardwood/ocassionally conifers N Failed
Genbank_EGX43942 Arthrobotrys oligospora A parasite/ saprotroph soil/water/plant material 1 Failed
Genbank_XP_011107063 Monacrosporium haptotylum A nematode-trapping soil/manure 1 Failed
jgi| Dicsq 1 139284 Dichomitus squalens B white rot mainly softwood N Failed
jgi| Dicsq1] 160139 Dichomitus squalens B white rot mainly softwood N Failed

A, Ascomycete; B, Basidiomycete
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Detection at 320 nm for reaction with BQ Coniferyl alcohol
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