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Abstract

Fraxinus chinensis Roxb. (Qinpi), a traditional Chinese medicinal plant, accumulates abundant
coumarins that contribute to its anti-inflammatory and other bioactivities. However, the enzymatic
basis for coumarin structural diversification in this species remain largely unexplored. Here, through
transcriptome-wide identification of the 2-oxoglutarate-dependent dioxygenase (20GD) family in F.
chinensis, followed by phylogenetic analysis, heterologous expression, and in vitro enzyme assays,
we identified FcDOH2, a member of the DOXC31 subfamily, which exhibits substrate-dependent
bifunctionality, catalyzing the C6-O-demethylation of scopoletin to esculetin and the C8-
hydroxylation of umbelliferone to daphnetin. Using AlphaFold3-based structural modeling,
molecular docking, and alanine scanning mutagenesis, we revealed that residues R155 and R221
are essential for both activities through stabilizing hydrogen bonds, whereas residue F312 acts as a
functional switch, being critical for demethylation but negatively regulating hydroxylation. These
findings uncover a rare bifunctional 20GD with substrate-dependent catalytic plasticity, providing
mechanistic insights into coumarin diversification in medicinal plants and a structural basis for

future enzyme engineering.

Keywords:Fraxinus chinensis Roxb. (Qinpi); 2-oxoglutarate-dependent dioxygenase;

substrate-dependent bifunctionality; coumarins; O-demethylation; hydroxylation.
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1. Supplementary Table

Table S1. Summary of transcriptome sequencing data for F. chinensis

sample Raw reads Cleanreads Clean bases (G) Q30 (%) GC (%)

Root 20,804,416 20,381,499 6.1 92.94 44.75
Stem 19,650,291 18,884,772 5.7 93.08 44.01
Leaf 19,592,202 19,214,477 5.8 94.63 43.51
Bark 22,042,861 21,208,837 6.4 94.51 46
Total/Average 82,089,770 79,689,585 24 93.79 44.57

Note: Raw Reads: total number of raw reads; Clean Reads: number of reads after
quality filtering; Clean Bases: total bases after quality filtering; Q30: percentage of

bases with Phred quality score >30; GC: percentage of guanine and cytosine bases.

Table S2. Assembly statistics of F. chinensis transcriptome

Category Transcripts Unigenes
Total number 135,130 64,839
Total length (bp) 171,841,411 70,662,724

Mean length (bp) 1,272 1,090

Max length (bp) 16,662 16,662
N50 (bp) 1,872 1,630
N90 (bp) 556 461
GC content (%) 44.57 44.57

Table S3. Candidate Fc20OGD genes identified by HMM search in F. chinensis

Gene ID Length (aa) Molecular Weight E-value
Cluster-13020.0 207 23.1 kDa 5.90E-31
Cluster-18821.1760 228 25.4 kDa 8.40E-08

Cluster-18821.36504 238 26.6 kDa 1.90E-17




Cluster-18821.20444
Cluster-18821.4696
Cluster-18821.30058
Cluster-18821.37261
Cluster-18821.38417
Cluster-18821.28980
Cluster-18821.28344
Cluster-18821.30242
Cluster-18821.27443
Cluster-18821.7851
Cluster-18821.24445
Cluster-18821.32126
Cluster-18821.21578
Cluster-18821.2847
Cluster-18821.33550
Cluster-18821.12585
Cluster-18821.6721
Cluster-18821.14743
Cluster-18821.16820
Cluster-11688.0
Cluster-18821.21132
Cluster-18821.18032
Cluster-18821.10111
Cluster-18821.11497
Cluster-18821.3068
Cluster-18821.37417
Cluster-18821.14946
Cluster-18821.30990
Cluster-18821.27482

252
258
262
262
269
275
281
282
287
287
291
294
295
301
304
305
307
309
309
316
318
321
321
324
325
331
332
335
339

28.1 kDa
29.7 kDa
29.9 kDa
29.9 kDa
30.4 kDa
30.7 kDa
31.8 kDa
31.9kDa
32.3kDa
32.1 kDa
32.5 kDa
33.0kDa
32.7 kDa
33.7 kDa
34.0 kDa
33.9kDa
33.8kDa
35.1 kDa
34.1 kDa
35.5 kDa
36.1 kDa
35.9kDa
36.1 kDa
36.9 kDa
36.8 kDa
37.9 kDa
37.3kDa
37.8 kDa
38.7 kDa

2.40E-07
1.50E-34
4.90E-36
1.20E-35
1.50E-13
2.20E-21
1.30E-20
4.00E-28
1.50E-21
3.20E-11
1.00E-07
4.30E-09
2.80E-09
2.50E-34
1.80E-22
1.80E-20
7.40E-21
2.30E-34
1.10E-09
2.30E-21
5.60E-34
6.90E-31
1.70E-25
3.10E-24
6.60E-25
8.80E-28
1.40E-34
4.90E-32
1.60E-32




Cluster-18821.20966
Cluster-18821.22339
Cluster-18821.36418
Cluster-18821.23152
Cluster-18821.9600
Cluster-18821.11513
Cluster-18821.9228
Cluster-18821.18080
Cluster-18821.9426
Cluster-18821.31546
Cluster-18821.8341
Cluster-18821.22774
Cluster-18821.32111
Cluster-18821.9764
Cluster-18821.8292
Cluster-18821.24997
Cluster-18821.24209
Cluster-18821.13747
Cluster-18821.11603
Cluster-18821.14833
Cluster-18821.9664
Cluster-18821.6951
Cluster-18821.11711
Cluster-18821.28508
Cluster-967.0
Cluster-3090.0
Cluster-18821.14522
Cluster-18821.12035
Cluster-18821.28014

339
343
345
349
349
349
349
352
353
354
354
355
357
361
363
363
363
364
364
365
367
369
370
371
371
371
372
372
373

38.1kDa
39.6 kDa
38.8 kDa
40.0 kDa
40.0 kDa
40.3 kDa
40.0 kDa
39.5 kDa
39.8 kDa
39.9 kDa
40.1 kDa
39.9 kDa
40.0 kDa
41.0 kDa
41.3 kDa
40.7 kDa
40.9 kDa
40.7 kDa
41.1 kDa
41.8 kDa
41.4 kDa
42.0 kDa
42.0 kDa
41.4 kDa
41.0 kDa
41.2 kDa
41.5 kDa
41.9 kDa
42.0 kDa

3.00E-27
2.20E-30
7.40E-28
3.40E-34
9.80E-34
1.10E-32
4.20E-32
5.20E-29
1.10E-30
8.10E-35
1.40E-33
5.30E-30
1.60E-32
1.90E-29
9.40E-36
8.60E-32
1.70E-26
1.60E-28
9.40E-37
5.70E-34
5.00E-30
5.90E-32
8.60E-30
3.00E-31
1.50E-14
1.10E-14
4.70E-32
3.20E-32
5.60E-31




Cluster-18821.23279 374 42.0 kDa 1.50E-31

Cluster-18821.22571 374 41.9 kDa 1.50E-29
Cluster-18821.8662 377 42.9 kDa 7.10E-30
Cluster-18821.2587 379 43.0 kDa 1.90E-33

Cluster-18821.13249 380 43.1 kDa 3.40E-31

Cluster-18821.35678 387 43.7 kDa 1.00E-35
Cluster-18821.9214 387 43.7 kDa 1.20E-34

Table S4. Functionally characterized 20GD proteins from Arabidopsis thaliana

used for phylogenetic analysis

Gene ID Functional Annotation Functional
Classification
At3g63290 20G-Fe(II) oxygenase superfamily DOXC19
protein
At4g03050 Glucosinolate biosynthesis-related DOXC20
Atl1g52820 20G-Fe(II) oxygenase superfamily DOXC20
protein
At4g03070 Glucosinolate biosynthesis-related DOXC20
At1g28030 20G-Fe(II) oxygenase superfamily DOXC20
protein
At4g23340 20G-Fe(Il) oxygenase superfamily DOXC17
protein
At5g51310 20G-Fe(II) oxygenase superfamily DOXC17
protein
At3g47190 1-aminocyclopropane-1-carboxylate DOXC14
oxidase (ACO)
At5g58660 Gibberellin 2-beta-dioxygenase DOXC14

(GA20x)




At4g21200

Atlg50960

At4g21690

Atl1g80330

Atlgl5550

Atl1g80340

Atlgl4120

Atlgl4130

Atg440900
At1g60980

At5g07200

At5g51810

At4g25420
At1g47990

At1g02400

At2g34555

At1g30040
At1g78440

20G-Fe(II) oxygenase superfamily
protein
20G-Fe(Il) oxygenase superfamily
protein
20G-Fe(Il) oxygenase superfamily
protein
Gibberellin 3-oxidase (GA30x)
Gibberellin 3-oxidase (GA3ox1)
Gibberellin 3-oxidase homolog
20G-Fe(II) oxygenase superfamily
protein
20G-Fe(Il) oxygenase superfamily
protein
20G-Fe(II) oxygenase
20G-Fe(Il) oxygenase superfamily
protein
20G-Fe(Il) oxygenase superfamily
protein
20G-Fe(Il) oxygenase superfamily
protein
Gibberellin 20-oxidase (GA200x1)
20G-Fe(Il) oxygenase superfamily
protein
20G-Fe(Il) oxygenase superfamily
protein
20G-Fe(II) oxygenase superfamily
protein
Gibberellin 2-oxidase (GA20x)
Gibberellin 2-oxidase (GA20x)

DOXCI13

DOXC13

DOXC3

DOXC3

DOXC3

DOXC3

DOXC15

DOXC15

DOXC7
DOXC7

DOXC7

DOXC7

DOXC7
DOXC12

DOXC12

DOXC12

DOXC12
DOXC12




At3g50210

At3g49630

At3g49620

At4g16765

Atdg16770

At1g35190

At3g46490

At3g46500

At3g46480

At3g19000

At3g19010

Atdg10500
Atdg10490

At2g36690

At5g07480

20G-Fe(II) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

Salicylic acid 5-hydroxylase (S5H)

Salicylic acid 5-hydroxylase
homolog

20G-Fe(II) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily

protein

DOXC23

DOXC23

DOXC23

DOXC24

DOXC24

DOXC27

DOXC27

DOXC27

DOXC27

DOXC21

DOXC21

DOXC38
DOXC38

DOXC37

DOXC37




At3g60290

At5g12270

At3g12900

At1g55290

At5g43440

At5g43450

At5g59530

At5g59540

At1g04350

Atlg04380

Atlg06620

Atl1g03400

At3g51240
Atdgl16330

At3g55970

At3g11180

20G-Fe(II) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

Scopoletin 8-hydroxylase (S8H)

Feruloyl-CoA 6'-hydroxylase (F6'H)

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

Flavanone 3-hydroxylase (F3H)

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(II) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily

protein

DOXC37

DOXC30

DOXC30

DOXC30

DOXC31

DOXC31

DOXC31

DOXC31

DOXC31

DOXC31

DOXC31

DOXC31

DOXC28
DOXC45

DOXC46

DOXC46
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At5g05600

At4g22880

At5g63595

At5g63580

A12g19590

At1g77330

Atlgl2010

Atlg62380

At5g54000

At1g49390

At5g20550

At5g22040

At3g21420

At1g78550

20G-Fe(II) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

l-aminocyclopropane-1-carboxylate

oxidase (ACO1)

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(Il) oxygenase superfamily
protein

20G-Fe(II) oxygenase superfamily

protein

DOXC46

DOXC47

DOXC47

DOXC47

DOXC53

DOXC53

DOXC53

DOXC53

DOXC55

DOXC55

DOXC55

DOXCS55

DOXCS5

DOXC54
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Atlg17020

At4g25300

At4g25310

20G-Fe(Il) oxygenase superfamily DOXC54
protein

20G-Fe(Il) oxygenase superfamily DOXC54
protein

20G-Fe(II) oxygenase superfamily DOXC54
protein

Table S5. Candidate FcDOH genes identified in F. chinensis

Transcript ID

Name Descirption

Cluster-18821.32111
Cluster-18821.23279

Cluster-18821.11711
Cluster-18821.14522

Cluster-18821.28014

Cluster-18821.8662

Cluster-18821.13249

Cluster-18821.4696

Cluster-18821.37417

Cluster-18821.28980

Cluster-18821.28344

FcDOH1 feruloyl CoA ortho-hydroxylase 1-like

FcDOH2  I-aminocyclopropane-1-carboxylate oxidase-like

protein
FecDOH3 deacetoxyvindoline 4-hydroxylase-like
FcDOH4 I-aminocyclopropane-1-carboxylate oxidase
homolog
FcDOHS deacetoxyvindoline 4-hydroxylase-like
FcDOH6 deacetoxyvindoline 4-hydroxylase-like
FcDOH7 I-aminocyclopropane-1-carboxylate oxidase

homolog 1-like isoform X1
FcDOHS I-aminocyclopropane-1-carboxylate oxidase
homolog 1 isoform X1
FcDOH9 I-aminocyclopropane-1-carboxylate oxidase
homolog 1-like
FcDOHI10 I-aminocyclopropane-1-carboxylate oxidase
homolog 1-like
FcDOHI11 I-aminocyclopropane-1-carboxylate oxidase

homolog

12



Table S6. Functionally characterized 20GD enzymes used for sequence

alignment
Gene Name Species Subfamily Function Accession
AtS8H Arabidopsis DOXC30  Scopoletin 8-hydroxylase At3g12900
thaliana
AtF6'H Arabidopsis DOXC30 Feruloyl-CoA 6'- At3g13610
thaliana hydroxylase
AtGSLOH  Arabidopsis DOXC31 Glucosinolate/alkaloid  At2g25450
thaliana metabolism
CrD4H Catharanthus DOXC31 Deacetoxyvindoline 4- AF008597

roseus hydroxylase

Table S7. Primers used for PCR amplification of FcDOH candidate genes

primers Sequences(5'-3")
FcDOHI-F gecgegeggeagccat ATGTCAGAATCACTCACTGAAC
FcDOHI-R gtgcggccgcaagcttTCATATTTTTGCATACTCAATTGT
FcDOH2-F ccgegeggeagecat ATGGCGGTTCCTAACATTGAG
FcDOH2-R gtgcggccgeaagctt TCATCCATCTACATCTGGGTTC
FcDOH3-F gtgccgegeggeagccat ATGGTGTCTACTAGAAGTGAAAAATAT
FcDOH3-R ctcgagtgeggccgcaagctt CTATGGAATGATTCTTTCAATCTTG
FcDOH4-F gtgcggecgeaagctt TTAGAGCCTGAAGTCCAACAAG
FcDOH4-R ccgegeggcagccat ATGAAATCCAGCAGTTCAACTG
FcDOHS-F ccgegeggcageccat ATGAATATGTCGACCCTCAAAG
FcDOHS-R ctcgagtgeggccgcaagcttCTAGACTTTTAACTTGAACTCATCA

AGG

FcDOHG6-F ccgegeggeagccat ATGTTCACGAGCATTCGGAAAG
FcDOH6-R agtgcggeegeaagctt TTAGTTCTCTGGGGTCTGCTTATGG
FcDOH7-F gtgccgegeggeagccat ATGGTGGGCACAGACTGTGG

13



FcDOH7-R ctcgagtgecggccgcaagctt TCACTCATTGGCACTTGCATTC

FcDOHS-F ccgegeggecagccat ATGCTTGATGGAATAAGAAGGTTTC

FcDOHS8-R ctcgagtgcggccgcaagcttCTAATTTTTAAACTTGAAATCACCTA
GGCATG

FcDOH9-F ccgegeggcagccat ATGCAGAAAATTCCGAAAATTTTTGTG

FcDOH9-R ctcgagtgcggccgecaagctt CGCTTTAAAATAGTTCAGCAGCATG

TTTTC

Note: Uppercase letters indicate homologous arms of the insert fragment; lowercase
letters indicate homologous arms of the vector.

Table S8. Strains and plasmids used in this study

Plasmid Insert fragment Strain
pET-28a(+)-FcDOHI1 G32111 BL21-FcDOHI
pET-28a(+)-FcDOH2 G23279 BL21-FcDOH2
pET-28a(+)-FcDOH3 G11711 BL21-FcDOH3
pET-28a(+)-FcDOH4 G14522 BL21-FcDOH4
pET-28a(+)-FcDOHS5 G28014 BL21-FcDOHS5
pET-28a(+)-FcDOH6 (8662 BL21-FcDOH6
pET-28a(+)-FcDOH7 G13249 BL21-FcDOH7

Table S9. Activity screening of FcDOH proteins

Substrate Catalytic Activity Product
p-Coumaric acid - None
Cafteic acid - None
Ferulic acid - None
Umbelliferone (1) FcDOH2 + Daphnetin (6)
Esculetin (2) - None
Scopoletin (3) FcDOH2, FcDOH4 + Esculetin (2)
Fraxetin (5) - None

14



Esculin (4) - None

Note: "+" indicates catalytic activity detected; "-" indicates no detectable activity.

Table S10. Primers used for site-directed mutagenesis

primers Sequences(5°-3”)

R221A-F CTTGTTGTTGCATGCCACTATTATCCAGCTTGTCCAG

R221A-R GTGGCATGCAACAACAAGCGATTCTGCAC
H223A-F GTTCGCTGCGCATATTATCCAGCTTGTCC
H223A-R GGATAATATGCGCAGCGAACAACAAGCGATTC
R155A-F GCTAACTGGGCTGATTCATTTTACTGCC
R155A-R GAATCAGCCCAGTTAGCTGCTGGTGAACGATAC
F144A-F GTAACGCAGATTTGTATCGTTCACCAGC
F144A-R CAAATCTGCGTTACTAATATAGACTACCGGTC
H240A-F CACGACCAAGGCCTCAGACAATGATTTC
H240A-R GTCTGAGGCCTTGGTCGTGCCGAATGTG
T237A-F CGGCGCTACCAAGCATTCAGACAATG
T237A-R GAATGCTTGGTAGCGCCGAATGTGAGTTC
R352A-F CTACTTCGCTGACAAAGGACTTGATGGC
R352A-R CTTTGTCAGCGAAGTAGGCAGTGTAC
F351A-F CCTACGCTCGTGACAAAGGACTTGATGGC
F351A-R CTTTGTCACGAGCGTAGGCAGTGTACTC
D242A-F CATTCAGCTAATGATTTCATTACAGTGC
D242A-R GAAATCATTAGCTGAATGCTTGGTCGTG
N243A-F CATTCAGACGCTGATTTCATTACAGTGC
N243A-R GAAATCAGCGTCTGAATGCTTGGTCGTG
F312A-F GTGGCTGCTGCAGTCAGCGCAGGGTC

F312A-R CGCTGACTGCAGCAGCCACAGAGATTCTTGG

15



2.Supplementary Figures

Figure S1. BUSCO assessment results of the F. chinensis transcriptome assembly

The completeness of three assembly types (trinity.fasta, cluster.fasta, and
unigene.fasta) was evaluated using the embryophyta_odb10 database (n = 1,440). c:
complete buscos; s: single-copy; d: duplicated; f: fragmented; m: missing.

BUSCO Assessment Results

. Camplete (C) and single-copy (S} . Complete (C) and duplicated (D)

Fragmented (F) . Missing (M)

Trinity.fasta

cluster.fasta

unigene.fasta

%BUSCOs

Figure S2. Multiple sequence alignment of candidate FCDOH proteins

The conserved Hisi-X-D/E-Xn-His: iron-binding motif (black box) and R-X-S 2-
OG-binding motif (green box) are indicated. These conserved motifs are present in
FCDOH1-FcDOH9 but absent in FcDOH10 and FcDOH11. Multiple sequence
alignment was performed using MEGA 12 and visualized with ESPript 3.2.



al a2 nl o3
AtFEH1 Q000 200 0000000
20 30 a0 50 60
AtF6HL FvVYRGNGVKGLSETGTKALPERY JQFJLEERLINKFV . NETDE
AtS8H FlvVREGNGVKGMIDSGLS[SVERPFVQPLSERIPTOKA . LTCEA
CrD4H FIDE T/K|. AGVKGTVDTGI|T|K B[R TF IDOPKNLDRISVCRGKSD I
AtGSLOH FDEMEK. I|GVKGLVDAGVI[KVERIFHNPHEVNVANPKPT. . STVV
F[VVNKGNGVKGLSQTN|LK[S TRDLY INEEEERLDQTQV . . VAQK
FDDTN . §GVKGLVDTGVT[KVE[RIF INPPE . IDPHKTA . EKAQF
FIDE TIK|. AGVKGLVDAR|LAK TB[RFFVHEPESLETP SKTAKNVOL
FIDETX . AGVKGLVDAG|IT[K VPRI FF|SPADGFDKVSDP . GKAEF
FIDES[K|. SGVKGLVDCG|I|V[K TB[KMF IRFDDELAEESNH.GRSNT
FIDD T . AGVKGLVDSE[TAKIP[RIF JHDKKRINQFPVS . CDSRL
FDDSK|. TIGVKGLVEKG|LSKIPRIFLHDQYILEKKSDS .GIPEY
wle e e|elr efr e v s MOKIPKIFVRPAEELVEDLNL,KRAQTI
.MEVAGYD[RARD LKA[FDDAK . TGVKGLVDAG|LEK IP[QIF VTPFDNVEQTNDT . NREDF
FEDOHIL . ... .vvvvvvnnrvnnnnoerosnn.. MTGNQIEMNDRVNELRAFDEAK . VGVKGLYVDAGLSKVETIF JOPPDDFGKKSNP . . . . HY
p1 ad oS p2 b af N2 B3
AtF6H1 - 200 00000000000 —_ _—
79 B? 9? 10(_1 12q 139 llq
AtF6HL ATFVIDMSNPDEDR......VAEAVCDRAEKWGFFOVINAGVELEVLDDVKA| FNLEVEEKRKF TKENS LETTVRFGTSFSELAEQ
AtS8H  TQP|.IDLSNLDGPQ...HKEVAKQIVERAETLGFFOVVNHGVSVE LILKS FlACAP|E[EK S|MY LKEV|SP|S KILVKY|GT SFVPDKEK
CrD4H KIPVIINLNGLSSNS.EIRRE[IVEK[IGERSEKYGFFQIVNHGIPQD| K{M VDI H|E CDDIQI[KRIQY Y SRDRFNKNF|LY|S|SNYVLIPGI
AtGSLOHE MIP|ITIDLGGVFEST.VVRESVVAKVKDAMEKFGFFQATINHGVPLD K{M I|N| H|D CDPEVIRKME ¥ TRD|. KT KK|LK[Y|RSNADLYESP
FcDOH1 S[IP[TIDVSKWNDPE......IADS[ICRRAAQLGFFQIINHGIPIE NV KK F|ELP VEERS|KY LKENSP|SPTVELMTISHSPLVDK
FeDOH2 IFPVID[JDG[GKDPANRHEQTVDE RDASETMGFFQVVNHGIPVS EM IN|G HEQEIETKEQY Y TRD|. LITRP Y|ISNFDLYRSP
FeDOH3 DLE|T|IDFERIETGG. ARRKEVVEERKEAGIMGFFRIVNHGFPLE |ajM L|E| e ¢ PVIE[EKMHL Y SAD . sRORVIRENsNGR|LREYE
FcDOH4 C[IP[VIDLDGIEKDP.VSRKP|VTNI[VRDRASETWEFFQVINEGIPDC E[ML[D| Y[ECD TE[VKK[QW Y TRD|. G|SETV[VY|NSNFD[L/YRAA
FCDOHS  QUE(T|IDLKGIETDH . DHRKKT IND[LKQIASKDCGFFQVLNHGLELS Gl 1[E| = oD AE[IKKEF Y SRD[. RLKKVK[Y|AlsN IDLYQSS
FeDOH6 S[IP|IIDFAGIDKAN.DRRSEIIDKIRDRTENWGFFQIVNHGIPTE E MMV HECD IE[VKKQY Y SRD|. F|SKKF|I|YNSNFDLYQGP
FeDOH7  SIE|IIDFEGLNNDA.AKRKET IDKVKDACESWGFFQIINEGIQVR K|V TE| BlE CETE[VKKQY Y SRD|. VKERKV|TE|NSNFDLLOAP
FcDOH8 j ............. N T [ MLD| HE CDAE[DKKKE Y SRE|. PMKKVK|Y|C|SN IDQFRKR
FcDOH9 ELE[VIDLVDLGKAD..RHQQIVEEVRLASENWGFFQVVNHGIPLKVLD[EMVD N|E CDVEE[K KK ¥ TRD|. NTRRVRF/QESNHDLFRSR
FeDOH10 SIPVIDLEGSEKDS...... IVERRIASESWGFFQVVNHG[PVS LD[EMV[H FIE QD TE[VKK[RF Y TRD|. V[T RKVVY|NSNFD[LYSSP
FcDOH11 EFE|LIDLEGFRDDDSNRQKEIDEVRDAARMWGFFQVINEGIPD SVLEEMLN Y[ECDTEVKEKERY TRD|. VISRTVVYNSNFDLYSAR
Bs af [ al0
ALF6H1 L00000 0000000000000000000000
16(.) J.'I? 189 190_ ZD? 219
AtF6HL . SLFFVSEAEAEQFWEDI CANETLE VI NKSKKMvRRL|LE nfV]x £ L D[E T K[E|S[LEMEs 1R[]
AtS8H . SMLYTNDSEALQHWZOP CREVALEFLNSSMEMVENVVE[T GV|T LEE|. EKMN|GLMGTKM
CrDaH LECIMNSNQPDPQEFEDVCRDILMKY|SNYVRNLGL I|L[FE|L GlL|K PNH|LEEMD|CAECLIL
AtGSLOH L. SCVMAPDVPKAQDLZEVCGE IMLE Y|SKEVMK[L{AE LMF E[T Lis e NH|LK EMD|C 2K GlL WM
FeDOHL TIHYCDGQETED|SKFWZRVSRDQVLEY|[LKWT[KE|I| I RK[LLNV} DIT|DE I DJEAN[E[S|T L{MGR LY
FcDOH2 . YCQMAPNPPKPEELZEACREIMVEY[SNQVMELVRV|LLK|L GILIE SNH|L|I NMGIC AESLVY,
FcDOH3 .TCVFHDDQLDPEAIRLACRKEVQEYVKYMIQLRELMAE|L GIL|TSDH||SK/IECMESEAL
FcDOH4 .YCKMAPDPP S[PEE LKA CRDILIEY[SRRVRKLGQF|LFE[L DILIY PEH|[NEMNCAEGLAT
FcDOH5 TISLPVSDRVEP|DELIFEV CRSS|TIEY[VDQV[TKLGELLFML DILKEEN|[[V QMG(C AKG[RTF)|
FecDOH6 ECILAPHPPDPKELEAVCRGVIMTKYANYVITRL|IGY S[LFE|L| GLKPNH[L{NDMN|CAEIGILL
FcDOHT .YFVMAPDPPEP[EEI|ZEVCRNIMME Y|TKEVMNILGLT|L|LE|L GILIK P MH|[LRNMD|C AR G[L Y T
FcDOH8 TISMMTSYDIQPHELEMVCRNSTFEYINEV[TKLGKT[LF E|L| LIKREY|EAMEK|C GKGRTF|
FcDOHS TLSFSDPSQSDPNELBESCREPAMEY[SKHVIEKLIGN I|LF G|I GLDSEH|LRNMY|C SKIGHRE|
FoDOHL0 LFCFMAPNPBPKPEELREDACKDIQTEY|SKHVLSLGFRLIFG|L GILIE QG H|L|MDMD|C AKC[L TF|
FeDOH11 .FCRMAPHLPKPDEL[FVVCRD IMIEFTKQUVIMKLIG S CILIF O[T DILXEDH|LEDMGICAEGLAL
[it] it} 10 i1 all B12
AtFeHl —> — —_— —_— —_— — [
319 25(.1 26? 27? BEI? 29? 1l?
AtF6HL SIirier oI GlRa ViR SaASGNEVAVEP AGSF VI GRJAMQ I MS NGLYKS VERVLAN Flv...
AtS8H MLEVLLODGTGIERAY VK . [LDNGEQAETI PP VHCALV NI GHTLOI LENGKYKSAEHRVRTT) FT. .
CrD4H FLgrLMonoIGlERoT|. [LLENCRIDVEFIPGALVIYIAMLLOLI TNDKFKSVEHRVLAN AFGIKTQTQEGVSE
AtGSLOH FLWILLNDNNG[E#0OV, . [LYDGYQTDVPPNEEALIFNVGEFLOLTI SNDKFVSMEHRT LAN [FIF.,..VHTFTSPSS
FcDOHL ILIVLLODDVGERAY VREPQGNGRIHVTP VKGALVVYIGEVLOIMSNDRYKS IEHRVTVH|. V.. NPEPN
FeDOH2 FLWVLLQDNIG[EAOV . . |LRONCEVDVPPTBGALVINIGELLQLI SNDKFKSAEHRVLAS) [FV....SAGSYSTS
FcDOH3 FLYLLMOD S IGIERMOI|. . [LUEDD|CQVD VPP VHGALIANIGHLMOI ISNDKFISVEHRVLAQ FF....TPSLRAGA
FeDOHA FLvLLODOFClEMov. .[LYONCEvD I PP VECALVVYVGELLOLI SNDKFKSS|QHRVLAN FF....TTGLVESS
FcDOHS . JUKNNKEIDVLPMAGS LYV IGEILF QI I SNDEFKSAEHRV VAN FE..... TGVAVEE
FcDOH6 RENGCINVPSPEGVLIVEIABLLOLI TNDKFRSVHHRVLAN F[F. .RTHFRDGISS
FeDOHT . .uEoNCRvDVE Y I[P CALVVVCEILMELT TNARFKSAYHRVLAN|. FIF. .RWHFQESSKT
FcDOH8 . .[4RDKCQVDVEPCPGSFVIFI GBS LOMVSNDEFKSAWHRVLTH| FL.....AGVMDPT
FeDOHS . JFFOQNICRIVDVRPIPGGLVIMIGELLOLVSNGKFRSISHRVVVD [FIF....SGPLGMEN
FcDOHL0 . [FILGNCRIINVEPVEGALVVRIIGEILLOAS « o[v | v v oo v vt .
FcDOH11 .. eonghlvovePvPGA T VVRITGRLLOLY . . L. ] L Lo .
BIS 13
AtFEH1
34? 35? 360_
AtF6HL PEVIANGEEP|IYRDVLYSDYVKYFFRKAHDGKKTVD Y AKT|
AtS8H PIEVVEKRDGVARYKEF LEQDYMNNFFGQPHDGKKSLDEA
CrDaH KELISEENP]P|I[YKEVTVKDFITIRFAKRFDDSSSLSEF
AtGSLOH KELLSELNPPKIYRDTT . SESSNHYVARKPNGNSSLDHL
FeDOHL PIGVLEGGVKP[I|YKQVVYSDYFNYFFNKGHDGKET|TEYAKT ..
FcDOH2 KELLSEDNP/PKYRGTTEKEYTAYFRDKGLDGTSALLHFKLNPDVDG.
FeDOH3 KEILSNENPAIYREFLFKDYCEYYKTKGQDVASALIPHFKIERIIP. .
FcDOH4 KELLSEDNP|PK|Y KETTVRGY SLHYNAKGLGGTSALLDFRL+ « « « + . 4
FcDOHS KELITEENPPIYGE[FTVSDYISKFFTKAID.KSSLDEFKLEV.. ...
FcDOH6 KELLSDENPP|I[YKE I TVKEF IMORYKNGLNGI SALISSFKLHKQTPEN
FcDOHT KELLSEENP|P|I)YRETTVEELVSCRYTKGLDGIPLLISHFKLNASANE .
FeDOH8 KELISEENPB|IlYKDFTVNEHELAKFYSKP . NGKSCLGDFKFRN . . . . .
FeDOHY KELISEENP|P|I|YKEILLSDYVMKFFTSSLHENMLLNYF
FCDOH10 e
FcDOH11 N

17



Figure S3. SDS-PAGE analysis of recombinant FCDOH proteins

(A) Soluble His-tagged FCDOH proteins. Lanes 1-5: FcDOH2, FcDOH3, FcDOH4,
FcDOHS5, and FcDOH7, respectively. M: protein molecular weight marker (10-180
kDa). Arrows indicate the target proteins (predicted molecular weight: 42.0-43.1 kDa).
(B) Insoluble fraction of FcDOH1. (C) Insoluble fraction of FCDOHS.

45kDa

35kDa

25kDa

45kDa
45kD:

Figure S4. AlphaFold3-predicted structure of FCDOH2

The model is colored by pLDDT confidence scores: very high (pLDDT > 90, blue),
confident (90 > pLDDT > 70, light blue), low (70 > pLDDT > 50, yellow), and very
low (pLDDT < 50, orange). The core region shows high confidence with pLDDT > 90.
The predicted alignment error (PAE) plot is shown on the right, with ipTM = 0.98 and
pTM = 0.89, indicating high confidence in the predicted global fold.
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Figure S5. Structural similarity between FcDOH2 and DOXC family proteins

with similar functions

Lightorange: FcDOH2; cyan: 4XAE; magenta: 5O7Y.
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