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Discovery and Optimization of Flavone Synthase I for Apigenin Synthesis
by Combining Ancestral Sequence Reconstruction with

Computational Screening
XIE Dongqi', ZHANG Shunzhi’, SHAO Qian®, ZHU Guoliang', DING Peixi', WEN Lin*,
ZHENG Liangzhen', WANG Sheng'
('Shanghai Zelixir Biotech Company Limited, Shanghai201210, China; “China New Era Group Corporation, Beijing 100034, China)

Abstract: Flavone synthase I (FNS-I) catalyzes C2-C3 dehydrogenation of naringenin to form apigenin and is a key
enzyme for enzymatic flavone synthesis. To expand the limited FNS-I sequence space and improve catalytic activity,
22 extant Apiaceaec FNS-I candidate sequences were collected using parsley PcFNS-I as the reference. Ancestral
sequence reconstruction (ASR) yielded AncFNS-I-48 and AncFNS-I-50, while CataPro ranking combined with lineage
coverage identified three natural homologs; together with PcFNS-I, these formed six candidates that were evaluated
with equal amounts of purified protein. AncFNS-1-48 was then used as the parent for PSSM-, Pythia-, and CataPro-
guided prioritization of 29 single-site variants and 4,5, endpoint high-throughput screening. Across three independent
biological replicates, with AncFNS-1-48 normalized to 1.00, the relative activities of PCFNS-I, AncFNS-1-50, CcFNS-I,
DcFNS-I, and CmFNS-I were 0.63, 0.63, 0.26, 0.06, and 0.05, respectively. Profiling in 50 mmol/L phosphate buffer
showed that AncFNS-1-48 maintained comparatively high apigenin production from pH 6.0 to 8.5. Considering the
improved apparent solubility of naringenin under mildly alkaline conditions and the needs of subsequent high-substrate-
load and process evaluation, condition optimization was conducted at pH 8.0. Temperatures of 25 - 30 °C favored long-
term product accumulation, and 250 umol/L FeSO4 gave the highest apigenin concentration (2.674 = 0.101 mmol/L).
At low enzyme input, 445, endpoint measurements combined with SDS-PAGE target-band integrated-density correction
were used to evaluate the relative initial reaction rates of 29 single-site variants. VI59E and H261F reached 3.06 = 0.26
and 1.50 + 0.04 times the WT level, respectively, and were significantly higher than WT (p < 0.01). In the HPLC-
quantified 20 mL reaction validation system with higher enzyme input, [115V, V159E, M230D, and N297D reached
2.15£0.15, 2.14 +£ 0.11, 2.02 £ 0.10, and 1.88 + 0.13 relative to WT, respectively, whereas M85L was significantly
lower than WT (0.35 = 0.03, p < 0.01). Considering both metrics, V159E is the preferred variant because it showed the
highest relative initial reaction rate at low enzyme input, whereas [115V remains an alternative for preparative product
formation, with a marginally higher mean in the 20 mL assay and no direct statistical comparison between the two
variants. This study establishes an integrated enzyme-engineering route combining lineage-focused sequence
collection, ancestral reconstruction, Al prediction, computational mutagenesis, and high-throughput screening,

providing a methodological reference for the discovery and engineering of FNS-I and other 2-ODD enzymes.
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Fig. 1 Discovery strategy and structural context of FNS-I

(a) FNS-I-catalyzed conversion of naringenin to apigenin, with 2-oxoglutarate as cosubstrate and Fe2+ as cofactor. (b) Structural comparison of
predicted PcFNS-I (cyan) and Arabidopsis ANS (PDB 2BRT, gray). PcFNS-I residues are His218, Asp220, and His276; the corresponding 2BRT
residues are His232, Asp234, and His288. The displayed naringenin conformation is a spatial illustration, not a quantitative docking result. (c)
Starting from 22 extant Apiaceae FNS-I candidate sequence records, ASR yielded two ancestral sequences, while CataPro ranking combined with
lineage coverage identified three natural homologs; together with PCFNS-I, six candidates entered experimental validation.
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FFAEZ (n=3); SUNPREA th 5 522K F 1.00 LB, **p<0.01. B2 (b) AT IEE pH 8.0 & 4F F i ikighim b, B3 (@ KA
1T BE B I pH KR S0

Fig.2 Expression, purification, and relative activity of candidate FNS-I enzymes
(a) SDS-PAGE of supernatant and purified fractions: M, protein marker; lanes 1/2, PcFNS-I; 3/4, DcFNS-I; 5/6, CmFNS-I; 7/8, CcFNS-I; 9/10,
AncFNS-1-48; and 11/12, AncFNS-I-50. (b) HPLC-measured relative activities with equal amounts of purified protein in the pH 8.0 reference
reaction described in Section 2.3.4, containing 250 umol/L FeSO4. Each independent-culture replicate was normalized to the AncFNS-1-48 value
measured in the same batch, and means £ SD were calculated from the three normalized ratios (n = 3). Two-sided one-sample t-test versus 1.00,
** p < 0.01. Panel (b) compares candidates under fixed pH 8.0 conditions, whereas Figure 3(a) reports the separately established pH-gradient

experiment.

g5k, FIFPSSM (T PSI-BLASTH: ™) #t R2, Hi i AAGR AT EMN. FRIHESER
ITRSFIETR %, I DL Pythia B TR0 SR AE X A2 @ 1 A TR HEF, A B AR S I3 M R e 1 TE 4R
RIS, 627 RO 19 A AR ET AR BB S db AT KRN HOANHE A At o 1 AR e L) BB

$14# . Pythia 5 PSSM %y tH A AE 4 fi% 3%k HE 57 A2 & 252 BWBHASLTE

Pythia AAG 5 CataPro Ji 45 0 Ml 43 %4 %1 F Fff 5% C HEFR Fe FL A7 A% 0 X3k JE )5, i PSSMY/
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(a) (b) (c)
Purified FNS-1 pH profiles (50 mmol/lL phosphate) Temperature effect at pH 8.0 FeS0O,4 dependence at pH 8.0
2,00 & PeFNSd ¥ CmFNSd 2751 3.0 T S——y
§- DoFNSI - AncFNE-48
175 & CoFNS- APcFHE-180 2.50 4 25
~ 1.50 . ~ 2.25 -~
= % = =
E 1.25 E E “
2.00 4
3 \ £ g
= 154
£ 100 \ £175 H
g & %
= 0.75 | 0 4 1
< \ — <150 210
0.50 — "
. . 1.25 4 054
0.25 1 % & 1h - 4n *
g - i » T 2 1.00 4 <8 2n <§ 2n
0.00 1 — > T — - - T - 001+ T T - -
6.0 6.5 T.0 75 B.O 85 25 30 ar 45 0 50 250 500 1000
pH Temperature (*C) FeS0, (umoliL)
(a) pH response of six purified FNS-I enzymes (b) Temperature and time dependence (c) FeSO4 dependence

B3 ik FNS-1/ pH WS & pH 8.0 14 N AncFNS-1-48 [ ) B 2 14 43 #r
(a) 6Fh&EE AL FNS-1/E 50 mmol/L R Eh 221« pH 6.0 - 8.5 %M N RN 1 h G IR R AEE (HPLCER): MR )G LI R
f)pH 8.0, (b) pH 8.0, % 250 umol/L FeSO4ff, 25. 30, 37145 °CH&MF T 1. 2. 422 hFERIKE. (¢) pHS8.0%METF, 0. 50,
250, 500 F1 1000 pmol/L FeSO«/ i 1 h J5 M /T3 F IR FE o Hdi DAIME + ArdEZE LR (n=3). (b) 22 hiif 45 °CH5 30 °CR A BUNM LB A ¢
K86 ; (¢) FeSOLIK 2B % FH B K 25 2240 Hr, 250 pmol/L 5 0 pmol/L 3% FH Fil e SN At 37 BEAS t 436 : ** p < 0.01,
Fig.3 pH responses of candidate FNS-I enzymes and reaction-condition profiling of AncFNS-1-48 at pH 8.0

(a) HPLC-quantified apigenin production by equal amounts of six purified FNS-I enzymes after 1 h from pH 6.0 to 8.5 in 50 mmol/L phosphate

buffer; the dashed line marks pH 8.0 used in subsequent experiments. (b) Apigenin concentrations after 1, 2, 4, and 22 h at 25, 30, 37, or 45 °C at pH

8.0 with 250 pmol/L FeSOa. (c) Apigenin concentrations after 1 h with

0, 50, 250, 500, or 1000 pmol/L FeSO4 at pH 8.0. Data are means = SD (n =

3). For panel (b), 45 versus 30 °C at 22 h was assessed by a two-sided independent-samples t-test. For panel (c), the FeSO4 concentration effect was

assessed by one-way ANOVA, with a prespecified two-sided independent-samples t-test comparing 250 versus 0 pmol/L FeSO4; ** p < 0.01.

Pythia ] 7 () fi% % % \ CataPro #E4T & MEHEFF, ik
LR A3 SE RT3 29 N B R R AR MR N SE5G . 1f
AP TR e i, B2 R W DL 5 S ge 45
FNHE
253 JAETHLAR

(D HMMBEAEREHFRE: REHE
P e G PR s, 4 96 FLIk LR (FEAL
200 pL LB, 50 pg/mL RH&H 2, 37 °C. 800 r/min
W FE %2 0D, ~ 0.6 - 0.8)—96 f1LIEFLI (IPTG 0.5
mmol/L, 25°C#ES 16 h) BZHBK. Bl —1k
A PR & IR BT R AR AR D 2 — B

(2 MHBEFWRH & : HALE R (1 mg/mL)
WAL REAR, B0 B 35 B

(3 M5 : A 10% (VIV), J&Y)
fh JZ % 3 mmol/L, 50 mmol/L x B 2% ¢ i (pH
8.0), 2-fd% . 4 mmol/L, PLIA IR 4 mmol/L,
FeSO4 250 pmol/L, 30 °C. 200 r/min /2 1 h. B
JG 4% 2.3.4 ik 77 I ON FR B¢ 1k S N IR DT B
TWHERS) S B0 B b3, FRE I Ay, BRIR
B A2 T AncFNS-1-48. 25 8 AR T il 25 13 X6 1
R E WG IOV e, A S SR 2R A X TR HURE

K Ao 2 SRR, FF DRI (8] N 258 35 A A
BIUFEVIE PR B R 3R E S 5 A
[F) At WT I (A — A, B RASR B E 3 L
BE IR AE W AT o« RIS S WT B 5% 728 AR i 32t
17 12.5% SDS-PAGE, *I H b5 2% 7 (1 4% B 43 2K FE
(I0D) #A47E &, LLWT IOD/KE & 10D 1F A #: IE
FHE =TT AR W] AR RO T8 26 35 R 56 1% K
JERE IEA AL WT 5 — 105 i 248, IR -5
BEANFRHEZE o
2.5.4 E#INIEL HPLC &2

BEELI 0 117 9 AN FH % H261F. L186F. A169K .
H261A. N297D. I115V. M230D. VI59E.
T204P, 2 MBAPEQ71Y. MSSL Fl1%F 4 Y AncFNS-
148 AT RIS E o« H i B 3 55 )5 #: P 2 50 mL
LB % 7 ¥, K 3% & oD, ~ 0.6 - 0.8, IPTG
0.2 mmol/L. 25°C. 180 r/mini%5 16 h. PBS ¥ti%
I8 75 R ) A RV . 20 mL e Bk &R HERZ
W ¥ 2 mg/mL (Bradford % & &), #l & & 15
mmol/L. 50 mmol/L 2 Eh M (pH 8.0). 2-fid
% 1% 20 mmol/L. i iA Il FE 20 mmol/L #1 FeSO4
250 pmol/L, 30 °C. 200 r/min < 2 h. %20 mL
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W RKXHHPLC E &3k R, H T I B S
FEAHHEE (2mgmL, BradfordiEE &) KK
SSARRHE P, 1A T TH SR AU SR
Fhlg 5 B 3 AL TR AN 5 AT, SRR
Fr 52 43 AR WT il e {3 — 468 1.0, i3
ANEH— A E T I E AR 2 . 5 SR B R
M FAEAR A58 50— L WTKF 1.0 b, BIME %
HNp<0.01.

2.6 {ERRFEMEMRL

DL % 5 4l il L 8¢ PcENS-I. DcFNS-I. CcFNS-
I. CmFNS-I. AncFNS-I-48 Fll AncFNS-1-50 7£ A [A]
pH 24 N B2 A i RE 77 s B J LA AncFNS-1-48
RS, {EpH 8.0 2k 5 % R MR FE . e RIS
6] A1l FeSO 8 I & o B FeSOubf FE 5264k, HA R
AR 2 48— %M N 250 pmol/L FeSOao A1 E
3URMALIE TR D AT, S5 R UIME + brifE %=
TR o W E Ay T L 22 h B 45 °C 5 30 °C,
FeSO4Hf i K F 5 [K] 3% J7 22 43 Mt F 1l 250 pmol/L
50 pmol/L A XU A ST FEAS e 4 50, i 25 1 B AE 3
Np<0.01,

Al fiE pH Wi N . £F 50 mmol/L i B2 £h 22 i
WE pH 6.0, 6.5, 7.0, 7.5, 8.018.5, ZrHIIIA

& & PcFNS-I. DcFNS-I. CcFNS-I. CmFNS-I.
AncFNS-1-48 5%, AncFNS-I-50 4l 1k 2 (1 M1 i &% .
2-F % — R PUIA IR AN FeSO4 243K ¥ AR F — 2L,
30 °C. 200 r/min 2 N 1 h J5 3% JF] HPLC & & /¥ 3¢
#, T e & A By 1Y) pH IE NGl o AncFNS-
1-48 1) pH 3 4 AH 9 H far A7 i 2% 18] 43 A7 0L T 6.

BIERA: FZ—F i pH 8.0, WE25. 30,
37 F145 °C, FeSO.4EFF 250 umol/L, I 4%/ W 41
SREF G T 1. 20 4F122 hBURE. FeSO4ik
WYE M. 7E pH 8.0 L HAh G — R N & AF R R E
0. 50. 250. 500 11000 pumol/L FeSO4, % 1 h
Ji K HPLC & & k%, BRI Fe 7K FXt =
YA ) 5

2.7 FFED

BR A UL AL, BT SIS R 3 IR AL 55 57
Frfs e ES, SR UIME £ bRl ZERR.
K2 (b, & A phar 8 9% = OE 4 B bLE
AncFNS-1-48 Ml 5E EHH—1k; B 4o (D, FA
M7 B IR A I LEHAE WT e e —ftk. 17—
G R4 3 AL AR, FF R FH R B RE AR ¢ A 50
H5SHAKCF 1.0 tbig. B 3(b)7E 22 h i 52 FH U0 4k
SEFEA R I LA 45 °C 5 30 °C, B3 (o) K A A

» s’ ¥\ . W - Rt
. " < ¥ w —
e .f_“-}\, :ﬁ»\g‘_ N _0 g
\ IJ'.;/ . ‘. % ‘l:;/-"‘—‘— "/ C Y A, >
e 7,‘?\‘ VAo B & N a
N Ao ™ - " FrE -
O e ¢ RN “ ¢
v — - v b
L o a7
¢ A

(a) Overall structure

(b) Residues 10, 139, and 148

(c) Surface near Aspl139/Asp148

Bl 6 AncFNS-1-48/50 7 7o st S . T Ho Aif BR B¢
(a) HEAAZEMy. Z0fh: Aspl39/Aspld8 (JRELEHTF-2); . Alalo (BREAZ),; B, fME&E, KEG: H217/D219/H275; FH.
K196. (b) 5510/139/148 78 K. (c) Asp139/Aspl48 iy 7L . HiR=F AR NI, AR CERWUER pH & RIALH .
Fig. 6 Differing sites between AncFNS-1-48 and AncFNS-1-50 and their predicted charge environment

(a) Overall structure. Aspl139/Asp148 are shown in red and form a locally acidic surface with a net charge of -2; Alal0 is shown in purple and is

charge-neutral; naringenin is orange; H217/D219/H275 are sky blue; and K196 is cyan. (b) Enlarged view of residues 10, 139, and 148. (c)

Molecular surface near Asp139/Asp148. The spatial interpretation is a structural hypothesis and does not establish a validated pH-adaptation

mechanism.
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3 -
o )
s Pythia PSSM Fier
) o

PcFNS-I Per-position mutation fitness Selected mutations
AlB9K " CATAPRO -
A7 M ) < ]
sty ¢ _— U ﬁ n
nz6oL A iy
Fo44 A
12614 & e

(a) Computational prioritization workflow - e L]

(b) SDS-PAGE of WT and mutant preparations

(c) SDS-PAGE-corrected initial reaction rate (low enzyme input) by EmEany

Relative initial

_
C

20 mL reagent-reaction activity (high enzyme input) e

& & £ T
L) & &
B S g

=

Relative reaction activity

e

y 51
gy,

A
g,

Mgy,
gy,
@y

(d) HPLC-measured 20 mL reagent-reaction activity

B4  AncFNS-I-48 AR50k . SDS-PAGE 5 XS i I
(@) AL . PSSM/Pythia #] i CataPro HE /7 B SLI8 IS UF M AE . (b) WT K 29 AN RAZAM B i 1) SDS-PAGE, =K -FATHEI ;
TEYIRIIE 1 WT,  FEAR KO 1 TR LR W& IR A AR R (o) RAER & NI FR 45 B H bR 417 10D A% 1E (R R A g, A0 1 AR X
WG R A . (d) I ide RAZAAE 20 mL 157 S5 74 22 DU [A) LB L B B 10 (2K 2 mg/mL, Bradford i€ &) WIAF KK
P HPLC AT I (AR XS S B (o) A1 () oy, AL IR EE 70 LLE I WT e E I8 — 468 1.0, Bl 3 ™ME— A tbETHEHME +
FREZE (n=3); WZLAVHEEDE QR E XM IR AT, AERUE B B R O RE IR WTKP B2 6] T8 fHR Z i b
Zs WMBAREAR KK ** p<0.01; KInicE p=0.01.
Fig. 4 Computational prioritization, SDS-PAGE, and relative activity of AncFNS-I1-48 mutants

(a) Computational workflow. (b) Three horizontally aligned SDS-PAGE gels of WT and 29 crude-enzyme mutant preparations; lane identities are
shown beside each gel. (c) 4, -measured relative initial reaction rates at low enzyme input, corrected using the corresponding target-band IOD. (d)
HPLC-measured relative reagent-reaction activity of selected mutants in a 20 mL system using equal crude-extract total-protein input (2 mg/mL,
quantified by the Bradford assay). For panels (c) and (d), each independent-culture replicate was normalized to the WT measured in the same batch,
and means = SD were calculated from the three normalized ratios (n = 3). The panels use different crude-extract total-protein inputs and response
metrics and are not intended for direct quantitative comparison. Red dashed line, WT; two-sided one-sample t-test, ** p < 0.01; unmarked, p > 0.01.

BNV FeSOLRBERN, HiEMd bk A B AL, BEEBRER N <
FA SR ST AR ¢ 46 56 G 45 250 pmol/L 5 0 pmol/L. 0.01; KRFrFEHEHRRp=0.01.
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3 &#iR5Hie

3.1 FNS-|EiFEERIITEIZIE S L8 EIE

PLRK7F PcFNS-I (UniProt: Q7XZQ8) N45Hy
ZM, I “ IR ENS-I1 T 41U 55 -ASR/CataPro
U 42 7 0k - S 36 IR E 7 TR R AR IR B AZ IR (B
(¢)) . AlphaFold3 il ill| 45 ¥4 & #L &Y 2-ODD # & %
WUEE B-1R e 7 & . 54U I ANS (PDB: 2BRT)
g Rt (B 1(b)) E7n, PcFNS-If#) His218.
Asp220 1 His276 ¥ i Fe2 Bt 7 38 5%, Lys197 £ F
WEME AL BT s 2BRT AR B A AR K R S N
His232. Asp234 1l His288. & i Al iz AV AE =
AL BN &, AL TF X B 4T 2 sldE o i 2
AL .

1 A T B £ 22 4% ENS-1 i 8L A FE 51,
FH¥ HAFE N FoldMason/PAML #H 4% 7 %)) B2 & ff i
RS R M B % B AncFNS-1-48 F1 AncFNS-
1-50 PN AHAE 9 3B 5 5. CataPro X 4= #5 22 2k 7 41
03 10 T 45 5 LB =% A 22 15 &5 4 T keat/Km
5k 278 5%, EH DCFNS-I. CcFNS-I 1 CmFNS-
I, 3% [F] PcFNS-T J& 1 2% #H 56 )7 971 35 1 Bl 6 A1 i
fitf. SDS-PAGEZ5H: (I 2(a)) &or, 6FhEEHI4E
A Ik T8 75 TR 4> F = I T W H ARk, R
AE S 9 1 W BT RE I gk Aidh . R T
SEPERRIN, AN S K R R

FT B3 AR 1T 22 26 R ENS-T {5 % 2
EFFNER, AR NAER TSGR E
17 %M — ¥ %1; K FI MUSCLE £ 5 5] Eb 5o Fl 4 3
2 p-distance 1) 2 1\ NJ EAR ¥~ WK 5. HE AT
accession DA R A H AR AL [ — b7 5. IR A
FEEACAT R, A RU55ARTE 200 IR HLXT 51 # R
FE 3K 15 1) bootstrap L FFRE s HK 5B AR RA &
N, FAT R AR N AR B 5 7 1)

ASR I Bt 3% A 3 1 T 41 22 5 B AR 7 AR N
M S, 4 FoldMason 45 4 &% 21 b % Je He
Newick #f i A PAML codeml; 7 i%# 194 4h v,
AncFNS-1-48 5 AncFNS-I-50 43 71 A 28 -] py 355 15
M LB R P EL RO T Ul B AR ST
RURBE SRS, NG AR AR T AU 7 51 22 S5 B A
BTG TR R AL . B S N & IR s A R P51 IS 1)

17 M NJ JE7R B, 2 5 Node 48 F1 Node 50 1] 1%
B iZBEAR N WL S E K S3; HiF Node 48 {7 T
Node 50 Niif, Z & %5 H¥H codeml rstiy .

6 /i 198 21 1 1) HPLC AH 3 1 DL I 2 (b)) o
AN AL R 77 L 4 i AR AncFNS-1-48 1l 52 {8 )5
— 1k . Bl AncFNS-1-48 4 — 1k 29 1.000 + 0.000,
PcFNS-I. AncFNS-1-50. CcFNS-I. DcFNS-I flI
CmFNS-1 %3 %I 5 0.630 + 0.020. 0.634 + 0.021.
0.262 + 0.021. 0.063 £ 0.015 F10.054 = 0.004 (n =
3. ERMEFEAR IR F, bk SFEE 5 IH—
1 AncFNS-1-48 /K V- f£ 1E i & Z 7 (p < 0.01) .
AncFNS-1-48 7£ 1% [ NAR 2 o BAT B i A I 1

3.2 (ERRFEMEMRA

5 e 6 FPafifk FNS-I7E 50 mmol/L 4 Fig £
2z PR P ) pH M B2, P PL AncFNS-1-48 5% R,
7E pH 8.0 FIPAN MR EE . S B I [H] A1 FeSO4 ¥ il £ %)
FRRZMEMET (K3); BRFeSOMEEI, &Kk
SR 2 88— %M i 250 pmol/L FeSOs.

i fiff pH W N (B3, M1h BiR,
AncFNS-1-48 7E pH 6.0. 6.5. 7.0, 7.5. 8.0 fii 8.5
W SR R IK JE (HPLC & &) 4> 5l N 1.284.
1.845. 1.718. 1.684. 1.494 £ 1.425 mmol/L, #£
HAS I VE S OR R B A R RE T .
AncFNS-1-50 7& pH 8.0 1 8.5 B} 43 7 i 1.260 FI
1.158 mmol/L; PcFNS-I #1 CcFNS-I 7 pH 6.5 iX %]
BEAKF, HEpH 70N FE TR, M2 T,
AncFNS-1-48 3t EL 45 w5y v 11 H1 5 56 1) pH 1d B 78 [
MR RN GG IRYE 2 Wy, LE A BRI 2% 1 T LI i
PR e KRk pH 8.0 W 7E R FF AncFNS-I-
48 5 1 7 AR BCRE ) [ IR S0 TR A 4 EORT $50K)
XA, HRFA R e & TR T2 K.

AncFNS-1-48 5 AncFNS-I-50 1% 7 A10S.
D139S #1 D148K = ™47 5 A [A] o AncFNS-1-48 7
pH 6.5 I WA i e v, {HAE pH 6.0 - 8.5 i [#
PSR R R K o 76 5 RE A R 3R R B 2%
7 P A R B VRN T, JE A OB 4
{3 #% pH 8.0, 17 R FL AR Bl G IR (E . K iX—
pH T 5 5 AncFNS-1-48/50 1] = &b /7 41| 2 5 %
ATEEH R AR A R 5 (1 6) . AncFNS-1-48 7
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Bootstrap support (200 replicates); identical sequences are grouped at one leaf

A6GXFT1 C. cyminum
94

Q4QUR9 / AAX21536 / AAX21542 D. carota
51 £ XP_017240664.1 / KAL1822882.1 D. carota

ABG7E793 A, archangelica

76

B3RFVE /ABG78795 C. maculatum
100 { Q4QUR7T C. maculatum

AAX21537 / Q4QURE  A. graveolens

96 XP_074379576.1 A. graveolens

XGD09042.1 A graveolens

18 Q7XZQ8 P. erispum

XGD09043.1 D. carota

KALIB22879.1 D. carota

-
-

XP 017239195.2 D. carota

99

KALIB22880.1 D. carota

v XP_017240659.2 D. carota

{ XP_017240660.1 D. carota

XP_074335403.1 A. graveolens

Bl5 AURM S AR T 22 FTE R ENS-TR G LA 5 51010 F /0 17 26 0E— FE AN MR NI 4h . 58 20 F I E 2R R P 71 & 0
RN, AR AR IR 71 M accession. K MUSCLE #4172 P 7 Lk xf, DARIEFR p-distance Rk LA I 20 gap Aif
A K% Neighbor-Joining #i4b; P97 055 AUbR T 200 UK b6 X 51 B8 SR A 3R 15 bootstrap SCRF B HUME A% AT EE 25 45 RUA 2
N, FIEAKFA R AR R AR T . B SAUH THREBRBUAE T 5 2 B 5¢ &R ASR LL22 57 FIAE =5 &, {8
FoldMason 25 #4 BN L X & H Newick B, I HH PAML codeml 58 B Z0 RS HEWT ;. A B4 S 5 Node 48 Fl Node 50 [1iE#E. H
JEHBAL TR A MM SR E ] S3.

Fig. 5 Unrooted Neighbor-Joining topology of 17 unique amino-acid sequences representing the 22 extant Apiaceae FNS-I

100

candidate sequence records listed in Appendix A Table 1. Records encoding identical sequences were collapsed to one leaf, with their
accessions separated by slashes in the leaf label. MUSCLE was used for multiple-sequence alignment, and pairwise amino-acid p-
distances (gapped positions excluded pairwise) were used to infer the NJ topology. Internal labels report bootstrap support values
from 200 alignment-column resampling replicates. Branch lengths and a distance scale are not shown, and the rectangular horizontal
layout does not imply an evolutionary root or ancestral direction. This tree only describes relationships among extant sequences.
ASR used the 22 sequence records as leaves, the FoldMason structure-aware alignment and its Newick tree, followed by ancestral-
state inference with PAML codeml; this figure was not used to select Node 48 or Node 50. Their local parent-descendant relationship

is shown in Appendix E Figure S3.

139, 148 AL R B WA~ Asp,  JR) BB 14 HL fuf -2 ¥ E ;s 22 h B 4r BN 2571, 2.509. 2.208 Al

ANcFNS-I-50 X} N 4 Ser139/Lys 148, J&#f 14 HLfif Ny
+1 A AncENS-1-48 4 1#9+3) . Hdh D148K & &
BB (Asp -1 — Lys +1, Aq=+2), DI139S %k
F M (Aq=+1), A10S 7T N it H.#fif
AR, X7 F ] B U R AR LSS KRS
B SRR e M, T 2 AN [R] pH 2R T R LR
Wy WA RN 2 LA BARE &R, W
K 148D %5 [ 5 FAF Jz L35 73 BT Sk

fEpH 8.0 %6 1F T, RELR (E3(b), HPLC
ERD) BRI AREIM . 2 hiF 25, 30,0 37 #1145 °C
4% B2 A2 2,087, 2.320. 2.280 F11.961 mmol/L

1.116 mmol/L. 7F 250 umol/L FeSO.4 14 F, 22 h
I 45 °)CREZILT 30°C (p<0.01). 25-30 °CHA
K] (R 4ERF = B

7EpH 8.0« S 1 hs%AF R, FeSOL7 N 45 R
(E3Cc)) 2 RKREMKMM. 0. 50, 250, 500
H1 1000 pmol/L B ) 77 3¢ 2 ¥ £ 43 Jill 4 1.353 +
0.024. 2.192 + 0.047. 2.674 + 0.101. 1.809 + 0.016
F110.926 £0.007 mmol/L (n=3). F[HE T2/ i
7 FeSOR RN (p<0.01)5 HA1250 pmol/L
Higm, HEZEETOoumol/L4 (p<0.01). 4k4t:
T 2 500 A1 1000 pmol/L J& /=¥ 4= i & T %,



%£7% www.synbioj.com 013

1250 pmol/L FH -5 FeSO4BH FE 5256 40 (1) H: 4% [ Joi
(I
3.3 SEEmiERIENET

TIRM G =R IR =R, & T
Am%,ﬁ&m BifEFG. MXERSI R, 7E
380 nm Ak Api [ 9% Us B B = T AH ] 9K FE 1 Nars
Apift 0.2 - 1.5 mmol/L J& il Py 2 AV mi B, KL J7
TN Ay, =1.8273C - 0.1597 (C A Api#E, mmol/
L), R*=0.997. ApifE3.0 - 3.5 mmol/L I F&

Y A=A N G DN A AT S P 5 e U )
H—BIE T A MR (V/V) R 2% -
20% 0 Bl AT LR P (4, = 0.0867x + 0.3856,
R2=0.9999), 30% sifhi & METO . ik g5 Sk
B 380 nm 7] FH - [X 73 JiG 4% Nar #1™= 4 Api, FFHI1E
Api ¥ 0.2 - 1.5 mmol/L i [ 4 /£y Api & & Al
B, R N % B Rk 8 T EE IR R (V/V)
A TAEX[A]

6 2% A4 A0 AL B 5 3 mmol/L JRIK FE . 10%
M. REEMEE 4 S ARESHHEG . FaiEd
B B AR FFAE Api 19 0.2 - 1.5 mmol/L 28V T.1F [X [a]
WE?ﬂU%A380; ZEAER, AFIBGE R A, 1S

X 0 8 2% o A3 MR % O BT 45 A AncFNS-1-48 %t
ML AT IR T 2 AR IR, DL AL, AR
/ﬁrﬁah, 56 8 96 FLAS AR TRAL A4 e 1) PR3 A7) 7
BH 1 7 % Y 22 48 /0 35% 77 A0 HPLC 58 =50 0E

3.4 AlitEiES8AncFNS-1-48 58Z5{kigit

PL AncFNS-1-48 N E A%, 4% “ A4 s i U
$#i-PSSM/Pythia ¥ §#i-CataPro 55 - SCI& B AE 7 B
gt (B4@). &iHEBEIH T L 48 550 %k
TA], ANHE T 23 K A F) T e A AR e ek
I UEHE o Pythia 5 CataPro Ji7 46 TN 7 2041 T Ff 5% C
# 2. Pythia AAG NI E A2 AL, TUE R R
Az 1k; N297D. H261F. V159E. M230D Al
Q71Y HJ AAG 43 5l N -0.660. —13.021. —0.505.
-2.388 fll-1.225, CataPro Tl ) log10 (kcat/Km)
ﬁj\%ﬂ?’j08996 0.8404. 0.9079. 0.9178 110.8847.

X e gk BN T, AN B AR S I 1 Bl AR
EVEIEHE .

PSSM Xif 45 A7 1 19 Fft 5 A 7 485 i 47 (%
SEAEAEBELEE Sy, Pythia Al 2 e 48 5E M
T R s HE bR Fer B AL A% O XSS, B DA
CataPro X IE AT ML S HHE T . = VFr A T
B R AR 6 S R, e 28 DA S IR DU A5 (0 AH T ) 46
SN RN 20 mL AR T SN PE A F

HeBR Fe MU A% Dk I, B ZR & HF T 2T
(1) 29 A B R AR AT 5258 . WT S AR A B
f{] SDS-PAGE WL & 4(b) . [ 4(c) MK % E V] Uh
LR VEIX R N AT . 3% 6 B H A5 4% 7 10D 58 il K
ik B IR 1R Y A RS I (9 A X ] 46 R T8 2R
Bl 4 () 9 By i 58 A8 4 75 FH B 2 28 1 2 mg/mL
(Bradford % € ) 19 20 mL iR 7 e Wi A4 & v %
HPLC A0 ) WT 3 — A A X 3 1 o 79 4 5095 25 Fh
3 R R 77 E A 4y Sl DA RN WT e (A — 16 s
THEBME + FrEE (n=3), EREABEENEN
TR AF, AMEHE LM EEM R L. BENK
SR FH B R AR 4636 5 )3 — 10 WT ZKF 1.0 Hh
P FR7R p < 0.01,

BB N 4 SDS-PAGE 7K 5 K% 1E (R A X 4] 46
RN ZR WL 4 (). VISOE X )45 IS 3 &
W, N3.06+0261% (p<0.01); H261F N 1.50 +
0.04 5 (p<0.01). P& E7EREE W3 1 BE T
EET WT B R

TS HE PP FT AL 5 AN A B L 2 ) S
MG, PiB PSSM. Pythia F1 CataPro B i& & 1/E AN
ke TR, RixE, fTraRE. JRYIHEAN
HS AR 22 PR R ATy 2 SL [ 5 ) d 4 R

HAbE = T WT B RZAEEFE 1115V (2.46
+0.40) . N297D (1.71 + 0.13) . LI186F (1.58 +
0.18) . M230D (1.51 + 0.40) . H261A (1.22 +
0.33) . AI69K (1.09 + 0.08) . T204P (1.02 +
0.06) FIMI79L (1.02+0.05); iXEE¥E 5 JyHH %t
WIG IR NE R, fEp < 0.01 RAE N AL S 5 %R
i, ANBEFE R K e R E 1) 1 1) AR

HLBE B2 A% &N 2 mg/mL (Bradford 7% &
&) 120 mL R NAR R RIE 4D 1115V,
VI159E. M230D A1 N297D (¥ A1 % 3% ¥4 43 5 N 2.15
+0.15. 2.14+0.11. 2.02+0.10 f11.88 + 0.13,
BE®mTIHA—1LWTK¥; MS8SLH0.35+0.03,
B #F K T WT (p < 0.01) . LIS6F. H26IF.
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T204P. A169K. H261A F1 Q71Y [ ¥ 1H 43 7l N
1.80. 1.40. 1.12. 1.01. 0.82#10.70, fEp <0.01
BE N ARG B R %A SRR L
SR A B E N RN R AR R T, A
S [F) T B 4 (o) IR 43 S W 4R s s 28

MLEE 7N AN AR = )AL s AE T A
HR S T A8, B A 2 5 58 AR AR 1) Chai-1 Al 2
REAMHERIITE S (BT . AncFNS-1-48 X
H & %7 5 %% 5 B, {1k 5% & His217. Asp219.
His275 F1 Lys196 43 %] XF N PcFNS-I f#] His218.
Asp220. His276 il Lys197. & 740 EREAGNE S
JEC A o JE ] 4 ) 1) 72 TR AR 3 5% R, N W B 2 IE S5
FIPEAL ML . S RAR AN 5 R 5 B 3 i
U AE 28 o R A7 = AR LA R L BH B s, 42
N IX B8 AR (/R F B R R R AR AE BRI AL L 2
Ab, AHZ R BR E DLHE R AR R . 1115V,
L186F F1 H261F {i T A\ 1 ¥4 5 DHGH 15 T 1 5 —
7o )2, VIS9E. M230D il N297D 47 F #H Xt i ¥ify
X 35k .

THM AR 2 4 o T TR IR I A AR 1115V
AT F113-T117 N AT, Tle & 44 Val 7 &g ik
ANJE RS R 8 s L186F nf E i 4¥ DHGH F: {4 Fff il

(@) (b)
. ’ - ’
-
RESENG y -.,.‘('d":'
e Y \mw B | - \
L m{{)‘."“‘}-’—\_; . A
. N b K NIRD -
-‘fr;r i -‘]
ibe
{a) Overall structure (b) 1115V
(e} n
P
(€) N297D () L186F

) BE K $8 78 5 H261F A2 T DHGH #5244 1) 28 — 4~
His, AJ &A% XIS AR 4 AH BAE s VIS9E /]
e s M L 5 K163 I 1) 5 3 # EEA ;. M230D A
RE 9 N BT R d il P e fih s N297D i T 148 35
[, WRECAR T A B BRI 4 . R R
BT R 5 Fer M1 2-0G W 2 &4, ASfg
IE A e A HLE], U3 S TS AW R
Iy FEN S FFaE M E B AR IR

3.5 idig

DA TR S B AE FNS-TEIE 751, JF
454 ASR 5 CataPro fF /7, 7EARFFIE 5 AH IS 1 [F)
I8 T ST IE 2 18] AEASHIE 78 W 46 5 & X
22 kUi a SR, A a5 AH S SUREE AR
AR, HACSZIE I T A A AR Y . Al
W PE & pH M B SE R R B, AncFNS-1-48 7F 3 # Jx
AR R g M R R, JRTE pH 6.0 — 8.5 Vi [l P R FF
B PR A CRE D . 1% 98 pH M N A B8 95 7F pH
8.0 T SHfE i e N I 55 A B R I R E, RTAE N S 4t
B R AT AR ORISR VAN R IR SR AR, (R
MAGRMA R DA EHE TIEA ., X—Eh

() ()=

dras? i d

(=)

(€) VISSE (@) 230D
Legend
(Cvange: maningenin
|f> © Sy blue: H217 | D218/ H2TS
Cyan: K106

(g\ Magenta. mutant sido chain
T _‘\’:‘) Geay W sida chain
- Colured spheres (A} Co of 6 tes

SV VISOE M2N0
NZTD LVSEF H26IF

(g) H261F

B 7 AncFNS-1-48 - h [ 28 TN 52 & 0 HH 7S MR MR 1% S AR 1) 45 M B 5%
(a) ANNRBALSEBARGEN Lo BErRAMER. (b-g JSRTEEHEMSENRIBK: ) 1115V, () VISE, (D
M230D, (e) N297D, (f) LI186F, (g) H261F. ShZLta R RMEE, KE NI AR, BACRES Fer M 2-0G. Finzs ) 96 & N T i

B, AR S5 P AL HL -

Fig. 7 Predicted structural environment of six representative candidate mutations in the AncFNS-I-48-naringenin complex

(a) Overall distribution of the six mutation sites; naringenin is shown as orange sticks. (b-g) Local overlays of each mutant with the wild type: (b)
1115V, (c) VI59E, (d) M230D, (e) N297D, (f) L186F, and (g) H261F. Mutant side chains are magenta and wild-type side chains are gray. The model

does not include Fe2+ or 2-OG. The displayed spatial relationships are predictive hypotheses and do not establish a validated catalytic mechanism.
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AT 7% 38 I AN [R) S A A Aer T S A R ISR R
MR EM . Wi MBREs h %R - S RIE.
CataPro 4 70 A 3 M 7 ZI A% 1k, {H 6 Phalifh
Bl ) S HE P SRR HE Y IR AR sE 2 — 2, BRI
RIS S H TR, AreEARSLE.

THE AR R WA 7 HIUKEE . FoldMason
SERG RN LS AEL 2 T s EE R Ak 2 HOTR ) R
Ok, H 207 5 S & TR R 22 265
sk, HALSREE B0 UE T P AN A AR HE 26 1 s AR
MRAS, ATy AT Rt H A R Ay 30 IRE A
A A IR I P RN

29 AN B R AR AR AE AR Bl 7K P TR W E WD 4R RS
A, J22 SDS-PAGE H sk KFERIE, PAREAK
A MEREEZE RN EESETHRmE,; HLh
V159E fll H261F 7£ p < 0.01 {4 F & % & T WT.
7E 20 mL 1] % 2% S8R H 2 mg/mL A A B 1K
J& (Bradford ¥ & &) ik — 5 56 1IF I S bR 5% 10 8
77, 1115V, VI59E. M230D £ N297D & % & T
WT, 1 M8SL & KT WT. R # J WA 46 2k 14
B B AE 0 R e, o RV E R A R PR
FVRE 72 S BB (] R B P2 4 AR e RE 7T, T R EUE A
RS EILE, WARSARAELESRES
BIHSHE XS g R OR BT S A AL
71s Z MG T RAETEY) R BUE PUALN., 778
Je TSR/ 1 o e o R o

AW LA R R (1D 15 B 514 %k B
A =3 A5 R FL AT AR — X AHAR T i, RIRERE
RZBAR LML FF . (2) BFH Chai-1 &
BB, JCHE AT R S5 K- D BB O AR v R R B
T 73 R SIS 8 K 1 BN 7 AU BRI

Jii 82 7] 78 B 5 PSSM/Pythia/CataPro A 42 I~ 5]
NEAESHEARANMA S RE R, HEEE
Fe*/2-0OG M EGWER . 7713 )15 Kl 2R
S B0 IE 25 AL

4 & g

AT FEAE T R P9 R 22 2% FNS-T ik ik 3 A4
oA 3, 45 & ASR F CataPro HE /7 3% 15 6 4>
FNS-I {5 i . 2008 3 47002 ', BL AncFNS-
1-48 35 £ 94— 4L ¥ 1.00, PcFNS-I. AncFNS-1-50.

CcFNS-I. DcFNS-1 /1 CmFNS-143 575 0.63. 0.63.
0.26. 0.06 F10.05. 50 mmol/L 12 &h 2% ¥k o 1)
pH Wi 5 7%, AncFNS-1-48 7 pH 6.0 - 8.5 3 [ 4
BIR PRI i =) A i BE JT s 45 6 fh R 3R 78 i B 1
S R VAR, pH 8.0 M E A Ja S SR
ARV MR IG 26 F . 25 - 30 CCHEIE A K
[f] 2% ; FeSOat 1 250 pmol/L 7 32 & 4 il &
B, N2.674+0.101 mmol/L. 2948 i 548 4
FEARHEKF T LA SDS-PAGE % & K2 1E H A4 W86 I
MR YA, VIS9E FH261F 43 53k B WT 1) 3.06
M1.50 ff, JFfEp <0.01 F{H T B Fikm. Higo
F A E N2 mg/mL (Bradford 5 %2 &) 20 mL
WA & MR & A, 1115V, VIS9E. M230D Fl
N297D 1 WT V3 — b AH X & 14 23 3 28 2,15, 2,14,
2.02H811.88, HEERTWT (p<0.0D. ZH
Kb, AR eHEFFICET & N A X W46 [ B
R = 1 VIS9E; 1115V £E 20 mL 1] % 25 s v
= A AR bR E Bes, H 5 VIS9E 821, H
WA AR 3 ) 25 e, DRI FLAE S
B 25 = W A R £ ik . 45 RSB AR R AR
B MG E @A EHET T R 48 SR 05 1k A5 1]
FF 2 W] AncFNS-1-48 FAT #E— 0 JF i = R 1 fer 5
R TEM IS, % <% R 75U - &
AL TR - 1 55 5% A - i 0l B R OE T BRSSO
FNS-I J¢ HAth 2-ODD Z R g 1142 38 5 s 341 5 %
Z%

2 % X W
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Bk A FNS-T s i it 5552 5 o i 5 51)
Bz CataPro Fiulgt 5

AT FCAE T BE N USCEE 22 2% FNS-I i 18 3L AE
FRolids. R VLB ERS. YR, DR N

JE& W) CataPro Tl keat/Km Kz K 28 B 28 HUAK 95 o
ASR % v2.3 Tk i FE LA 22 46 FE HAE = i, A
Ff FoldMason %5 #4) &% 1 Eb X f 2 Newick # . Cata-
Pro HE 7 & B 428 22 26 V7 Al il s B S O I P
PR RN, #EeMENZIERT VG H N7
AN A, A2 5 Node 48 F1 Node 50 3% 4% .

L1 22 5% HLFNS-TRIEIA: 541 & CataPro FUIIMEAL LA GRM): M50

Table 1 Candidate extant Apiaceaec FNS-I sequences and CataPro-predicted catalytic efficiencies (substrate: naringenin)

HRT LSS kcat/Km e FNS1 i 28 152 1)
B3RFV8 Conium maculatum 9.400 1.055 A% CmFNS-I
ABG78795 Conium maculatum 9.400 1.055 [, RN i
Q4QUR7 Conium maculatum 9.342 1.048 [Fl A, RNk
Q7XZQ8 Petroselinum crispum 8.912 1.000 SCHR XS R PCFNS-T
XP_017240664.1 Daucus carota 8.287 0.930
KAL1822882.1 Daucus carota 8.287 0.930
XGD09043.1 Daucus carota 8.285 0.930
XGD09042.1 Apium graveolens 7.802 0.875
A6XFTI Cuminum cyminum 7.700 0.864 A% CcFNS-I
ABG78793 Angelica archangelica 7.682 0.862
XP_074379576.1 Apium graveolens 7.559 0.848
AAX21537 Apium graveolens 7.491 0.840
Q4QURS Apium graveolens 7.491 0.840
Q4QURY Daucus carota 7.291 0.818 % DcFNS-I
AAX21536 Daucus carota 7.291 0.818 5 AAX21542 J7 5 M [H)
AAX21542 Daucus carota 7.291 0.818 5 AAX21536 J¥ 514 [
XP_074335403.1 Apium graveolens 6.474 0.726 FNS-I-like
KAL1822880.1 Daucus carota 6.034 0.677
XP_017240659.2 Daucus carota 5.452 0.612 isoform X1
XP_017239195.2 Daucus carota 5.201 0.584
XP_017240660.1 Daucus carota 5.077 0.570
KAL1822879.1 Daucus carota 4.983 0.559

e AE T keat/Km 45 HES; keat/Km B4 L-mmol '-s™', “HIXF FNS1™ NMIXF KA Q7XZQ8 % %, 22 417 [l X B 17 2% M —
K FF]; HEHNAAX21537/Q4QURS. B3RFVS/ABG78795. Q4QURI/AAX21536/AAX21542 I XP_017240664.1/KAL1822882.1, ASR
L 22 218 3 AE 4 FoldMason/PAML i A2 IR 15 mis BT S Al ut TUAr, K 56 4 AH 8] 15 41 1Y) accession & I ARAE [ — 145 5. CataPro TiIAX
ARG, A EASfEERE.

M B ML mg 5l

B. 1 PcFNS-I (Petroselinum crispum,
UniProt: Q7XZQ8)

MAPTTITALAKEKTLNLDFVRDEDERPKVA
YNQFSNEIPIISLAGLDDDSDGRRPEICRKIVKAC

EDWGIFQVVDHGIDSGLISEMTRLSREFFALPAE
EKLEYDTTGGKRGGFTISTVLQGDDAMDWREF
VTYFSYPINARDYSRWPKKPEGWRSTTEVYSEK
LMVLGAKLLEVLSEAMGLEKGDLTKACVDME
QKVLINYYPTCPQPDLTLGVRRHTDPGTITILLQ
DMVGGLQATRDGGKTWITVQPVEGAFVVNLGD
HGHYLSNGRFRNADHQAVVNSTSSRLSIATFQN
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PAQNAIVYPLKIREGEKAILDEAITYAEMYKKCM
TKHIEVATRKKLAKEKRLQDEKAKLEMKSKSAD
ENLA

B.2 DcFNS-I (Daucus carota,
Q4QUR9)

UniProt:

MAPTTITALAKEKTLNSDFVRDEDERPKVA
YNQFSTEIPIISLAGIDDDSNGRRPEVCRKIVEAF
EDWGIFQVVDHGIDSGLIAEMSRLSREFFALPAE
EKLRYDTTGGKRGGFTISTHLQGDDVKDWREF
VVYFSYPVDARDYSRCPDKPEGWRSVTEVYSE
KLMALGAKLLEVLSEAMGLEKEALTEACVNME
QKVLINYYPTCPQPDLTLGVRRHTDPGTITILLQ
DMVGGLQATRDGGKTWITVQPVEGAFVVNLGD
HGHYLSNGRFKNADHQAVVNSTSSRLSIATFQN
PAQNAIVYPLKIREGEKPILEEAMTYAEMYKKN
MTKHIEVATQKKLAKEKRLQNEKAKLETKF

B. 3 CcFNS-I
UniProt: AG6XFT1)

(Cuminum cyminum,

MAPTTITALAQEKTLNSDFVRDEDERPKVA
YNQFSTEIPIISLAGIDDDSKGRRPEVCRKIVEAF
EDWGIFQVVDHGVDSALISEMSRLSREFFALPAE
EKLRYDTTGGKRGGFTISTHQQGDDVRDWREF
VTYFSYPVDARDYSRWPEKPEGWRSVTEVYSE
KLMVLGAKLLEVLSEAMGLDKGALTKACVNM
EQKVLINYYPTCPEPDLTLGVRRHTDPGTITILLQ
DMVGGLQATRDGGKTWITVQPVEGVFVVNLGD
HGHYLSNGRFKNADHQAVVNSTSSRLSIATFQN
PAQNAIVYPLKIREGEKPILEEAITYAEMYKKNM
TKHIEVATQKKLAKEKRLQEEKAKLETKTKSAD
GILA

B.4 AncFNS-1-48 (Ancestral sequence)

MAPTTITALAKEKTLNLDFVRDEDERPKVA
YNQFSNEIPIISLAGLDDDNGRRPEICRKIVEAFE
DWGIFQVVDHGIDSGLISEMSRLSREFFALPAEE
KLRYDTTGGKRGGFTISTHLQGDDVRDWREFV
TYFSYPIDARDYSRWPDKPEGWRSTTEVYSEKL

MVLGAKLLEVLSEAMGLEKEALTKACVNMEQ
KVLINYYPTCPQPDLTLGVRRHTDPGTITILLQD
MVGGLQATRDGGKTWITVQPVEGAFVVNLGDH
GHYLSNGRFKNADHQAVVNSTSSRLSIATFQNP
AQNAIVYPLKIREGEKAILDEAITYAEMYKKNM
TKHIEVATQKKLAKEKRLQDEKAKLEM

B.5 AncFNS-I-50 (Ancestral sequence)

MAPTTITALSKEKTLNLDFVRDEDERPKVA
YNQFSNEIPIISLAGLDDDNGRRPEICRKIVEAFE
DWGIFQVVDHGIDSGLISEMSRLSREFFALPAEE
KLRYDTTGGKRGGFTISTHLQGDDVRDWREFV
TYFSYPISARDYSRWPKKPEGWRSTTEVYSEKL
MVLGAKLLEVLSEAMGLEKEALTKACVNMEQ
KVLINYYPTCPQPDLTLGVRRHTDPGTITILLQD
MVGGLQATRDGGKTWITVQPVEGAFVVNLGDH
GHYLSNGRFKNADHQAVVNSTSSRLSIATFQNP
AQNAIVYPLKIREGEKAILDEAITYAEMYKKNM
TKHIEVATQKKLAKEKRLQDEKAKLEM

B. 6 CmFNS-I
UniProt: B3RFV8)

(Conium maculatum,

MAPTTITALAQEKTLNLAFVRDEDERPKVA
YNEFSNEIPIISLAGLENDSDGRRPEICRKIVEAFE
NWGIFQVVDHGIDSALISEMSRLSREFFALPAEE
KLRYDTTGGKRGGFTISTHLQGDDVRDWREFV
TYFSYPIDARDYSRWPDKPEGWRSITEVYSERL
MVLGAKLLEVLSEAMGLEKEALTKACVNMEQ
KVLINYYPTCPEPDLTLGVRRHTDPGTITVLLQD
MVGGLQATRDGGKTWITVQPVEGAFVVNLGDH
GHYLSNGRFKNADHQAVVNSSSSRLSIATFQNPA
QNAIVYPLKIREGEKAILDEAITYAEMYKKNMT
KHIEVATLKKLAKEKRLQDEKANMEKKSKSAH
GISA

i C 5oz IR

HEN S8 56 3IE 19 29 4> AncFNS-1-48 2 4% {4 ff)
Pythia AAG 5 CataPro J5U 46 T I 4 # 40 ' L o,
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AAG N Pythia Tl () #4 A2 € A8 4, UEFRRFRE  CataPro DA B2 28 N W fan 16 Ji 46 00 25 2. 1%
ft; 1logl0 kcat. logl0 Km Fl1logl0 (kcat/Km) H FHTICFIHEAF AR, AR B ARSEEE.

F2 29/ AncFNS-1-48 545 A ] Pythia AAG 5 CataPro J5 44 TN 43 ¢
Table 2 Pythia AAG and raw CataPro prediction scores for 29 AncFNS-1-48 variants

RAK AAG log10 kcat log10 Km log10(kcat/Km)
WT 0 -0.9012 -1.6531 0.7627
N297D -0.660 -0.6889 -1.7147 0.8996
H261F -13.021 -0.7562 ~1.6892 0.8404
VI59E -0.505 -0.6827 -1.7178 0.9079
M230D -2.388 -0.6705 -1.7160 0.9178
Q71Y -1.225 -0.7097 -1.7267 0.8847
L186F -2.810 -0.6771 -1.7105 0.9106
Al69K -7.122 -0.6765 -1.7328 0.9156
A277V -5.261 -0.6978 -1.7201 0.8907
S86K -4.435 -0.6695 -1.7250 0.9139
F64A 2.735 -0.6392 -1.7110 0.9375
T204P 2.171 -0.6720 -1.7207 0.9169
Y31A -3.942 -0.6499 -1.7287 0.9309
177V -1.415 -0.6765 -1.7199 0.9162
T1871 -2.529 -0.6814 -1.7297 0.9105
H261A -5.188 -0.6662 -1.7309 0.9282
Q711 -1.805 -0.7405 -1.7316 0.8733
Y160F -6.374 -0.6501 -1.7151 0.9296
A2771 -4.016 -0.7126 -1.7194 0.8755
M179L -4.563 -0.6512 -1.7209 0.9257
N2728 -1.730 -0.6750 -1.7319 0.9219
N200F -5.802 -0.8435 ~1.6849 0.7826
M165R -6.027 -0.6476 ~1.7284 0.9321
S135T -3.758 -0.6788 -1.7222 0.9120
P302C -1314 -0.7805 -1.7272 0.8503
MS5L -5.528 -0.6630 -1.7217 0.9187
1115V -3.575 -0.6689 -1.7196 0.9195
N16P -8.916 -0.6783 -1.7234 0.9151
T157F -1.742 -0.6462 -1.7342 0.9354
D260L -4.925 -0.8403 -1.6748 0.7825

MDD  RAKMES Y5 B e

D.1 EiRES D.2 ERRZTSIY
DAAH 2% 5 44 Bl AncFNS-1-48 2 il 3L K] 4 52 R AncFNS-1-48 %ifih 741 (5'—>3"):
AR . FEE 4K 1062 bp, LS TN K ATGGCCCCGACCACCATTACGGCGCTGGC

M AT, A %5 o B 2 pET-28a # 44 Ndel/Xhol GAAGGAGAAAACCTTAAATCTGGATTTTGTGC
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GCGACGAAGATGAACGTCCGAAAGTGGCATAT
AATCAGTTCAGCAACGAAATTCCGATTATTAGC
CTGGCGGGTCTGGATGATGACAACGGTCGTCG
TCCGGAGATTATTCGTAAAATTGTGGAAGCGG
CAGAAGATTGGGGCATTTTTTATGTGGTGGAC
CACGGTATTGATAGCGGCTTAATCAGCGAGATG
AGCCGCCTGAGTCGTGAGTTTTTTGCGTTACC

AGCGGAAGAAAAGCTGCGTTATGATACCACGG
GCGGTAAACGTGGCGGCTATACCATTAGCACC

CATCTGCAAGGCGATGATGTGCGTGATTGGCG

TGAATTTGTGACGTACTTTAGCTATCCGATTGA
TGCACGTGACTATAGCCGTTGGCCGGATAAAC
CGGAAGGCTGGCGTAGCACCACCGAAGTGTAT
AGCGAGAAACTGATGGTTCTGGGCGCGAAGC
TGCTGGAAGTTTTAAGTGAAGCGATGGGCTTA
GAGAAAGAAGCGCTGACGAAAGCCTGCGTGA
ACATGGAACAGAAAGTGCTGATCAATTACTAC
CCGACCTGCCCGCAGCCGGATCTGACCCTGGG
CGTGCGTCGTCATACCGATCCGGGCACCATCA
CGATTCTGCTGCAAGATATGGTGGGTGGCCTG

K3 29 DRBKKGIYIFFF

Table 3 Primer sequences for 29 variants

KGR, 5—3")

R BT e LR 51 (F, 53"

N297D  Asn297—Asp TTTCAGAATCCGGCGCAGGATGCGATTGTGTATCCACTGAAAAT
H261F  His261—Phe GTTGTGAACCTGGGTGATTTTGGCCACTATTTAAGCAATGG
VIS9E  Vall59—Glu TGGCGTAGCACCACCGAAGAATATAGCGAGAAACTGATGGT
M230D Met230—Asp ACGATTCTGCTGCAAGATGATGTGGGTGGCCTGCAAGCGAC
Q71Y GIn71—>Tyr GAAGATTGGGGCATTTTTTATGTGGTGGACCACGGTATTGAT
L186F  Leul86—Phe GGCTTAGAGAAAGAAGCGTTTACGAAAGCCTGCGTGAACAT
A169K  Alal69—Lys AAACTGATGGTTCTGGGCAAAAAGCTGCTGGAAGTTTTAAG
A277V  Ala277—Val AAGAATGCGGATCATCAAGTTGTGGTGAACAGTACCAGCAG
S86K Ser86—Lys GGCTTAATCAGCGAGATGAAACGCCTGAGTCGTGAGTTTTT
F64A Phe64—Ala CGTAAAATTGTGGAAGCGGCAGAAGATTGGGGCATTTTTCAG
T204P  Thr204—Pro CTGATCAATTACTACCCGCCGTGCCCGCAGCCGGATCTGAC
Y31A Tyr31—Ala GAACGTCCGAAAGTGGCAGCAAATCAGTTCAGCAACGAAATT
177V Ile77—Val CAGGTGGTGGACCACGGTGTTGATAGCGGCTTAATCAGCGAG
T1871 Thr187—1le TTAGAGAAAGAAGCGCTGATTAAAGCCTGCGTGAACATGGAAC
H261A  His261—Ala GTTGTGAACCTGGGTGATGCAGGCCACTATTTAAGCAATGG
Q711 Gln71—1le GAAGATTGGGGCATTTTTATTGTGGTGGACCACGGTATTGAT
Y160F  Tyrl60—Phe CGTAGCACCACCGAAGTGTTTAGCGAGAAACTGATGGTTCT
A2771 Ala277—l1le AAGAATGCGGATCATCAAATTGTGGTGAACAGTACCAGCAG
MI179L  Metl79—Leu GAAGTTTTAAGTGAAGCGCTGGGCTTAGAGAAAGAAGCGCT
N272S  Asn272—Ser AGCAATGGCCGTTTCAAGAGCGCGGATCATCAAGCCGTGGT
N200F  Asn200—Phe GAACAGAAAGTGCTGATCTTTTACTACCCGACCTGCCCGCAG
M165R  Metl65—Arg GTGTATAGCGAGAAACTGCGTGTTCTGGGCGCGAAGCTGCT
S135T  Ser135—Thr GAATTTGTGACGTACTTTACCTATCCGATTGATGCACGTGAC
P302C  Pro302—Cys CAGAACGCGATTGTGTATTGTCTGAAAATTCGTGAGGGCGAAAAAG
MS8S5L Met85—Leu AGCGGCTTAATCAGCGAGCTGAGCCGCCTGAGTCGTGAGTT
1115V Ilel15—Val AAACGTGGCGGCTTTACCGTTAGCACCCATCTGCAAGGCGAT
N16P Asnl6—Pro GCGAAGGAGAAAACCTTACCGCTGGATTTTGTGCGCGACGAAG
T157F  Thr157—Phe GAAGGCTGGCGTAGCACCTTTGAAGTGTATAGCGAGAAACT
D260L  Asp260—Leu TTTGTTGTGAACCTGGGTCTGCATGGCCACTATTTAAGCAAT

CGCCGGATTCTGAAAGGT
ACCCAGGTTCACAACAAAC
GGTGGTGCTACGCCAGCCT
TTGCAGCAGAATCGTGATG
AATGCCCCAATCTTCAAACG
TTCTTTCTCTAAGCCCATCG
CAGAACCATCAGTTTCTCG
ATGATCCGCATTCTTGAAAC
CTCGCTGATTAAGCCGCT
TTCCACAATTTTACGGCAAAT
GTAGTAATTGATCAGCACTTT
CACTTTCGGACGTTCATCT
GTGGTCCACCACCTGAAAAAT
CGCTTCTTTCTCTAAGCCCAT
ACCCAGGTTCACAACAAAC
AATGCCCCAATCTTCAAACG
TTCGGTGGTGCTACGCCAG
ATGATCCGCATTCTTGAAAC
TTCACTTAAAACTTCCAGCAG
GAAACGGCCATTGCTTAAAT
CAGCACTTTCTGTTCCATG
TTTCTCGCTATACACTTCGGT
GTACGTCACAAATTCACGCCAAT
CACAATCGCGTTCTGCGCCGGAT
GCTGATTAAGCCGCTATCAAT
AAAGCCGCCACGTTTACC
GGTTTTCTCCTTCGCCAG
GCTACGCCAGCCTTCCGGT
CAGGTTCACAACAAACGCGCCT

e S A ERVE IR BT IR A T A R, SRR G R R T L SR ARAT

ff:: 98°C30s; 98°C 10s. 55°C 30s. 72 °C 3 min, 25ME¥; 72 °C 5 min.

RARL T DA SRR VE T R4 b . 2250 PCR 2%
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CAAGCGACGCGTGACGGTGGCAAAACCTGGA
TTACCGTGCAACCGGTGGAAGGCGCGTTTGTT
GTGAACCTGGGTGATCATGGCCACTATTTAAG
CAATGGCCGTTTCAAGAATGCGGATCATCAAG
CCGTGGTGAACAGTACCAGCAGTCGTCTGAGC
ATTGCGACCTTTCAGAATCCGGCGCAGAACGC
GATTGTGTATCCACTGAAAATTCGTGAGGGCG
AAAAAGCGATTTTAGATGAAGCCATTACCTATG
CGGAAATGTATAAGAAGAATATGACCAAACATA
TTGAAGTGGCGACCCAGAAGAAATTAGCCAAG
GAAAAACGTCTGCAGGACGAAAAGGCAAAATT
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(a) Spectral discrimination of Api and Nar
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(b) Api calibration curve

BIS1 380 nmAbAliZER (Nar) 573 E (ApD) FIMHm B K 3 38 € i AR X ). (a)  AN[RIUR EE b v it £ 380 nm b )
MR, ApifE0.2 - 1.5 mmol/L i [ Py B ¥ FE 34 g 7+ &1, 7£3.0 - 3.5 mmol/L P& Nar7E 0.2 - 3.5 mmol/L i i Py £
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0.2 - 1.5 mmol/L Y& Bl 4 AR HE T 28, A, = 1.8273C - 0.1597 (C N Api /%, mmol/L), R2=0.997; K il 2tk T4
X Ta] R LA

Figure S1 Absorbance response of naringenin (Nar) and apigenin (Api) at 380 nm and the validated Api quantification range. (a)
Absorbance of standards at 380 nm across the tested concentrations. Api increased over 0.2 - 1.5 mmol/L and reached a plateau from
3.0 to 3.5 mmol/L, whereas Nar remained lower and increased progressively, providing clear discrimination at 380 nm. The gray
region denotes Api concentrations outside the linear working range. (b) Api calibration curve over 0.2 - 1.5 mmol/L: 4,,, = 1.8273C

- 0.1597, where C is Api concentration in mmol/L; R? = 0.997. Gray points are observations outside the validated linear range.
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() (b)
Aszzp response to enzyme input Linear range of 43z, response
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(a) A380 response to enzyme input (b) Linear range of A380 response

BS2 A, WEEHE (V/V) [mR KX E . (a) 2% 5% 10%. 20% F130% (V/V) EE#EE T 1 A, Y 1H + bt 2
(m=3); 2% -20% (V/V) JulH NPT, 30% SRS EIEIEE . (b) 2% -20% (V/V) JEENIEIERE, 4,,=
0.0867x +0.3856, R*=0.9999; x AR 2 (V/V). RNIEIIA T he

Figure S2 A4, response to enzyme input (% V/V) and the validated linear range. (a) Mean + SD (n = 3) 4,,, values at enzyme
inputs of 2%, 5%, 10%, 20%, and 30% (V/V); the response was approximately linear from 2% to 20% (V/V), whereas the 30% point
deviated from the linear range. (b) Linear fit over 2% - 20% (V/V): 4, = 0.0867x + 0.3856, R? = 0.9999, where x is the enzyme-

input percentage (V/V). All reactions were conducted for 1 h.

Local FoldMason/PAML topology used for ancestral-node sampling
€—— ancestral direction
Node 48

Extant FNS-I subclade

Node 50 Extant FNS-I subclade

&

leaf-side iffternal node

direct parent

Sister lineage

® Experimentally tested ancestral node

> Collapsed lineage
Topology only; collapsed lineages are not expanded and branch lengths are not to scale.

Bl S3  ASR ik i T i ) 5 #5 41 #h 55 Node 48/Node 50 i% # % & . ASR %y A 1 fif 5% A 3 1 Fr 81 22 2% FNS-T LA /7 51
FoldMason 45 1) J8 1 Lt %t & ¢ Newick # 41/, I B PAML codeml 58 UL Sa R A5 HE T . Node 48 Jy AT B A 145 MR Z A
HCTT AL, Node 50 4y H BLHE AT i AL SUONHENSLIRIGUE ARG 751, K = M RR AR R IF I AL B4 4K 1% & . Node
%5y codeml rst 4y i H K A BT RARAE, A2 B S NI 4R M bootstrap SCHFEE o A BN o 5 M 1 106 5 L3 AR OR 1) JR # 5
THRAh, B AZ B 2.

Figure S3  Local topology and selection relationship of Node 48 and Node 50 in ASR. The ASR input comprised the 22 extant
FNS-I sequence records listed in Appendix A Table 1, the FoldMason structure-aware alignment and its Newick tree, followed by
ancestral-state inference with PAML codeml. Node 48 is the shallow internal node adjacent to extant leaves, and Node 50 is its direct
parent. Red nodes denote the ancestral sequences tested experimentally, and gray triangles denote collapsed extant or sister lineages.
Node numbers are internal-node labels from the codeml rst output, not bootstrap support values in the Figure 5 NJ topology. Only

the local parent-descendant topology relevant to candidate selection is shown; branch lengths are not drawn to scale.



