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Experimental procedures

1. General DNA Manipulation Techniques.

DNA restriction enzymes were used as recommended by the manufacturer (New England
Biolabs, NEB). PCR was performed using Phusion® High-Fidelity DNA Polymerase (NEB). PCR
products were confirmed by DNA sequencing. Genomic DNA samples were prepared using the
CTAB isolation buffer at pH 8.0 (20 g/L cetyl trimethylammonium bromide, 1.4 M sodium chloride
and 20 mM EDTA). The gene-specific primers are listed in Table S1. RNA extraction was followed
the standard protocol for RiboPure™ RNA Purification Kit (yeast). The cDNA samples were prepared
by using the SuperScript™ First-Strand Synthesis System with oligo-dT primers following the
standard protocol.

2. Strain and Culture conditions.

E. coli TOPO10 and E. coli DH10b were used for cloning, following standard recombinant DNA
techniques. Saccharomyces cerevisiae strain BJ5464-NpgA (MATa ura3-52 his3-A200 leu2-A1 trp1
pep4::HIS3 prb1 A1.6R canl GAL) was used for plasmid assemble and as protein expression host.

Penicillium terrestris LM2 and the mutants were maintained on PDA (potato dextrose agar, BD)
at 28°C, 7 days for sporulation. For compound production, the strains were cultured on TGA
(tryptone 1%, glucose 4%, agar 2%, pH 5.6) at 28°C for 7 days.

3. Preparation of the macR overexpression strain.

The overexpression of macR in Penicillium terrestris LM2 was carried out by integration of an
expression cassette containing macR which was under control of the constitutive promoter PgpdA.
The cassette comprised of bar gene, which encodes phosphinothricin acetyltransferase, as a
selection marker and macR was introduced into Penicillium terrestris LM2 yielding the macR
overexpression strain DH1 by using the PEG-mediated protoplast transformation of Penicillium
terrestris LM2. The experiments for protoplast preparation and transformation were carried out
following the protocol as described for Penicillium oxalicum?*.

4. Preparation of the deletion strains based on the macR overexpression strain DH1.

The deletion of the target gene in strain DH1 was carried out by homologous recombination. A
disruption cassette comprised of selection markers ble (zeocin resistant gene) flanked on both sides
by a 2 kb fragment that is homologous to the site of recombination in the Penicillium terrestris LM2
genome was introduced to DH1 to replace the target gene with the selection marker. The
disruption cassette was introduced into Penicillium terrestris LM2 by PEG-mediated protoplast
transformation as described previously. The gene knock-out of macA and mac/ in strain DH1
yielded the deletion strain DH1/AmacA and DH1/AmacJ, respectively. The primers used for
disruption cassette construction were listed in Table S1. The genotype of the deletion strains were
verified by PCR.

5. Chemical analysis and compound isolation.
For small scale analysis, the Penicillium terrestris LM2 wild type and mutant strains were grown
on TGA plates for 7 days at 28°C. 1 cm x 1 cm agar was extracted with 1 mL acetone, and then

concentrated by evaporation. The residues were dissolved in 300 uL methanol, and 20 pL of the
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solution was injected to the LC-MS system for analysis. LC-MS analysis was performed on a
Shimadzu 2020 LC-MS (Phenomenex kinetex, 1.7 pum, 2.0 x 100 mm, C18 column) using positive
and negative mode electrospray ionization with a linear gradient of 5-95% MeCN-H,0
supplemented with 0.1% (v/v) formic acid in 15 min followed by 95% MeCN for 3 min with a flow
rate of 0.3 mL/min.

For compound isolation, the strains were cultured on TGA plates and incubated at 28°C for 7
days. Then the agar plates were extracted with acetone. After filtration, the solvent was removed
by evaporation, and the crude extracts were separated by silica chromatography. The fractions
containing the target compound were combined and concentrated. For further purification, two
rounds of semi-preparative HPLC were carried out. The purity of each compound was checked by
LC-MS, and the structure was confirmed by NMR. *H, 3C and 2D NMR spectra were obtained using
deuterated solvent on Bruker AV500 spectrometer with a 5 mm dual cryo-probe at the UCLA
Molecular Instrumentation Center.

For the compounds isolated, compounds 2-7 are known compounds?>. Compound 1 is a hew
natural product. From 4 liters TGA culture of strain DH1, 1.5 mg compound 1, 0.8 mg compound 2,
5.0 mg compound 3, and 12.0 mg compound 4 were purified as white powder. From 15 liters TGA
culture of strain DH1/AmacJ, 10.0 mg compound 5, 3.0 mg compound 6, and 2 mg compound 7
were purified as colorless oil.

The HR-MS data of 1 is: HRMS-ESI (m/z) [M+Na]* cacld for CasH3,07Na 467.2046, found 467.2029.

Optical rotation data was collected on a Jasco P-1020 system. For compound 1, [a]p®® = +17
(c=0.1, MeOH); for compound 2, [a]p?® = +31 (¢c=0.1, MeOH); for compound 3, [a]p?® = +15 (¢=0.1,
MeOH); for compound 4, [a]p?® = +44 (c=0.1, MeOH).

For 6-methylsalicyclic acid (6-MSA) production, the yeast strain harboring the expression
plasmid of MacA was cultured in SDCt (-Ura) medium at 28°C for two days as the seed culture.
Then 500 pL of the seed culture was inoculated into 2 mL of YPD medium at 28°C. After three days,
the culture was extracted with equal volume of ethyl acetate (1% acetic acid). The organic phase
was dried by evaporation and the residue was dissolved in 500 uL MeOH, of which 3 puL was injected
into the LC-MS for analysis.

6. Construction of plasmids for expression of MacJ and its mutants in yeast.

For expression of MacJ, the primers MacJ-For and Macl-Rev listed in Table S1 were used to
amplify the intron-free macJ from the cDNA of strain DH1. The intron-free mac/ fragment was
inserted into the digested plasmid pXWO02 (Ndel and Pmel) by using yeast in vivo homologs
recombination to create the expression plasmid pTMC1-182-4, which was further confirmed by
sequencing.

For mutation studies, the primer pairs MacJ-D31A-For/Rev, MacJ-D55A-For/Rev, MacJ-E72A-
For/Rev, MacJ-D96A-For/Rev, and MacJ-D229A-For/Rev, were used to construct the expression
plasmids for Mac) D31A, Mac) D55A, Mac) E72A, Mac) D96A, and Mac) D229A, respectively. The
mac) mutants were amplified by PCR from pTMC1-182-4 using the QuikChange® Site-Directed
Mutagenesis Kit (Stratagene) with the corresponding primer pairs. The mutated genes were
confirmed by DNA sequencing.

7. Biotransformation of compound 7 to compound 2.
The yeast strain harboring the expression plasmid of MacJ was cultured in SDCt (-Leu) medium
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for 2 days at 28°C as the seed culture. Then 0.5 mL of the seed culture was inoculated into 4.5 mL
of YPD medium and cultured at 28°C, 250 rpm. After 24 hrs, the culture was span down by
centrifugation (4°C, 1600 rpm, 5 min). And the cell pellets were collected and resuspended in 0.5
mL of fresh YPD. Then compound 7 was added into the YPD medium to a final concentration of 0.1
mg/mL. After two days cultured at 28°C, 250 rpm, the culture was extracted with 1 mL of EtOAc.
After concentrated, the crude extract was dissolved in 200 uL MeOH and 10 pL was injected into
the LC-MS for analysis.

8. Microsomal fraction preparation and in vitro assay test.

S. cerevisiae BJ5464-NpgA was transformed with the corresponding expression plasmid of the
MacJ and its mutants. Selected cells were grown in 2 mL of SDCt (-Leu) at 30°C, 250 rpm for 2 days.
The culture was transferred into 20 mL of YPD medium and incubated at 30°C, 250 rpm for another
2 days. The cells were harvested by centrifugation at 1600 rpm for 5 min. All subsequent
procedures were performed at 4°C or on ice. Harvested cells were resuspended in 2 ml| of TEGM
buffer [50 mM Tris-HCl (pH 7.4), 1 mM ethylenediaminetetraacetic acid (EDTA), 1.5 mM
mercaptoethanol, 20% glycerol] with 0.5% protease inhibitor. 300 uL of the mixture was
transferred into a 1.5 mL tube filled with 0.5 mm beads. Then the cells were broken by vortex. Then
the liquid was transferred into fresh 1.5 mL tube. After span down by centrifugation at 4000 rpm
for 5 min, the supernatant was transferred to another new 1.5 mL tube and was fractioned by
centrifugation at 15000 rpm for 30 min. Then, the pellet was resuspended in 100 uL of TEG buffer
[20 % (v/v) glycerol, 50 mM Tris-HCI (pH 7.4) and 1 mM EDTA] to yield a microsomal fraction.

For in vitro assays, the reaction mixture was combined in a total volume of 100 pL and incubated
at 30°C. The final concentration of each component within the reaction mixture is: 2 mg/mL
microsomal fraction, 0.2 mg/mL substrate, 100 mM Tris-HCI (pH 7.4). After 12 hrs, the reaction
mixture was extracted with 150 uL ethyl acetate twice. The organic phase was dried and dissolved
in 160 uL MeOH and 20 pL was injected into the LC-MS for analysis.

9. Construction of MacA expression plasmid.

For expression of MacA, the primers MacA-p1-For/Rev and MacA-p2-For/Rev listed in Table S1
were used to amplify the intron-free macA from the cDNA of strain DH1. The intron-free macA
fragments were inserted into the digested plasmid pXW55 (Spel and Pmll) by using yeast in vivo
homologs recombination to create the expression plasmid pTMC1-181-19, which was further

confirmed by sequencing.
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Table S1. DNA primers used in this study.

Primer Name

Sequence of Primer (5’ to 3’)

macA-up-For

ccttctctgaacaataaaccccacagaaggcatttttaatAACAAGGCCGATCATACTCG

macA-up-Rev

actcagcccttctctetgegtecgtecgtcetctcegecatgaAATCTCTCGCGCAGTGAATC

macA-dn-For

ttctagaactatcaccatcactcgtcttggccaaccgctcCCTCTATCCATGAGCGTGCC

macA-dn-Rev

acggtatcgataagcttgatatcgaattcctgcageccggTTCGACTTGGACCTCGTAGG

macA-zeo-For

AGCTCTATTTGTTCGGATTCACTGCGCGAGAGATTTcatgcggagagacggacgg

macA-zeo-Rev

GGAGCGGTTGGCCAAGACGAGTGATGGTGATAGTtctagaaagaaggattacctctaaacaag

macJ-up-For

ccttctctgaacaataaaccccacagaaggcatttttaatAAGGTACCGCTATAGGAGAC

macJ-up-Rev

cagcccttctctetgegteegtecgtctctccgeatgTTTATTCAGATTGCTTAATGGCG

macJ-dn-For

ttctagaactatcaccatcactcgtcttggccaaccgctcATATGGGTACACGGTCATAAG

macJ-dn-Rev

acggtatcgataagcttgatatcgaattcctgcagecccggAATCGTCCACATCAAGTTCC

maclJ-zeo-For

CTCTTTCCCATTTCGCCATTAAGCAATCTGAATAAAcatgcggagagacggacgg

macl-zeo-Rev

CTTTCACCATCACCATCTTATGACCGTGTACCCATAtgagcggttggccaagacg

MacA-p1-For CTAGCGATTATAAGGATGATGATGATAAGACTAGTATGATTACTTCAACAAGCAGCAC
MacA-p1-Rev GGCACAGTCGGGTCGAGG

MacA-p2-For GTGGGCCGCCTGCATTG

MacA-p2-Rev TGTCATTTAAATTAGTGATGGTGATGGTGATGCACTTCATCCAACACCTGGCAG
Macl-For ATCAACTATCAACTATTAACTATATCGTAATACCATATGTGCTTCTTCGCGCTCG
Macl-Rev TGATAATGAAAACTATAAATCGTGAAGGCATGTTTTCAGCGAGCCTTCTGTGCC

MacJ-D31A-For

GTCTGTACCCGCTGGGTTCAC

MacJ-D31A-Rev

GTGAACCCAGCGGGTACAGAC

MacJ-D55A-For

GGCTTTCAAAGCTCGTTCCTACGC

MacJ-D55A-Rev

GGAACGAGCTTTGAAAGCCTTTTTG

MacJ-E72A-For

CATTACCTGGGCAGCAGTCTACG

MacJ-E72A-Rev

GACTGCTGCCCAGGTAATGTTCAAG

MacJ-D96A-For

GGATGATTGTCGCTGTGGTCC

MacJ-D96A-Rev

GGACCACAGCGACAATCATCC

MacJ-D229A-For

GGATCTGCCATGGTGTATGCTG

MaclJ-D229A-Rev

CACCATGGCAGATCCAATACTAC

Note: In the primers used for mutation studies, the mutation sites are shown in bold and are colored.
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Table S2. Related to Figure 2A and S1. Overview of the Mac proteins and the proposed activities.

dehydrogenase

Protein | Homologsin | homologs Predicted functional proposed activity
name Penicillium (identity) domains
chrysogenum
MacR - YanR(58) transcription factor transcription factor
MacC Pc16g00400 YanC(81) Cytochrome P450 hydroxylase
MacB Pc16g00390 YanB(80) metallo-dependent hydrolase | 6-MSA decarboxylase
MacG | Pc16g00380 YanG(73) UbiA-like prenyltransferase prenyltransferase
MacA | Pc16g00370 YanA(74) polyketide synthase 6-MSA synthase
MacH Pc16g00360 YanH(91) Cytochrome P450 monooxygenase
Macl Pc16g00350 Yanl(62) membrane-bound O-acyl transferase
O-acyltransferase
MacD Pc16g00340 YanD(77) short-chain dehydrogenase dehydrogenase
MacE Pc16g00330 YanE(82) cupin-like family protein oxygenase
Mac) Pc16g00320 AtmB(35) | no conserved domain terpene cyclase
MacF Pc16g00310 YanF(65) flavin-dependent oxidase
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Table $S3. 'H NMR (500 MHz) Data and 3C NMR (125 MHz) Data for Compound 1 in CDCls.

4'-oxomacrophorin E
1

No. b¢ 64 (Jin Hz) HMBC
1 38.9, CH, 1.14 (m), 1.77 (m) 2/3/5/10
2 19.3, CH, 1.56 (2H, m) 1/3/4
3 42.0, CH, 1.12 (m), 1.38 (m) 1/2/4
4 33.6,C - -

5 55.5, CH 1.10 (br d, 14.0) 3/4/6/7/1
0
6 24.4, CH; 1.31 (m), 1.74 (m) 4/5/8/10
38.0, CH, 1.95 (m), 2.34 (br 6/8/9/12
d,12.3)
8 148.7,C - -
9 51.4,CH 1.67 (d, 11.0) 11/12/15/
6
10 39.8,C - -
11 20.1, CH, 2.03 (m), 2.43(d, 14.7)  8/9/1'/5'/
6

12 106.9, CH, 4.50 (s), 4.81 (s) 7/8/9
13 33.6, CH3 0.86 (3H, s) 3/4/5/14
14 21.7, CHs 0.79 (3H, s) 3/5/13
15 14.5, CH3 0.70 (3H, s) 1/5/9/10
1 192.1,C - -

2’ 132.9, CH 6.59 (s) 1'/3'/4’
3 141.8,C - -

4 191.7,C - -

5’ 58.8, CH 3.76 (s) 3'/4'/6’
6' 62.6, C - -

7' 60.3, CH» 4.88(d, 16.7),5.02 (d, 2'/3'/4'/1"

16.7)

1" 165.7,C - -

2" 40.7, CH, 3.50 (s) 1"/3"
3" 170.6, C - -

HRMS-ESI (m/z) [M+Na]* cacld for C,sH3,0;Na 467.2046, found 467.2029.
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Table S4. 'H NMR (500 MHz) Data and 3C NMR (125 MHz) Data for Compounds 2-4 in CDCls.

o 5—,‘ OH O
NN oH
N
macropzhorinA 4‘oxomac;ophorinA 4"-oxomacrophorin D
No. 2 3 4
Oc On (Jin Hz) Oc 6y (Jin Hz) Oc On (Jin Hz)
1 38.8,CH,  1.12(m),1.74(m)  389,CH, 1.13(m),1.76(m)  389,CH,  1.12(m), 1.73 (m)
2 19.3, CH, 1.51 (2H, m) 19.3, CH, 1.54 (2H, m) 19.3, CH, 1.52 (2H, m)
3 42.0, CH; 1.12 (m), 1.38 (m) 42.0, CH; 1.13 (m), 1.39 (m) 41.9, CH; 1.14 (m), 1.39 (m)
4 33.6,C - 33.6,C - 33.6,C -
5 55.5, CH 1.11 (br d, 14.2) 55.5, CH 1.11 (br d, 14.0) 55.5, CH 1.11 (br d, 14.0)
6 24.4,CH,  1.29(m),1.70(m)  24.3,CH,  1.30(m),1.71(m)  24.3,CH,  1.29(m), 1.71(m)
7 38.1, CH, 1.93 (m), 38.0, CH; 1.94 (m), 38.0, CH; 1.93 (m),
2.34 (brd,12.4) 2.35 (br d,12.3) 2.35 (brd,12.3)
8 149.3,C 148.7,C - 148.7,C -
51.5, CH 1.67 (d, 11.0) 51.4, CH 1.68 (d, 11.0) 51.3, CH 1.67 (d, 11.0)
10 39.8,C - 39.8,C - 39.7,C -
11 20.9, CH; 1.98 (m), 20.2, CH; 1.98 (m), 20.1, CH; 1.98 (m),
2.47 (d, 14.7) 2.47 (d, 14.7) 2.46 (d, 14.7)
12 106.7, CH; 4.55 (s), 4.82 (s) 106.9, CH; 4.51 (s), 4.82 (s) 106.9, CH; 4.51 (s), 4.82 (s)
13 33.5, CHs 0.86 (3H, s) 33.5, CHs 0.86 (3H, s) 33.5, CHs 0.86 (3H, s)
14 21.6, CHs 0.80 (3H, s) 21.6, CHs 0.80 (3H, s) 21.6, CH3 0.80 (3H, s)
15 14.5, CHs 0.70 (3H, s) 14.4, CHs 0.70 (3H, s) 14.4, CH; 0.70 (3H, s)
1 192.8,C - 194.0,C - 192.2,C -
2! 121.3,CH 5.59 (s) 132.1,CH 6.64 (s) 133.0, CH 6.65 (s)
3 155.7,C - 146.7,C - 142.0,C -
4 65.7, CH 4.68 (d, 2.5) 192.0,C - 191.6,C -
5 60.6, CH 3.80(d, 2.5) 59.1, CH 3.74 (s) 58.9, CH 3.77 (s)
6’ 63.1,C - 62.5,C - 62.6,C -
7' 61.1, CH 4.39 (d, 16.7), 59.2, CH, 4.37 (d, 16.7), 59.7, CH, 4.82 (d, 16.5),
4.42 (d, 16.7) 4,53 (d, 16.7) 4.96 (d, 16.5)
1" - - - - 170.9,C -
2" - - - - 44.7, CH, 2.70 (d, 14.5),
2.74 (d, 14.5)
3" - - - - 69.7, C -
4" - - - - 44.4, CH, 2.69 (d, 16.5),
2.73 (d, 16.5)
5" - - - - 172.0,C -
6" - - - - 27.2, CHs 1.40 (s)

All spectral data for 2-4 are consistent with those previously reported in the literature.>?
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Table S5. 'H NMR (500 MHz) Data and 3C NMR (125 MHz) Data for Compounds 5-7.

19

4 8 12
X S UG
1 3 5 7 9 n
4 2
o, 7 OH 161540
2

o] 2" OH Lo

20 21

[o}

2

oH
yanuthone E 7-deacotoxyyanuthone A 2-deacetyyanuthons A
No. 5a 6° 72
bc 6 (Jin Hz) bc 6 (Jin Hz) bc 6 (Jin Hz)

1 25.8, CH3 1.67,s 25.9, CH3 1.61,s 25.8, CH3 1.68,s
2 131.5,C - 131.1,C - 131.6,C -
3 124.5,CH 5.07,dd (6.9, 13.9) 124.6, CH 5.03,dd (5.9, 6.2) 124.5, CH 5.05-5.10, m
4 26.6, CH; 1.95-2.09, m 26.6, CH; 1.88-2.02, m 26.9, CH, 1.95-2.10, m
5 39.9, CH; 1.95-2.09, m 39.6, CH; 1.88-2.02, m 39.9, CH, 1.95-2.10, m
6 135.4,C - 134.9,C - 135.4,C -
7 124.0,CH 5.07,dd(6.9,13.9) 124.1,CH 5.03,dd (5.9, 6.2) 124.0, CH 5.05-5.10, m
8 26.6, CH; 1.95-2.09, m 26.5, CH; 1.88-2.02, m 26.5, CH, 1.95-2.10, m
9 39.8, CH; 1.95-2.09, m 39.6, CH; 1.88-2.02, m 39.8, CH; 1.95-2.10, m
10 140.3,C - 138.4,C - 140.2,C -
11 115.9, CH 5.00,t(7.2) 117.7,CH 498,t(7.2) 116.1, CH 5.01,t(7.0)
12 26.0,CH, 2.50,dd (6.7, 15.5) 26.3, CH; 2.28,dd (7.0, 15.0) 26.1, CH; 2.51, dd (6.6, 15.3)

2.76-2.81, m 2.62,dd (7.0, 15.0) 2.81,dd (7.8, 15.3)
13 61.4,C - 60.5, C - 61.5,C -
14 59.0, CH 3.72,d(2.6) 59.7, CH 3.57,d(2.5) 59.1, CH 3.72,s
15 65.6, CH 4.66, s 66.5, CH 4.45,s 66.1, CH 4.69, s
16 151.8,C - 159.2,C - 156.6, C -
17 122.8, CH 5.94,s 122.3,CH 5.66, s 121.2,CH 5.97,s
18 193.6,C - 194.1,C - 193.7,C -
19 17.8, CHs 1.59, s 18.0, CHs 1.53,s 17.9, CHs 1.60, s
20 16.2, CHs 1.58, s 16.2, CHs 1.53,s 16.2, CHs 1.59,s
21 16.5, CHs 1.63,s 16.5, CHs 1.56, s 16.5, CHs 1.64,s
22 63.7, CH; 4.77,d (15.4) 20.3, CH3 1.88,s 63.2, CH 4.42, m

4.95,d (15.4)
23 171.1,C - - - - -
24 44.9, CH; 2.64-2.79, m - - - -
25 70.2,C - - - - -
26 44.9, CH, 2.64-2.79, m - - - -
27 175.0,C - - - - -
28 27.6, CH3 1.41,s - - - -

aCDCl3
b DMSO-ds

All spectral data for 5-7 are consistent with those previously reported in the literature.*®
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Figure S1. The yan biosynthetic gene cluster and its homolog gene clusters identified from genome
sequenced fungal species.

Clusters without mac/ homolog
Arthrobotrys oligospora ATCC 24927
Aspergillus brasiliensis CBS 101740
Aspergillus niger
YanR YanC YanB YanG YanA YanH Yanl YanD YanE YanF

Clusters with mac/ homolog

Penicillium terrestris LM2
macR macC macB macG macA macH macl macD macEmac) macF

Penicillium chrysogenum
Penicilfium rubens
Penicillium flavigenum

—— -~ — ) ~4a-v)—{-—)

Penicillium vulpinum

Penicillium italicum

)4uo) -

Penicilium digitatum Pd1
Peniciflium digitatum PHI26

Penicillium griseofulvum

Paraphaeosphaeria sporufosa

Note: The homolog genes are labeled with the same color. For some of the gene clusters, such as the clusters from
Penicillium italicum, Penicillium griseofulvum, Penicillium digitatum, and Penicillium vulpinum, the genes within the

clusters were manually re-annotated.
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Figure S2. Bioinformatic analysis of MacJ. (A) Phylogenetic tree analysis of MacJ and its homologs®.
(B) Transmembrane helices prediction of MacJ by using the TMHMM server.
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Figure S3. Production of 6-MSA by expressing MacA in yeast.
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Figure S4. The in vitro assays of MacJ using extracted microsomal fractions. (A) compound 5 used
as the substrate; (B) compound 6 used as the substrate; (C) farnesylhydroquinone used as the
substrate. UV was detected at 220 nm.
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Figure S5. Proposed biosynthetic pathway of the macrophorins.
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Figure S6. Sequence alignment of MacJ) and its homologs.

D31 D55
Mac) MCFFALEEWAAANRDYENTPAPYWHVKSVPRGFTAISGILWSIS ILMRKKAFKIRSYRMPLHCL LNIT
g eeee- MDGWSDLS - - - -SAPPQYREVAG I ABWALLAQGLGHS | NLAM | YHSYKBIRTYGMA | LFLEBCNF A
PaxB ----- MDGFDVS - - - - - QAPPEYQA IKPLABILFVVGMGVGIN| | NB | GMVY | SFKHETYGMS | MPLEICN | Al
tmg - ---- MDGFSNME - - - -QAPLAYQEVOWLABTFVTFMGLGHEL | NEVLMIWHSRRGEPSSMAL I PLENN | Al
TeB ----- MDGFTDS - - - - - QAPPAYEEVEWLABRTLVAFMG | GIL | NEGAM | RHSYQGRTYCMG | | PLENN | G
AlmB ----- MDGFGSS- - - - - QAPAAYREVEWI ABVFV IGMG | INBVGMVYGSLKGRTYGMA IMPLECN | A
AB .- MDSFDLA - - - - - NAPPEIRAYATPI ILLNLYTNASHLYVEFGMVYRSVKEBKSYAMPLYSQELN | Al
AlS2B - - - - - MDAFDLS - - - - - TAPPEFASWATTLYACNIYTNF IBWLYVEYGMI YRSYKBKSFAMPL I SQELN | Al
AS5B1 - - - - - MDGFDHS - - - - - TAPPGYNELKWLA'IFVIGMAVG AHMMEMIHTSFKBIQTYCMT IGGLE I NFA
AndB - - - - - MQPITQIP- - -« -va-- LTFDTVVNLLGSASGIGHILNMI LMTYYSFREKTYSMSMLPLECN | Al
L i MPS| ISDPQAYD IMLRLLOQFSCHSLSHINTVRTTLSBQLPSYVSFMS | BCDVA
D396

Macd VMYG-PGLLNQVVFAQWMIVBIVVLFYAI LRSAPYAMKOSPLVAQHLAG! IVVGCVICLWLBLAIAATFIPSIGRQVVF
Pyrd | YPSHNSAERAVLTTWMI LMLFVMYTAIKFAPNEWQHAPLVRQCLPWIFPVAIAAFTAGHLALAATVGVSK - - - AAN
Pax8 VFPSKSPVERGVFWMGLL INFGVMYAA | TFSSREWGHAPLVERNISLIFFVATMGFLSGHVALALEIGPAL---AYS
LimB |YPSPNKVELAAFIAGVTLHMFLIMTSAARSARSEWSHSPTMAKHAGL I IVAGILMCFTGHVALAME IGPAL---AYS
TerB VHPSSNRVELAVFAAGVTLHNVI IMFAATRSAKTE HSPLVANHTPLIFLGGTFVCFAGHVALAAE IGPAL - - -AYS
AtmB | YPSKTLYEQGVFLSGLTIMLGVIYTAIKFGPKEWTHAPLVMHNLPLIFMLGILGFLTGHLALAAE IGPAL---AYN
AfB IYG-DDOWMLFATFLVTFPTERCLY IWAA I YHGAKElDRSPLVARNLLWYYVIGTG I AVALBMCAASELGVEK - - -AFF
Al528 LFSQDHWF ITLSFQAAV I SNCGV I YAA I KYGAPERNRSPMIQRNLPWI Y IGGTLLAIAGHLALATELGMVR - - - ACF
AISSBIMYPAKGFVERVAFLMG | SLEILGV I YAG I KNAPNE HSAMVRDHMPLVFAATTLCCLSGHMAL TAQVGPAQ- - -AYT
AndB LCPSSTFVVRPVILSWLVL LVVYAAIKYSPNE HAPLVOQRHLPLLFTVGIAACTGFEIAL IRKFDPAT - - -AFL
it VYPIASSHWAGG IR IWFAMHCVMLF | VAKYAPN HVPLMKRFARLAYVAITIGFMAGELALASEIGPALG- - -FF
D229

PMQVL INFSS | AQELSRGNTLEBHSWG IWWTRMLGT | AAACCFFWR | HYWPERFGYAWTRYGKFLLLGS I GS

3 MSRGSSREASYT IWLSRFLGSY IGGI FLHVRETHWPQEFGWI SHEFVTWHGLMCFSL|
LCRGSTRBASY TLWASRFLGSTCTVGFAGLRWMYWSEAFGWLNSBLVLWSLVVFLSI
LOQHSTGET SWK LWSSRFLGSCCAVGFAFLRWRYWPEAYGWLASEL | LWSLATFLVA
LARNTTREBTSVT LWLSRFLGSCCTVGFAFLRWRYWPEAFAWLAGRLYLWSLATFVLA
ISRGSTRBASYTLWLSRFLGSFSVV I SAWLRYKYWPQAFSWLGKEL | LWCLFAWLVY
IOMGSTRBF SMHLWFFRFTGSLTLVPEFYLRVKYWPERFGFLGORLMLWCCAVFLGF|
LVRGSTREBFSLNLWFFRFTGSLVMVPEFY IRVNYWPDAFSWLGERFMLWCCF | ¥ LGF|
LSRGNTR SWT LWTESRFFGSTESAIGFALVRY IRWNEAFSWLNCELV IWSVVMFFLF
LCRSSTKEGSYVLWLSRFLGS |CGVLKMTLMWKYGESRFPWLDDRLTAYC I ALWI I8
VCRGSTRE-----------s-rrmm s smm e ASIKTCELCWFY IAITLTL

P -Arr@Q=-rGg-—-=

Macd VEAAVYVYVORIEKQLDSLVNTKAQKAR
Pyrd  AMIVTFLWR IRRQEHRSQRKKAL - - - - - -
PaxB FMIG I CFWYVDRNEKSLG I SGPKKAN- - -
LtmB THEGVCLLL------ceerrennemennn
TerB TEGVCLYLISQTETSSTKRSKLK-----
AtmB SMGVCFYYVKRYERR IGHDSDRKTV - - -
Afg VG| LFWY IRRQERETGML LADGRKRK -
A1S28 AMIPVLFWY | QRREKEE - -ALAKS IKSL -

AS581 LMGA LFYSVKRQEGRSQRG | KHKER - - -
And8 LMGVVFYSLRSKELAGAGKAKAIL - - - - -
1 IMPVFFFYFRAIEHPKKDSERKVE - - - -
Note: The conserved acidic residues are labeled with different colors using the amino acid sequence numbers from

Macl.
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Figure S7. PCR analysis for confirming the gene deletion.

(A) Scheme of zeocin-resistance marker approach for gene knock-out. (B) Genotypical verification of
each mutant by PCR. The fragments A_wt and J_wt only can be amplified from the wild type strain gDNA.
The fragments A_zeo and J_zeo only can be amplified from the mutant strain gDNA. Note: Lane a, DNA
marker; Lane b, using wild type strain gDNA as the PCR template; Lane c, using the mutant strain gDNA
as the PCR template.
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Figure S8. 'H NMR (500 MHz, CDCl3) spectrum of 1.
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Figure S9. 13C NMR (125 MHz, CDCl3) spectrum of 1.
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Figure $10. HSQC spectrum of 1 in CDCls.

dh Ind tr2-442-3
grad | dnt-selected HOQC- INEFT 135

o | _ l_ﬂl“ 1l |

ﬁl " LLL_LL_JA.JLM L_L

i

T T T T
A5 K0 765 7.0 &S 60 &5 S0 45 40 16 30
2 (ppm)

Figure S11. *H-H COSY spectrum of 1 in CDCls.
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Figure $12. HMBC spectrum of 1 in CDCls.
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Figure S13. *H NMR (500 MHz, CDCl3) spectrum of 2.
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Figure S14. 3C NMR (125 MHz, CDCl3) spectrum of 2.
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Figure S15. *H NMR (500 MHz, CDCl3) spectrum of 3.
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Figure S16. 3C NMR (125 MHz, CDCl3) spectrum of 3.
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Figure S17. *H NMR (500 MHz, CDCl3) spectrum of 4.
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Figure S18. 3C NMR (125 MHz, CDCl3) spectrum of 4.
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Figure $19. *H NMR (500 MHz, CDCl3) spectrum of 5.
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Figure $20. 3C NMR (125 MHz, CDCl3) spectrum of 5.
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Figure $21. *H NMR (500 MHz, DMSO-ds) spectrum of 6.
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Figure $22. 3C NMR (125 MHz, DMSO-ds) spectrum of 6.
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Figure $23. *H NMR (500 MHz, CDCl3) spectrum of 7.
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Figure S24. 3C NMR (125 MHz, CDCls) spectrum of 7.
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