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Experimental details:
Strains, plasmids, and chemicals

Coenzyme A, acetyl-CoA, malonyl-CoA, NADPH, ATP, malonic acid and other chemicals
were purchased from Sigma-Aldrich and stored at -20°C. 13C-labeled malonic acid (1, 2, 3-
B¢, 99%) was purchased from Cambridge Isotope.

TOP10 and BL21(DE3) E. coli strains (Novagen) were used for cloning and protein
expression respectively. The expression vectors pET-28b(+) and pCDF-2 Ek/LIC were
obtained from Novagen. The protein sequences for SACES5532, MatB and NcsB were
retrieved from Genbank under the accession numbers of YP_001107644, NP_626687 and
AAMT7T7986. The genes that encode SACES532 and KRy were obtained from GenScript
Corporation (NJ, USA) with the DNA sequences optimized for protein expression in E. coli.
The genes were provides as pUCS57-based plasmids with Xhol and Ndel restriction sites
added to the C-terminus and N-terminus to facilitate cloning. The plasmid that contains the
Stp-encoding gene was obtained from Christopher Walsh’s lab at Harvard Medical School.

Cloning and site-directed mutagenesis

The plasmid pUCS57- SACES5532 was digested with Ndel and Xhol restriction enzymes. The
5.2 kb DNA fragment was gel-purified and ligated into pET-28b(+) to give pET28-
SACES532. The gene encoding Sfp was from Christopher Walsh’s lab at Harvard Medical
School and cloned into pCDF-2 plasmid to give pCDF-Sfp. Likewise, the plasmid pUCS57-
MatB was digested with Ndel and Xhol restriction enzymes to yield the 1.5-kb matB gene
fragment, which was gel-purified and ligated into pET-28b(+) to give pET28-MatB. The
plasmid harbouring the matB gene was sequenced and transformed into E. coli strain
BL21(DE3) for protein expression.

To generate the SACE5532-C184A mutant, the PCR reaction was performed using pET28-
SACES532 as the template with the following primers: CI184A (forward) 5'-
CCTGACCATTGATACTGCTGCCGCGGGCAGC -3' / (reverse) 5'-
GCTGCCCGCGGCAGCAGTATCAATGGTCAGG -3'. Successful reaction mixtures
consists of 100 ng template DNA, 300 nM primer, 300 mM dNTPs, , 1 x KAPAHiFi™
Fidelity Buffer, and 0.5 unit of KAPAHiFi™ DNA Polymerase in a final volume of 25 pl.
The PCR program was as following: initial denaturing at 96°C for 5 minutes, followed by 18
cycles at 96°C for 50 seconds, 54°C for 50 seconds, and 68°C for 6 minutes, and completed
by an additional 7 minutes at 68°C. Upon completion, 1 pl (10 U) of Dpnl was added directly
to the PCR mixture and digested at 37 °C for 2 hours. An aliquot (5 pl) of the mixture was
used for the transformation of E. coli Topl0 competent cells. The cells were plated on LB
supplemented with 50 pg/ml kanamycin. The mutation was confirmed by DNA sequencing of
the pET28- SACE5532-C184A plasmid.

To clone the stand-alone KR domain of SACE5532, the PCR reaction was performed using
pUCS57-SACES532 as a template with the following primers: SACES5532-KR (forward) 5'-
TTTCATATGCGCGATCTGGCGTATGAAATCATTTGG -3' / (reverse) 5'-
TTTCTCGAGGCCGGTATCGCCGCTCGCGGTCAGTTC -3'. Successful reaction mixtures
consisted of 52 ng template DNA, 300 nM primer, 300 mM dNTPs, 1x KAPAHiFi™
Fidelity Buffer, and 1 unit of KAPAHiFi™ DNA Polymerase in a final volume of 50 pl. The
PCR program was as follows: initial denaturing at 95°C for 5 minutes; 6 cycles at 95°C for
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30 seconds, 45°C for 30 seconds, and 72°C for 40 seconds; 30 cycles at 95°C for 30 seconds,
55°C for 30 seconds, and 72°C for 40 seconds; and an additional 7 minutes at 72°C. The 1.5-
kb PCR product was gel-purified and digested with Ndel and Xhol restriction enzymes. The
digested SACES5532-KR fragment was gel-purified and ligated into pET-28b(+) to give
pET28-SACES5532KR. The plasmid harbouring the SACES5532-KR was sequenced and
transformed into the E. coli strain BL21(DE3) for protein expression.

To clone the stand-alone KR domain of NcsB, the PCR reaction was performed using
pUCS57-NcsB-TH-KR as a template with the following primers: NcsB-KR (forward) 5'-
TTTCATATGAGCGAACTGGTTCACGAAATCGTCTGG -3' / (reverse) 5'-
TTTCTCGAGGCCATCCGTTTCGCCAGACACCGGCAG  -3.  Successful  reaction
mixtures consisted of 100 ng of template DNA, 300 nM each primer, 300 mM dNTPs, , 1x
KAPAHiFi™ Fidelity Buffer, and 1.0 U of KAPAHiFi™ DNA Polymerase in a final volume
of 50 pl. The PCR program was as follows: initial denaturing at 95°C for 5 minutes; 6 cycles
at 95°C for 30 seconds, 45°C for 30 seconds, and 72°C for 40 seconds; 30 cycles at 95°C for
30 seconds, 55°C for 30 seconds, and 72°C for 40 seconds; and an additional 7 minutes at
72°C. The 1.5-kb PCR product was gel-purified and digested with Ndel and Xhol restriction
enzymes. The digested SACE5532-KR fragment was gel-purified and ligated into the
identical sites of pET-28b(+) to give pET28-NcsB-KR. Then the plasmid harbouring the gene
fragment was sequenced and transformed into E. coli strain BL21(DE3) for protein
expression.

Protein expression and purification

Co-expression of SACES5532 and Sfp - pET28-SACES532 and pCDF-Sfp were co-
transformed into E. coli BL21(DE3) competent cells. The cells were plated on LB medium
supplemented with 50 pg/ml kanamycin and 50 pg/ml streptomycin. The colonies were
screened by PCR to confirm the presence of both pET28-SACES532 and pCDF-Sfp plasmids.
A single colony was used to inoculate 20 ml of LB medium containing both kanamycin (50
pg/ml) and streptomycin (50 pg/ml). The culture was kept in a shaking incubator overnight at
37°C at 200 rpm. A 5 ml aliquot was transferred to 500 ml of LB medium that is
supplemented with 10% glycerol, kanamycin (50 pg/ml) and streptomycin (50 pg/ml). The
cells were kept at 37°C at 200 rpm till the ODggp reached ~0.5 (ca. 4 hours) before the culture
was cooled down to 16°C and induced with 0.8 mM IPTG. After incubation at 16°C for an
additional 20 hours at 130 rpm, cells were harvested by centrifuging at 8,000 rpm. The cell
pellet was re-suspended in the lysis buffer [SO mM NaH,PO, (pH 8.0), 300 mM NaCl, 20
mM imidazole, 5 mM B-ME and 10% (v/v) glycerol] and lysed by sonication. After
centrifugation at 20,000 rpm for 30 minutes at 4°C, the supernatant was filtered by 0.45 pm
membrane and loaded onto a HiTrap™ Ni**-NTA column (GE Healthcare). The column was
then washed with the lysis buffer and the washing buffer that contains 40 mM imidazole
before the elution with the elution buffer that contains 500 mM imidazole. The co-eluted
SACES532 and Sfp were separated and purified by size-exclusion chromatography using a
HiLoad™ 16/60 Superdex™ 200 column (GE Healthcare). Proteins were desalted and
exchanged into the Tris buffer [SO mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM DTT and
10% (v/v) glycerol]. The protein was concentrated, flash frozen in liquid nitrogen and stored
in -80°C freezer.

Expression and purification of Sfp - pCDF-Sfp was transformed into E. coli BL21(DE3)

competent cells. The cells were plated on LB medium supplemented with 50 pg/ml
streptomycin. A single colony was used to inoculate 20 ml of LB medium supplemented with
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50 pg/ml streptomycin. The culture was kept in a shaking incubator overnight at 37°C at 200
rpm. A 5 ml aliquot was transferred to 500 ml of LB medium supplemented with 50 pg/ml
streptomycin. The culture was kept at 37°C at 200 rpm till the ODgg reached ~0.6 (~3 hours)
before it was cooled down to 16°C and induced with 0.2 mM IPTG. After incubation at 16°C
for an additional ~20 hours at 130 rpm, cells were harvested. The cell pellet was re-suspended
in the lysis buffer [SO mM NaH,PO, (pH 8.0), 300 mM NaCl, 20 mM imidazole, 5 mM -
ME and 10% (v/v) glycerol] and lysed by sonication. After centrifugation at 20,000 rpm for
30 minutes at 4°C, the supernatant was filtered by 0.45 pm membrane and loaded onto a
HiTrap™ Ni**-NTA column. The column was washed by the lysis buffer and the washing
buffer containing 40 mM imidazole before the proteins was eluted out with the elution buffer
containing 500 mM imidazole. The eluted protein was further purified by gel filtration using
a HiLoad™ 16/60 Superdex™ 200 column. Proteins were desalted and exchanged into the
Tris buffer [SO mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM DTT and 10% (v/v) glycerol].
The protein was concentrated, flash frozen in liquid nitrogen, and stored in -80°C freezer.

Expression and purification of MatB, KRsacrss32 and KRy.sp - The expression and purification
of MatB, SACE5532-KR and NcsB-KR were similar to the procedure described above for
Stp, except that cells were grown in LB media supplemented with 50 pg/ml kanamycin.

In vitro enzymatic assay of the PKS activity

For the enzymatic assays of the PKS activity of SACES5532, a typical reaction mixture
contains 3 pl of MgClI, (1 mM), 8 pl of CoA (50 mM), 70 pl of SACES532 (11.3 mg/ml), 20
ul of Sfp (27.9 mg/ml) and 93 pl of reaction buffer (50 mM Tris (pH 8.5), 150 mM NaCl and
1 mM DTT). After incubation at 30°C for 20 minutes, the reaction mixture was supplemented
with 5 pl of NADPH (10 mM), 1l of acetyl-CoA (100 mM) and 2 pl of malonyl-CoA (100
mM) and incubated at 30°C. The reaction was quenched with 5 pl of 6 mM HCI and the
solution was vortexed to precipitate the enzyme. Then the mixture was spun at 14,800 rpm
for 10 min and the supernatant was subjected to HPLC analysis. HPLC analysis was
performed with an analytical eclipse XDB C18 column (4.6 x 150 mm) using an Agilent
1200 HPLC system. A full gradient was employed from 100% buffer A (HPLC grade water
with 0.045% TFA) to 40% buffer A + 60% Buffer B (100% acetonitrile with 0.045% TFA) at
1 ml/min in 60 minutes.

For the kinetic analysis of enzymatic reaction, the reaction was followed by monitoring the
NADPH absorbance (340 nm) continuously by using a UV-Vis spectrophotometer. The
reaction was also followed by monitoring the formation of the product by HPLC. The
reaction was initiated (200 pl solution) under the same conditions as above. Aliquots (20 pl)
of the solution were taken from the reaction mixture at 0, 15, 30, 45, 60, 75, 90 and 120
minute. The aliquots were quenched with 5 pl of 6 mM HCI and vortexed to precipitate the
enzymes. Then the mixture was spun at 14,800 rpm for 10 minutes and the supernatant was
loaded for HPLC analysis.

In vivo production of the enzymatic product
To find out whether mellein can be generated by the E. coli cells that co-expressing
SACES532 and Sfp, SACES532 and Sfp were co-expressed in the BL21(DE3) E. coli cells

under similar conditions described above for protein expression, except that the cells were
supplemented with 10 mM MgCl, upon induction. After overnight induction, the cells were

Page S4



centrifuged at 8,000 rpm for 10 min. The supernatant was extracted twice with equal volume
of ethyl acetate. The combined organic extract was dried over anhydrous MgSOQ4,
concentrated in vacuum, and re-dissolved in methanol for HPLC analysis.

Large scale enzymatic reaction for the preparation of enzymatic product

For the large scale reaction, malonyl-CoA was synthesized in situ by using the malonyl-CoA
synthase MatB. The MatB reaction was carried out in 60 ml of 100 mM HEPES buffer (pH
8.5) that contains 20 mM malonic acid, 10 mM MgCI2, 5 mM ATP, 1 mM Coenzyme A and
30 mg MatB. The reaction was incubated at 23°C overnight and analyzed by HPLC to ensure
completion of the reaction. The PKS reaction was set up by mixing the reaction mixture from
above with 400 pl of 100 mM acetyl-CoA, 1.5 ml of 10 mM NADPH and 3 ml of SACE5532
and Sfp protein mixture (~ 60 mg). After incubation of the reaction in 30°C waterbath for two
hours, additional 1.5 ml of 10 mM NADPH was added to the reaction mixture. The reaction
was incubated in 30°C water bath for another 2 hours. The final reaction mixture was
extracted twice with ethyl acetate (2 x 60 ml). The combined organic extract was dried over
anhydrous magnesium sulfate and concentrated in vacuum. The compound was purified by
preparative thin layer chromatography (TLC) with the solvent system of hexane: ethyl acetate
(5:1 by volume). The pure fractions collected from preparative TLC were collected for
structure characterization by LC-MS and NMR spectroscopy.

The preparation of "*C-labeled enzymatic product followed essentially the same protocol
described above except that ?C-labeled malonic acid was used to replace the normal malonic
acid substrate. TLC purification of the BC-labelled product was performed following the
same procedure as described above.

Liquid chromatography coupled Mass spectrometry (LC-MS)

High-resolution LC-MS was performed by using a Michrom Rp18 column (0.1 x 50 mm).
The gradient employed in the analysis was from 99% buffer A (HPLC grade water with 0.1%
FA) + 1% buffer B (100% acetonitrile with 0.1% FA) to 40% buffer A + 60% buffer B in 30
minutes. The flow rate was set at 1 pl/min and the UV detector was set at 314 nm. The
ionization energy was set with Nanospray lonization source for the Finnigan LTQ Orbitrap
mass spectrometer (Thermo Electron). The results were analyzed with the software Xcalibur
for the deduction of the plausible molecular formulas based on the observed m/z.

NMR spectroscopy

One-dimensional IH, 3C NMR and two-dimensional NOESY spectra were collected on a
Bruker 400 MHz NMR spectrometer (Bruker DPX 400) with CDCl; as the solvent and TMS
as the internal reference. The colorless powder form of the enzymatic product obtained from
the large scale in vitro reactions was used for NMR analysis. The chemical shifts and
coupling constants for the '"H NMR spectrum [CDCls, 400 MHz, Supporting Figure S5] are: &
4.73 (1H, m, H-3), 6 2.93 (2H, d, J = 7.2 Hz, H-4), 6 6.69 (1H, J = 7.2 Hz, H-5), 6 7.41 (1H, t,
J =17.8 Hz, H-6), 6 6.89 (1H, d, J = 8.4 Hz, H-7), 6 1.53 (3H, d, J = 6.4 Hz, H-11), 6 11.03
(1H, s, OH-C8). The chemical shifts for the *C NMR spectrum [CDCl;, 400 MHz,
Supporting Figure S6] are: & 169.94 (C-1), & 76.09 (C-3), 6 34.63 (C-4), 6 117.88 (C-5), 6
136.13 (C-6), 6 116.27 (C-7), & 162.23 (C-8), 6 108.32 (C-9), & 139.38 (C-10), & 20.76 (C-11).
2D 'H, '"H-NOESY NMR [CDCls, 400 MHz, Supporting Figure S7]: (H-7, H-6), (H-6, H-5),
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(H-5, H-4), (H-4, H-3), (H-4, H-11), (H-11, H-3). The '"H NMR and >C NMR are also in
excellent agreement with those obtained for a synthesized mellein.

Measurement of the specific rotation by polarimeter

The specific rotation [a]p> of the enzymatic product was measured by using a polarimeter as
—-123° (¢ 0.43, CHCIs, 25 °C ), which is similar to the specific ration measured for the
synthetic (R)-(-) -mellein ([a]p? = -102° (¢ 0.53, CHCls), Islam et al, Tetrahedron 63 (2007)
1074-1079).

Synthesis of N-acetylcysteamine (SNAC) thioesters.

MS/\/W

(0]

Acetoacetyl-SNAC (15). The diketide analog acetoacetyl-SNAC was prepared according to
the reported procedure (Gilbertt, I et al, Bioorg. Med. Chem. Lett., 1995, 5, 1587-1590).
Analytical thin layer chromatography (TLC) was performed using pre-coated silica gel plate.
Visualization was achieved by UV light (254 nm) and/or KMnQO, stain. Flash
chromatography was performed using silica gel and a gradient solvent system (EtOAc:hexane
as eluent). NMR spectra were recorded at room temperature on Bruker DPX 400
spectrometers with CDCIl; as the solvent and TMS as the internal reference. '"H NMR
spectrum [CDCls, 400 MHz]: 6 5.95 (1H, s, NH), 6 2.27 (3H, s, H-1), 6 3.71 (2H, m, H-3), 6
3.10 (2H, m, H-5), 8 3.46 (2H, m, H-6), 8 1.97 (3H, s, H-8). '*C NMR spectrum [CDCls, 400
MHz]: 199.86, 192.29, 170.47, 58.03, 39.17, 30.29, 29.25, 23.17.

o} o

MS/\/NT

5-oxohexanoyl-SNAC (16). The 4-acetylbutyric acid (65 mg, 0.5 mmol) was dissolved in 5 ml
of DMF at 0°C and then treated with diphenylphosphoryl azide (163 ul, 0.75 mmol) and triethylamine
(129 pl, 1 mmol) for 2 h with stirring. N-acetylcysteamine (HSNAC, 64 ul, 0.6 mmol) was added to
the solution. The mixture was stirred at room temperature for an additional 3 h. The reaction was
quenched with the addition of 25 ml of H,O and extracted twice with ethyl acetate. The organic layer
was dried, and the title compound was purified with silica gel chromatograph to give 40 mg of solid
powder (34% yield): 'H NMR (CDCl,, 400 MHz): 8 6.03 (br, 1H), 3.40 (q, J =6.0 Hz, 2H), 3.00 (t, J
= 6.4 Hz, 2H), 2.58 (t, / = 7.2 Hz, 2H), 2.49 (t, J = 6.4 Hz, 2H), 2.12 (s, 3H), 1.95 (s, 3H), 1.91 (t, J =
7.2 Hz, 2H); C NMR (CDCl;, 100 MHz): & 207.8, 199.4, 170.4, 42.9, 42.1, 39.5, 29.9, 28.6, 23.2,
19.4.

Enzymatic assay of the stand-alone KR domains
The in vitro assays of the ketoreductase (KR) domain activity were conducted by using a

semi-micro quartz cuvette and a Shimazu UV-Vis 1700 spectrophotometer. When trans-1-
decalone was used as the substrate, a typical enzymatic reaction contained 0.82 mg/ml
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KRsacgss32 or KRyesp protein, 0.25 mM NADPH and 10 mM trans-1-decalone in 100 mM
Tris buffer (pH 8.0) in a total volume of 200 pl. The reaction was incubated at 37°C within
the sample chamber through an external temperature controller. When S-Ethyl
acetothioacetate was used as the substrate, a typical enzymatic reaction contains 0.02 mg/ml
KRsacpss32 or KRyesp, 0.25 mM NADPH and 3.7 mM S-Ethyl acetothioacetate in 100 mM
HEPES buffer (pH 8.5) in a total volume of 200 pl. The reaction was incubated at 20°C
within the sample chamber through an external temperature controller. When acetoacetyl-
SNAC was used as the substrate, a typical enzymatic reaction contains 1.46 mg/ml
KRsacess32 or KRyesg, 0.25 mM NADPH and 3.3 mM acetoacetyl-SNAC (15) or 5-
oxohexanoyl-SNAC (16) in 100 mM HEPES buffer (pH 8.5) in a total volume of 200 pl. The
reaction was incubated at 30°C within the sample chamber through an external temperature
controller. The reaction progress was monitored continuously by recording the NADPH
absorbance at 340 nm.
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Table S1. SACE3352 and homologous bacterial iPKSs.

Gene Ref Accessno.  Organism Identity %/Homology %

NcsB (27, 28) AAM7TT7986 Streptomyces 51/66
carzinostaticus subsp.
neocarzinostaticus

AziB (29) ABYS83164  Streptomyces 48/64
sahachiroi

PokM1 (26) ACN64831  Streptomyces 49/63
diastatochromogenes

ChiB1 (23, 24) AAZTI673  Streptomyces 46/61
antibioticus

MdpB (25) ABY66019 Actinomadura 47/60
madurae

CalO5 (44) AAM70355 Micromonospora 48/62
echinospora

AviM (45, 46) AAKS83194  Streptomyces 48/61

viridochromogenes
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Table S2. NMR data for the SACE5532 produced mellein (CDCls at 400 MHz).

Carbon No. & 'H (ppm) 8 °C (ppm)
1 169.94
3 4.73 (1H, m) 76.09
4 293 (2H,d,J=72Hz) 34.63
5 6.69 (1H,d,/J=72Hz) 117.88
6 741 (1H,t,J=7.8Hz) 136.13
7 6.89 (1H,d,J=8.4Hz) 116.27
8 162.23
9 108.32
10 139.38
11 1.53 (3H,d,J=6.4Hz) 20.76
8-OH 11.03 (1H, s)

Page S9



KS

20

WEBE = Lisisssesmasessigis aish E‘[cypgﬂoﬂpo DF VN RS GDM EPIAHGSPHATA
Azd26  ...... MAENVQNPPVEPLAVIG AFEP T|P G| RW|E Y R|TRD|T
SACES532 ....MSTYAAVKATADEPIAIIG EFPDMDS‘?ERF SF‘ ﬁg’R[ PEAPD HCP|E|VG
MdpB .. ... MNSPEPIAIVG FEAG GlVIG|S|P A F DL G|E LidA GE3M D GE4AIRR DQIEHAD
PokM1  ........... MMTAPEPVAVV(] CF‘GGIAI E_E IA—' EGEWGH UN Iz
Ch1B1 MQSHDVARAGGREVVEEPIAVLGEACKEFEGG DTLE F‘ ELMLE[ER D I|GE EEKRAE EIAGPDHAA

KS

5(_) 60 sq 90 100 110
NesB MR DT VRIRE] FLDmg-GIS 13§3i#D P Q QRGVUIL Ef# 2 WiFA L} PELTE—]N ETGEYAA{KNIQ
Azi26 RT‘TTRKSF‘MRIEEQ PPEADPQQRAWALAG PT S
SACE5532 ic[eV8dnn ifEl G F DANF FE REANOED PQ QR L Ejf 2 whla G PHR
MdpB RD[V TRRE DGFDAFFPREA DPQQRLEAWAL PEA
PokM1 DGV TR|Y{E|AlF LD T K{eS@FADIBDN T p3:3An DPQQRLEAWAL PRD
ChlB1 RRATRWEGE LDB T EIFIFNERBYCIL SERYFNE LivBoReyd /1 iRl vEXNEESAE B AERE

KS

120 130 140 150 160 170 180

NesB NRLEIPRHGIY@VNTTLYGI SY L HEEEV A VEREYS A EHT ALELRR| s L[T| TP[ﬁ
Azi26 NPREERIILMEMLDR|T VNTTFYGIIF‘AHMAV GSETA EVEG A HR

SACE5532 FpRE KFLEDE I|P EW|AL NEAGL Fic TEY LDGPSDTAC Gls@TAI TC TQLA
MdpB I3]D ¥ GJSIR AL} PR E WIT|G I[gGS Y Cle VES R D)BIG P S|UESHD T A C[Sf{fS 1. YRl Hifl A CP[VA
PokM1 DiRgel R VA EP P R|T[EEW|T|C IfElG A Y Cle VERUR TLRVAVSSSVSV MEY C VA
ChlB1 DEREERRALAER 1P G[1/EEW(T/G Ifgs AM Cla ARNE 1. L KR L A VPEEXE s|A|sHv A VEILEY c s R@msavs
KS
199 209 219 220 230 240 250
NcsB IVCEUNIES TRSLNVA] NDGMS DER|S| EAD GY GR GEGGIRAVL KR LED AR Dl PVHAVIRGS
Azi26 1V§ 1 I As AL\/\/A A TicEDIER|S IVAD GY GRGEG[EcEaNvVL KR LED AR DfEl HGLVLAS]
SACE5532 LAG[E F AV A G TS NEIQS] DGYGRGEGGVLKRLDARD RILALIRGG
MdpB LAGHE v LSMV A LI2REDIER|S INAD G Y GR GEG[ElG)RH VL K R LIAD LIAVLRGS|
PokM1 LAGEVIL|V] AS GILSLV| AGTA DER|C] DGYGRGEGGVLKRLDARD R\ILALIRGS
ChlB1 LAAEVINLINT SIHGL T L TMDARGEIT|ARIDIER]S DGYGRGEGGVLKRLDARD MLAVIRGS
KS
260 270 280 299 309 319 329
NesB rmmolnmmﬁmma LRF_YHRIKE‘EHWDPI’EER EETITETAKEFG AGBSPHIK
Azi26 GEF RSDMH E I [5] OIR| |EIYRRE YVEAHGTGT .A | E\T|G Nl FGPGRIDG D)
SACE5532 }4Q D GBI GlUIMIEI PRIGIBIA O NLLRQVCDR GD )Y VEAHG TG T)ZG D) RS A AN YG PTGR
MdpB R;HRTNI A SEAJH| RRACRAR YVEAHGTGT .| |A PADR
PokM1 AVH[PXER T|ske TR [EEEX AHILMRR T YE H| [y VEAHG TG TG Djgid MAS N PQDR
ChlB1 SiviNEERXe K TINfe TEA RS [ESEX EH[V LD[LACRR] Y VEAHGTG TRMG DI ERYE A 10[PY F RGEPKDIE
KS
33(_) 34(.) 359 369 370 389 399
NcsB clfﬂp UEEES T V] ALRNELI.TLHD RIPRT D[VDW WG GOV[JEEES C . GR
Azi26 T LI ) WERINS v LGM RHG|E LE33S|PHE .[EIPDPGLGLE AEP) .EH

T|PLBYR G
SACES5532 EC‘R GERY P LE GIA[EVAGL TVALR|NE’ |24 SIPHD . [KIPTPE DW%“’SGLEL ANTMP RG,ER
MdpB [elS V| LI AGIALEG VA GVERYT V| ALQHGEI SPHIG NPA AW DIE|LR|L R AMT G P[VIAL]

Pl i B oo I RN CE e na

PokMi SR, p ISR AGIAE T A G VERST VIBAL (HAIR TSI NF TIEPN P TS GILRVET E D DG
Ch1B1 CMSM&E&A;HIASL”ATEALSKGEI SILNFS GNPZI_ TERUAWE?REDR

KS
409 410 429 43(? 440 450
NcsB PRE] THSEVILEESIPVPAATSSADAS . . .. .. [TleVR| pMAAl‘IE GI_IALMGW
Azi26 G R sv s A AVLQQAPPRPDRTER PAA ...... ATG PRVF ASE G[vR|cLEXES VEY AW
SACE5532 s|v[eT MILEEAPAAHTKPEKRDT. ... .. PRLF AR LEXe K LI
MdpB PRLG|YYTIAELLLEAGDP VPAD DAGGTGETG{}ADA tzg EAAI | HAI RLDR
PokM1 PR REXeN#EG|viel v[ele T VVLEQAPDPEGPQALDEG. . . PRAVRDAEPRAVY G AS[EIRAIVE) felr LEDR
ChlB1 v REXREC|FlE Y[ T ARV VME QAPEVSR PDDEAGD . . ,EGS@EVVEEMGGEQ@G\L_JAYMDR
460 470 480 490 500 510 520
NcsB ASRPDTPP . . SVEHTLT ORES HA OF DSAE DR R §E RNGPG vs R s AGRADD
Azi26 RAHPETALD DLAHTFTSHSR GGAAG
SACE5532 ’ETHPETT 'VGA LAR. TW GGNRD’EIzq IR|ALAIA|G|EASGN1A| ﬁ ..... DAS
MdpB SRPGAPET|. . ADITGFiT LARM D HI PRGN R 2| R|EL A2|GIC QDAGIT GSVLPGAERG
PokM1 BDETPATDU AE[VGH|T LATERITH| LHNGN l;EREFT 5 QPGMVUGAVLPSAGRG
Ch1B1 SDDDAEELPLESVGHTLAL.SA A2 HI 2 ENRN S D R kDM VIA KMR[L T T) . .mRERVIlesvPSDAGAG
530 540 550 560 570 580 590
NcsB AHmA TLD AI‘IDEEFMEIHGWI‘IP EAWTEGGPWTIEAHMQMVH‘IG
Azi26 Wy F s GGl oW GMGREIL LIS E Q|VID|| FSE Ilj TPREAIEAGGPWT |T| 0 AM T
EYGCLLC P v v F s GR G QWi GM GREIL LipAE | D[V T DIMILIE PRV R R IRAAIAEGDWTN AV T|H P TI'
MdpB piVENEEEE olE s PIy T e e - Rl VI 2BV I E[R[L|E PF RABILID RAVLLDDAPRP[T I M
PokM1 LIVERAERe e s N T (VY o iN' £ab Iy ARV E[E[L[E P|YF LE MG L AALLDDAPQP|
Chl1B1 PN SEERelH[elc [0 o [Tveed:y e A SR AR A AV T DIE(I|D PRF R AP T|C FIS/AR QALJLDGDFDT| DR

Page S10



NesB
Azi26
SACE5532
MdpB
PokM1
ChlB1l

NcsB
Azi26
SACE5532
MdpB
PokM1
ChlB1l

NcsB
Azi26
SACE5532

600 610 620 630 640

RIeHW IS GINR PEAW T GHS VGENA AANMIAGH DI—IDEAE_ A EELQRT]

A|E[VEYS DLIEL RIZGEYT bl :thigedo 1 S ¥AA v Al S LID[RIA E A

A| ILEBJH TR| VR AIGHSVGEAAA A\/I | |LDAI [ASVLVR)|
RAH| S|LIE EGEVA|LIV[&3dS V LLRIR

2| TERRIV T TLE
SIALEIR ER] LR DAVIGHSVGEIAAAVA‘GMLT RIE QGER|L|V[SI3S L. LLRR
A HS Y| SEXVERD LI T RNV A Ml A TISILT DGEMRILII(SIJS R LLRR

670 680 590 700 710. 729 73?
Te DERDm ETHLSEDR s!NL VAEEWQAS EMWT RITED[E D AVHV[ﬂEMT GD[TE|SEARLILT]
22 AALE

AE&@HIA s L!T!VSED ﬁzﬂ |A \I;1ADL|EADG| %gREN VISIEHLDBVR
LHD DD 18| GR AVIDIA T VREWIT EE GIL| REDI EVP AHM TPELT_ RLRIDII T
R|EL T|ERW|S A R[T R|P[] 1NN
T| ITSG T vs DVP VEISERWRAEG RANY DVAPHM p LDD T AR AD|L
PEXL ARNS T valdD P ARINIAL IDEWQAQD]I] RA DV AREE PHMDIPILIL T E[L A/AR A ED|LT)

74(') 759 760 770 780 790 800
PR PP[TV|PLETHAL|Ss DEIFC) mPRDSGmKP FTE[R RAEHWEE m .
AGTPR TLESHALADS R E|G ERMA T| D PRAIF HQIANH RESAL DPJE TR VL) V] B E T|
ARTP|I I|P[FE§s s 2| BRI S[E[vV]P|L DD AFEY vV CEBAR N PEEF V E[A§ O EFJE H| WEV Si{H PV R L
PRPPRLPLEY PR IR DG AR ARRAR A DRgF AN WEV SlEH PV
Li PV Lj 1BPIR DG G patd GG FAQ|GH 9N J FIRE VS| H PRV
R UL 0 P 1E¥ 2 Mﬁzﬁﬁﬁﬂcms

810 820 830 840 850 870

S,,,~
r

)
E?E
=
o
<]
(%)
o)
1=
)
ac
02 G)

$

NcsB DL[GI EfJAA D@gEgESLE N’HAEEHCHVADBE]RHHTDGELBIGWWH RPYEIFPETTAD
Azi26 DA[GV PAH| LRR YRI FPDTAPE
SACE5532 EASNIAA HTSNH HEL ﬁHA HCH[EG LR SR QY PRDAF| DLEAI QHQHYVN .TAIA
MdpB AH|GV T A HIT AR AAL N SCHAED ACWPGGAP TipliR HR PYIAA . APEGG
PokM1 HLGVE AF WEEL R R| H[ga EAI OR[KPYLE. EPPPR
Ch1B1 EL[GQ AF‘TGSSN RATL s G HCHIA RLHPTGDL AL AIORIS PHIJHE . RASAA
TH

989 899 900 910 920 930 940

NecsB c[fle RGED PACESHLIEC Tv[_|sp'r RI‘IDMDSPQEIEGI‘IVG BV TEIAAS T INTHE Aa\—f]
Azi26 Q|G 1GLG DPQ|T| T 1 TTVIASIAPVIQIR |L|HMENAQEEK|¥|VG T SVVLNSIKEAlT EG
SACES532 [plals A PD|S Ils E JFAAVLLNTRIT GN
MdpB Tﬁ T GREID PAG] T L G TRMNGTTP H' RMDRAS E PM 1 AVLLTT AT
PokM1 sialzle DREID v S| TR THLECGHET T FIAGT T PlRj) LIDRG|S! IIAVLLNT sc

ChlB1 Tjelgle LoED Lo|sEARL p vPviag. RP|LE[L] LUDDEumpG TING 1 AVLINT] L
TH
989 999 1009
NcsB SLSLATVAEDADADGS. . . EWTREEREEIAMT PGVRP . AGG
Azi26 KVRIASIKRDQESGGVRDDEWLT HEPEVGARP
SACE5532 NLRLASRIDGDSSDEHV. . . . WLEEEE¥\VADHHSRLSTEY
MdpB TLRLSSHMADGDPDDKG. . . . WVESESEAANE PY SDPAPDG
PokM1 GTLPDEATRVALRVEVSVSQ TLRLTSRIVGEPGDDRG. ,LG EPHGALG. EA
Chl1B1 GARPVIRIMALILILITTE SLRLASESLEDG. .. AA. .. . WLAEGSEITIAAPAGSGE . AL
TH

101? 102(_) 1039 1049 105(_) 1069 1079
NcsB RLDTEAIR[ERLPE.GSLTREDEMFERMEME G YARPEDLEEIREDDHEQLEVIQIEPSP. . . AQRATSHAH
Azi26 MEDPDVIR[ARCPVSWTWAK|VDGI FR|T MEMDGY T[YPRJV|VE ELLRG[EDEQF|S TI|TVDHTP. . . KLHPSS;IJA
SACES532 LEEAVIRR[V[SSREEWTWDE|FDQWF RAR{ENIDG Y GRIPRIK|VE TLHTGNGELLRSLHCD . . .. .. ... GD|SIAE
MdpB GPVAAGTPR[LP. .. ... PSHVIVDRLGJA L GMGRPET|VE R I|RAG|E/G VL AL TVIRAGDAAG PGDPAKATRAP
PokM1 SPVVAPDV|LP. .. ... TGR[V[VDRLAFE L| AMGHARE|T T ELRGCEIG VL VARVIAADPKS . . . SEPPA[TAS
Ch1B1 QDLAAGAV[LRPAD. . . PGD[VIQRHLT|S V[§4P TMGIET|I EELJARS[EIGMLARRVISVERPQ. . . . RAQE[T[HAP

1090 1100 1110 1120 1120 1140

NcsB AMVVSPGDATVLWWS?FTDQVT SGEPPARLT[VHS[TR SLRE|PH TVDVR DER[E
Azi26 G[VLVMDENSN[VLRT|CISHILEISL S[FVGPPPPRIH HTVRDPRT TISMT DESA EA
SACE5532 L T|RM{P|A[H|I|R|K F AlVS GN PP SHLLVHARA SV Q) DITIDVLI DESRPF/ﬂA 'LrJ
MdpB 1L GIS|VAL[PDPP . .|TLRMPARILHRLSILPPAP. . . PVRADILVIRV[T|GENTVDVD|I L|A PEfEGIT LiGT
PokM1 VLEARL ST AS[VVFPGPP. . |[VLRMPAH|I[KRVALEGAC. . . PA[TAR|ITVRLR|GE VVDVEIEGPQ R[LJ
Ch1B1 LLIAILSIMTMpcpp.,A_ru,E |FIE[EI ITEGAPPAG PAT|I QVAAD P[] HENTVDVRI DTDQ w_
KR
1150 1160 1170 1180 1199 120(_) 1219

NcsB EEAIFA AREH I ¢ . ARVILEE|E@VIHE TVEJEPWDPEDHEGAEDAPVEQVILVADPE . ATVELAF@MESAGNTC
Azi26 Rg\/ QDIGSG ngE |ELA|KJPVEVP .ADAPVPSQRLVVGGAA.GGPALVEAMTARGVRA
SACES5532 T{chA] GV DGAPGT AYE I PLASEP. ..DIGSLPEWAVIIGDDDPVTTCFAELBEEQGILC
MdpB DGEVGA| RRPAVHE I TRAPDGAA. . . GRAAEPSGVVLVGPRSALRDALAEGART GT PH
PokM1 YGL EGDVGT TGR HRMR|YRIPMEQQD. . . PGAHR. . TVVLVGDDRSLVERLSRRMVAEAVPH
Ch1B1 R DQGGM TIA AJHIIR] FEMARIRPFEAPA. . . PQDVSARRIIVLIAAHD. . VKPLRTIAMTRAGAHV

Page S11



KR

1229 1239 124? 1259 126(? 1279 0
NecsB V[JVGDSPETGLRPDLFARPGAVVVAALAGSDTAPEEE EFVSWL RTVORVIAEIRADVT GDAPAQEVY
Azi26 RIAVED. <ATAIGDASLTCADVVVVAEEALLPGEAPEQA RIRICAQILAVIDAVQQVIAAVPDERR . . .
SACE5532 RR|IST..PEAVPEP|SPGDSAL|IVIARGVVTHDEDPVDQRMERATWSHIRAT QRLPRTATENV
MdpB RVIASS. . PSGLRDARGESPGEVLVVIJRPGRPGR . VEQDAGAATRILIMARITVRT LAAGT GRAS
PokM1 RIASD .PDELREG[ELSDDHT[VVVVJAPGRPQEPVGRAS|LRASWLMARTAQRLAPAP . RPP
Ch1B1 DVG. .. .. ... LDG LDENTD[VVVVDLTADIPVPEA SIAWLILMSITIRQRT ARLDTLRFP
KR
1290 1300 1310 1320 1330 1340 135q
NcsB cVHS Dm_lArlDEI—lS ARTVAGDHP GPSADGIGAREMALLDGAAGT VISLTG
Azi26 ALKR Ef] AL HAPﬁ EIVAGERPD . .AENA| PQ SLIGALPHT VLSLDS
SACE5532  C|I R GIA G DRT HR PMIEAARIT IS GER LWGG ESGVRSQER LVLGTPLDG IIAVGD
MdpB G} Q LGHAP ARIT 1 G AEHPD DGVP.D VLRGT . . GGRYVVAVRD
PokM1 C| L HG P GIdV I AGEHP|D) IV L|GSS PRD LLIGTT. . HG| [VVAVRE
ChlB1 cL osT GRV 1 AGE/HS[E V1 LAPGTPDA’I‘T SIVLIHTG. . GGEVIALRD
KR
1260 1270 1280 1290 1400 1410 1420
NecsB EGAEVARJLSR IDRSADGTEP Q s VEAT P88 GLERG A LR GARR L VLIS REFAL N T ¥
Azi26 EGVT/AAIILRQVARPAEREP) v v AL EA RI—I lGARRLVLP D
SACE5532 DGDY[V[EEMV[PVTREPARSE E
MdpB GGLL\VIPEILRF PEGDPVRAP|I|S
PokM1 GQPEVARLALLDGEPVR PA[T|T| DE
Ch1B1 GTAT[IARLTT TQREPTG T P|LE| DK Y A1 [eIAE T LA E VENG RFA ER[CENTIRGAA CRIT CIEPRS Ggm
KR
143(_) 144? 145? 1469 1489 1450
NecsB TRAETRRRI BVD[QV S AR VHEA G VY DLE
Azi26 DJPA BIAE|AT AR|A Na:(CEXEN v S D L B TIGAA
SACE5532 TPJATT BlpcjovAD|S ‘A|L|szNMDTD
MdpB TIPAD IAETAGKL vHlac DGE
PokM1 TRJPLVR SR IBJAD[AA EKI|L| ALDDUPI\_L],] LDED
Ch1B1 TPTHT T AKAAE Va0 L EXeRY T DN[RMIVITAVIDE T
1500 1510 1520 1530 1540 1550
NcsB CHRET HAWRMMWPEDLWCWRHSEA ESNANE SHEANEGEHTE
2zi26 NED|T T M| GRS A DEEMVIE R LEFAET LENF T M EEEICERIL AR|LTERV[SFA S A FLDLA LERISRGETG . .|
SACES532  GRAAR T M|S YA RIEE M~ IH 0 Ol PleiT LiRAF v LIRS R F AR|T|T [ee)viT FiA A AN clBRn A A AYIIRAAGCHE . . I
MdpB SHR| v P K GA LHEMF P EPFVLCLL|G|LJPGAAAS GﬁIHRuAGDTG |
PokM1 SHR| NP K LH[SWF PlZGERAD PRSI F s s §lc Qileill Ol v ESNEIN F 1. DI 1. AR R [l NeToh SN
ChlB1 SHR[IV I_JIREEAIWI_I!IIWPET BEL I LEEECEEL LG|LPEMARFC S A HEN(T/T TPTAADH
KR
159? 1599 160(_) 161(_) 162(_)
NecsB T|T MF EENEREDEATE] 13fe SFEDRFQSDYQAILVVTPVHTPRLP
Azi26 GETT GRIAT I LE[RE[SRIELGC] TV|S| RISIIA Y|ADIRF AL PY AA| MIED . . HT. .LP
SACE5532 \,’Is|SMAMDn I|DG|F T|P|E FlQ OF S|RF‘DLPYAV LSI IPGNVPRPA
MdpB IDEEL{. [AR TADISRA FIQAME LIAERY DLGY AAW LET IIJLDPGRR R P P|
PokM1 IDAELA.AHEM‘ L] SEEL|AD|RY GLGY AAVLETLEPEPGQORRL P[]
Ch1B1 AvN]. DVVDAELIR. AR T i DFR/AIQHGPGN Y PV LIAR LEJHEPDMD QL P
KR
1639 1649 1659 166(_) 1679 168(_) 1699
NecsB FRDlﬁpvscETDGPTGDQ@FTTTL@GEPEQEZ]RERTTADMREQVAG’LNFDPEIBFEVKHPIVEILW
Azi26 FSHLSVT. ,DAGAQSAD’A|GGVDW Ly PAGEHPEL LKVH AELNLAV]DHIAIDHPIL LV LT
SACE5532 LSE[LTASG.DTGPDEGP[S|I VEGWASIL PHDEILR KH|I NAD] AE[E LKQP I|S|E[VID VRIR/PHY €V
MdpB FDDLPAEPHAADAGAAHAAAPW GLHG PELIRD FIL HAE[T R ARAETGLG ’ DP HAIVEl MT
PokM1 LGEVPTDA. . PHDQEDD[EREAPWAGLAGERLRT FIL TS E[V|SR QVAAE TRLS AlS|E[VD PH I GID s viTR
Ch1B1 LSE[HHTQ. . pTAstc@ATDschgAPDﬁnggIDEMAAH]ISAEMKLA sq_DHRuqs|vrg|QE_Eﬂ'j_
1700 1710 1720 1720 1740 1750
NcsB VA LFVRAQRR[TC L EMEPET TR ARGV AT EHVICDSER. . . WDGEEHG . . . . ... oot ... DLARPT
Azi26 v A LIVIRMH[RIC|FIA v DI 1 SRV REYL 2 E|F| GGATADAEETDPVAGLPAPQQGSGTAEQLDIVA
SACE5532 VAMEA|RQ|RIRHGLAP a INLSEH|ITELLK ...................
MdpB VRI RR PIYA vVERVAEFLADGLDAAG . SAVEEA.
PokM1 V VA L QRVDT PDPDPADER
Ch1B1 1v1 RR E w GHK 2| LL ISE ELLAPTTSQPDNTA
NcsB ARRA.
Azi26 AARAG
SACE5532 S. ..
MdpB .
PokM1 P
Ch1B1 AATA

Figure S1. Alignment of the sequences of the mellein synthase and the homologous
PKSs. Domains are indicated by the bars of different color.
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Figure S2. SDS-PAGE gels and size-exclusion chromatogram of the recombinant proteins.
A. SDS-PAGE gel of the single-expressed SACES532 after metal affinity and size-exclusion
chromatography. B. SDS-PAGE gel of the co-expressed SACES532 and Sfp eluted from
Ni**-NTA column. C. SDS-PAGE gel of the stand-alone KR domains.
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Figure S3. In vitro enzymatic assay and product analysis by mass spectrometry. A.
Enzymatic reaction of SACE5532 as followed by the time-dependent decline of the NADPH
absorbance (substrates include acetyl-CoA, malonyl-CoA and NADPH). B. Enzymatic
reactions of SACES532 as followed by the formation of the enzymatic product. (1.
SACES5532 (expressed by using pET26 vector); 2. SACE5532 (expressed by using pET28
vector); 3. Cerulenin inhibited reaction 4. No Sfp modification; 5. No malonyl-CoA 6. No-
acetyl-CoA). C. Mass spectrometry of the mellein produced by unlabeled acetyl-CoA and
malonyl-CoA. D. Mass spectrometry of the mellein produced by unlabeled acetyl-CoA and [1,
2, 3]—13 C-labelled malonyl-CoA.
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Figure S4. '"H-NMR spectra of the enzymatic product mellein. (CDCls, 400 MHz).
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Figure S5. 13C NMR spectrum of the enzymatic product mellein. (CDCl3, 400 MHz).
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Figure. S7. Multiple sequences alignment of the catalytic KR subdomains of iterative PKSs.
The PKSs included SACES5532, NcsB, ChiB1, MdpB and AziB, with TrylKR1 (PDB ID:
2FR0) from the modular type I PKS tylosin PKS. The residues with high consensus value
(90%) are in red, and the residues with low consensus value (50%) are in blue. The catalytic
residues K, S, Y and N are labeled with asterisks. The conserved motif (GXGXXG) for
NADPH binding is underlined. The KR domains of the iterative type I PKSs lack the His
residue at the active site groove (highlighted with dot) and characteristic L-D-D motif
(highlighted with yellow shadow), implicating that they fall into an A1 type IR family and act
on the keto groups to yield L-hydroxy configurations exclusively (Ref. Keatinge-Clay,
Structure, 2007).
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Figure. S8. Putative polyketide intermediates and keto-reduction pattern in mellein and
2-hydroxyl-5-methyl-NPA biosynthesis.
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Figure S9. Ketoreducase activity of the stand-alone KRsacess32 domain towards di-,and
triketide analogs. No reduction was observed for KRnesp for the three substrates (data

not shown).
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Figure S10. Synthesis of isocoumarins by non-reducing (NR) PKSs (Refs: Ahuja et al, J. Am.
Chem. Soc. 2012, J. Am. Chem. Soc., Article ASAP, DOI: 10.1021/ja3016395; Nakazawa et
al, ChemBioChem. 2012, 13, 855-861; Ishiuchi et al, ChemBioChem, 2012, 13, 846-854)
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