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Materials and Methods

Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth (TB),
yeast extract, malt extract, glycerol, and triethylamine (TEA) were purchased from EMD
Biosciences (Darmstadt, Germany). Carbenicillin (Cb), isopropyl-pB-D-thiogalactopyranoside
(IPTG), phenylmethanesulfonyl fluoride  (PMSF), tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI), sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), magnesium chloride hexahydrate, kanamycin (Km),
acetonitrile, N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), dichloromethane, ethyl acetate
and ethylene diamine tetraacetic acid disodium dihydrate (EDTA), were purchased from Fisher
Scientific (Pittsburgh, PA). Sodium fluoroacetate, coenzyme A trilithium salt (CoA), acetyl-
CoA, malonyl-CoA, methylmalonyl-CoA, diethylfluoromalonate, malonic acid, methylmalonic
acid, tris(2-carboxyethyl)phosphine (TCEP) hydrochloride, lithium hexamethyldisilazide
solution (LiHMDS), phosphoenolpyruvate (PEP), adenosine triphosphate sodium salt (ATP),
nicotinamide adenine dinucleotide reduced form dipotassium salt (NADH), nicotinamide adenine
dinucleotide phosphate reduced form (NADPH), myokinase, pyruvate kinase, lactate
dehydrogenase, poly(ethyleneimine) solution (PEI), 5-fluorouracil, B-mercaptoethanol, sodium
phosphate dibasic hepthydrate, chlorotrifluoromethane and N,N,N',N'-tetramethyl-ethane-1,2-
diamine (TEMED) were purchased from Sigma-Aldrich (St. Louis, MO). Formic acid was
purchased from Acros Organics (Morris Plains, NJ). Acrylamide/Bis-acrylamide (30%, 37.5:1),
electrophoresis grade sodium dodecyl sulfate (SDS), Bio-Rad protein assay dye reagent
concentrate and ammonium persulfate were purchased from Bio-Rad Laboratories (Hercules,
CA). Restriction enzymes, T4 DNA ligase, Antarctic phosphatase, Phusion DNA polymerase, T5
exonuclease, and Taq DNA ligase were purchased from New England Biolabs (Ipswich, MA).
Deoxynucleotides (dNTPs) and Platinum Taq High-Fidelity polymerase (Pt Taq HF) were
purchased from Invitrogen (Carlsbad, CA). PageRuler™ Plus prestained protein ladder was
purchased from Fermentas (Glen Burnie, Maryland). Oligonucleotides were purchased from
Integrated DNA Technologies (Coralville, IA), resuspended at a stock concentration of 100 uM
in 10 mM Tris-HCI, pH 8.5, and stored at either 4°C for immediate use or -20°C for longer term
use. DNA purification kits and Ni-NTA agarose were purchased from Qiagen (Valencia, CA).
Complete EDTA-free protease inhibitor was purchased from Roche Applied Science (Penzberg,
Germany). O-(7-Azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium  hexafluorophosphate
(HATU), Amicon Ultra 3,000 MWCO and 30,000 MWCO centrifugal concentrators, 5,000
MWCO regenerated cellulose ultrafiltration membranes, and LiChroCART 250-4 Purospher RP-
18e HPLC column were purchased from EMD Millipore (Billerica, MA). Deuterium oxide and
chloroform-d were purchased from Cambridge Isotope Laboratories (Andover, MA). ’F NMR
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spectra were collected at 25°C on Bruker AVQ-400 or AV-600 spectrometers at the College of
Chemistry NMR Facility at the University of California, Berkeley or on a Bruker Biospin 900
MHz spectrometer at the QB3 Central California 900 MHz NMR Facility or on a Bruker AV-
600 spectrometer equipped with a QCI-CryoProbe at Novartis Institutes for Biomedical Research
(Emeryville, California). Spectra were referenced to CFCl; (0 ppm) or 5-fluorouracil (D;O: -
168.33 ppm vs. CFCl3). NMR assignments were made based on COSY, C-'H HSQC, “C-'H
HMBC and ""F-'"H HMBC spectra where appropriate. High-resolution mass spectral analyses

were carried out at the College of Chemistry Mass Spectrometry Facility.

Bacterial strains. E. coli DHI10B-T1® and BL21(de3)T1" were used for DNA construction and
heterologous protein production, respectively, except for DEBS modules, which were

heterologously expressed in E. coli BAP1 (45).

Gene and plasmid construction. Standard molecular biology techniques were used to carry out
plasmid construction. All PCR amplifications were carried out with Phusion or Platinum Taq
High Fidelity DNA polymerases. For amplification of GC-rich sequences from S. coelicolor,
PCR reactions were supplemented with DMSO (5%) using the standard buffer rather than GC
buffer with primer annealing temperatures 8-10°C below the Ty,. All constructs were verified by

sequencing (Quintara Biosciences; Berkeley, CA).

The synthetic gene encoding NphT7 was optimized for E. coli class II codon usage and
synthesized using PCR assembly (7able SI). Gene20ligo was used to convert the gene sequence
into primer sets using default optimization settings (7able SI1) (46). To assemble the synthetic
gene, each primer was added at a final concentration of 1 uM to the first PCR reaction (50 pL)
containing 1 % Pt Taq HF buffer (20 mM Tris-HCI, 50 mM KCI, pH 8.4), MgSO, (1.5 mM),
dNTPs (250 uM each), and Pt Taq HF (5 U). The following thermocycler program was used for
the first assembly reaction: 95°C for 5 min; 95°C for 30 s; 55°C for 2 min; 72°C for 10 s; 40
cycles of 95°C for 15 s, 55°C for 30 s, 72°C for 20 s plus 3 s/cycle; these cycles were followed
by a final incubation at 72°C for 5 min. The second assembly reaction (50 uL) contained 16 pL
of the unpurified first PCR reaction with standard reagents for Pt Taq HF. The thermocycler
program for the second PCR was: 95°C for 30 s; 55°C for 2 min; 72°C for 10 s; 40 cycles of
95°C for 15 s, 55°C for 30 s, 72°C for 80 s; these cycles were followed by a final incubation at
72°C for 5 min. The second PCR reaction (16 puL) was transferred again into fresh reagents and
run using the same program. Following gene construction, the DNA smear at the appropriate size
was gel purified and used as a template for the rescue PCR (50 pL) with Pt Taq HF and rescue

primers under standard conditions. The resulting rescue product was inserted into pBAD33 and
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confirmed by sequencing, then amplified using the nphT7 F1/R1 primer set (Table SI) and
inserted into the Ndel site of pET-16b using the Gibson protocol (47).

pET16b-His o-AckA.EC and pET16b-His;o-Pta.EC were constructed by amplification from
pRSFDuet-ackA.pta using the AckA.EC F/R and Pta.EC F/R primer sets (7able SI) and insertion
into the Ndel-Xhol (Pta, Gene ID 12872491) or Ndel-BamHI (AckA, Gene ID 12874027) sites
of pET16b. pET28a-Hisc-MatB.SCo and pET28a-Hise-Epi.SCo were constructed by
amplification from S. coelicolor A3(2) M145 (ATCC BAA-471) genomic DNA using the
MatB.SCo F/R and epi.SCo F/R primer sets (7able S1) and insertion into the Ndel-Xhol sites of
pET28a. pET16x-His;o-THNS was constructed by amplification out of S. coelicolor genomic
DNA using the THNS F/R primer set (Table SI) and insertion into the Ndel-Spel sites of
pET16x. pCDFDuet-DszsAT.SCe-MatB.SCo and pCDFDuet-0-MatB.SCo were constructed by
amplification from pET28a-Hisc-MatB.SCo and pFW3 (40) using the pCDF-MatB.SCo F/R and
pCDF-DszsAT.SCe F/R primer sets (7able SI) and insertion of DszsAT.SCe and MatB.SCo into
the Ncol-HindIII and Ndel-Kpnl sites of pCDFDuet-1 respectively. pTRC33-NphT7-PhaB was
constructed by amplifying NphT7 from pET-16b-NphT7 using the NphT7 G F/G R primer set
(Table SI) and PhaB from pBT33-PhaABC (48) using the PhaB F/R primer set (7able S1) where
each forward primer included the RBS from pET16b, then inserting both genes simultaneously
into the BamHI-Xbal sites of pTRC33 using the Gibson protocol. pSV272-Hiss-MBP-DEBSy042
and pSV272—HiS(,—MBP—DEBSModz/ATO (S2652A based on EryAl numbering) were constructed
by amplification from pBP19 (42) using the MBP-M2 F/R primer set (pSV272-MBP-DEBSyo42-
Hisg) (Table S1) or MBP-M2 F/MBP-M2ATnull R and MBP-M2ATnull F/MBP-M2 R
(pSV272—MBP—DEBSMOdg/ATO—His(,) (Table SI) and insertion into the Sfol-HindIII sites of
pSV272.1 using the Gibson protocol. pPBAD33.BirA.EC was cloned by the QB3 Macrolab.

Expression of His-tagged proteins. TB (1 L) containing carbenicillin, kanamycin, and
chloramphenicol (50 pg/mL) as appropriate in a 2.8 L Fernbach baffled shake flask was
inoculated to ODgop = 0.05 with an overnight TB culture of freshly transformed E. coli
containing the appropriate overexpression plasmid. The cultures were grown at 37°C at 250 rpm
to ODgoo = 0.6 to 0.8 at which point cultures were cooled on ice for 20 min, followed by
induction of protein expression with IPTG (His;o-AckA, Hisjo-Pta: 1 mM; His o-AccA/B/C/D,
His;o-THNS, DEBSMOd6/AT0+TE—Hi56 [pPAYCI138, (40)]: 0.4 mM; Hise-MatB, Hise-Epi, Hiso-
NphT7, DszsAT-His¢[pFW3, (40)], DEBSmoactTE-Hisg[pRSG54, (36)], DEBSmoqst+TE-
Hiss[pRSG34, (35)], DEBSmoeas/ AT’ +TE-Hiss[pAYC136, (40)], MBP-DEBSyq-Hiss, MBP-
DEBSMOdz/ATO—His6: 0.2 mM) and overnight growth at 16°C. For Hisjo-AccB expression,
pBAD33-BirA was co-expressed (L-arabinose, 0.2 %) and the medium was supplemented with
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20 nM D-(+)-biotin at induction. For MBP-DEBSy04:-Hisg and MBP—DEBSMOdz/ATO—His6,
pRARE2 was co-expressed. Cell pellets were harvested by centrifugation at 9,800 x g for 7 min
at 4°C and stored at -80°C.

Purification of His o-AckA, Hiso-Pta, His¢-MatB, His¢-Epi, Hisqo-AccA/B/C/D, DszsAT-Hisg
and His4o-NphT7. Frozen cell pellets were thawed and resuspended at 5 mL/g cell paste with
Buffer A (50 mM sodium phosphate, 300 mM sodium chloride, 20% glycerol, 20 mM BME, pH
7.5) containing imidazole (10 mM) for His;o-AckA, His;o-Pta, His;g-AccA/B/C/D, His;o-NphT7,
and DszsAT-His¢ or Buffer B (200 mM sodium phosphate, 200 mM sodium chloride, 30%
glycerol, 2.5 mM EDTA, 2.5 mM DTT, pH 7.5) for Hisc-MatB and Hises-Epi. Complete EDTA-
free protease inhibitor cocktail (Roche) was added to the lysis buffer before resuspension. The
cell paste was homogenized before lysis by passage through a French Pressure cell (Thermo
Scientific; Waltham, MA) at 14,000 psi. The lysate was centrifuged at 15,300 x g for 20 min at
4°C to separate the soluble and insoluble fractions. DNA was precipitated in the soluble fraction
by addition of 0.15% (w/v) poly(ethyleneimine). The precipitated DNA was removed by
centrifugation at 15,300 x g for 20 min at 4°C. The remaining soluble lysate was diluted three-
fold with Buffer A containing imidazole (10 mM) and loaded onto a Ni-NTA agarose column
(Qiagen, 1 mL resin/g cell paste) by gravity flow or on an AKTApurifier FPLC (2 mL/min; GE
Healthcare; Piscataway, NJ). The column was washed with Buffer A until the eluate reached an

Azgonm < 0.05 or was negative for protein content by Bradford assay (Bio-Rad).

Hisg-AckA, His;p-Pta, Hiss-MatB, His p-AccB, Hisjg-AceD, and DszsAT-Hiss. The column was
washed with 5 to 10 column volumes with Buffer A supplemented with imidazole (His;o-AckA,
40 mM; Hiso-Pta, 35 mM; His¢-MatB, His o-AccB, Hisjo-AccD, and DszsAT-Hiss, 20 mM).
The protein was then eluted with 300 mM imidazole in Buffer A.

Hise-Epi. Hise-Epi was eluted using a linear gradient from 0 to 300 mM imidazole in Buffer A

over 30 column volumes.

Hisp-AccA, Hisjp-AccC and His;p-NphT7. The column was washed with a linear gradient from
10 to 90 mM imidazole in Buffer A over 15 column volumes and then eluted with 300 mM

imidazole in Buffer A.
Fractions containing the target protein were pooled by Aszso nm and concentrated using either an
Amicon Ultra spin concentrator (3 kDa MWCO, Millipore) or an Amicon ultrafiltration cell

under nitrogen flow (65 psi) using a membrane with an appropriate nominal molecular weight
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cutoff (Ultracel-5 or YM10, Millipore). Protein was then exchanged into Buffer C (50 mM
HEPES, 100 mM sodium chloride, 2.5 mM EDTA, 20% glycerol, pH 7.5) with (His;o-AckA,
Hiso-Pta, His;o-AccA/B/C/D, His o-NphT7, DszsAT-Hise) or without (Hise-MatB and Hisg-Epi)
DTT (0.5-1 mM) using a Sephadex G-25 column (Sigma-Aldrich, bead size 50-150 um, 10 mL

resin/mL protein solution), then concentrated again before storage.

Final protein concentrations before storage were estimated using the €30 nm calculated by
ExPASY ProtParam as follows: Hisjo-AckA: 14.8 mg/mL (€280 nm = 24,860 M cm'l), His;o-Pta:
16.5 mg/mL (€280 nm = 37,360 M cm'l), Hisg-MatB: 19.8 mg/mL (€280 nm = 33,920 M cm'l),
Hise-Epi: 18.5 mg/mL (€280 nm = 11,460 M cm'l), Hisjo-AccA: 33.2 mg/mL (€280 nm = 25,900 M
cm'l), Hisjo-AccB: 23.0 mg/mL (€280 nm = 2,980 M cm'l), Hisjo-AccC: 32.6 mg/mL (€280 nm =
27,850 M cm'l), Hisjo-AccD: 4.5 mg/mL (€280 nm = 16,960 M cm'l), DszsAT-Hisg: 1.7 mg/mL
(€280 nm = 17,420 M cm'l), Hiso-NphT7: 0.4 mg/mL (€280 nm = 26,930 M cm'l). All proteins

were aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C.

Purification of DEBSyoqs+TE-Hiss, DEBSposs/AT*+TE-Hiss, DEBSyoqs+TE-Hiss, and
DEBSyoqs/ AT’ +TE-Hiss. The His-tagged DEBS module with thioesterase (DEBSyd6tTE)
construct was heterologously expressed in E. coli BAP1 pRSG54 as described previously and
purified using a modified literature protocol (49). Cleared cell lysates were prepared in Buffer B
as described above, diluted three-fold with Buffer A, and passed over a Ni-NTA agarose column
(Qiagen, approximately 1 mL/g cell paste) on an AKTApurifier FPLC. The column was washed
with Buffer A until the eluate reached an Ajgp nm < 0.05. Protein was eluted with Buffer D (50
mM sodium phosphate, 50 mM sodium chloride, 20 mM BME, 20% glycerol, 100 mM
imidazole, pH 7.5). The eluate was diluted three-fold with Buffer E (50 mM HEPES, 2.5 mM
EDTA, 2.5 mM DTT, 20% glycerol, pH 7.5), loaded onto a HiTrap Q HP column (GE
Healthcare, 5 mL), and eluted with a linear gradient from 0 to 1 M sodium chloride in Buffer E
over 30 column volumes (4.5 mL/min). Fractions containing the target protein (eluted at ~350
mM sodium chloride) were pooled by Agonm and concentrated under nitrogen flow (65 psi) in an
Amicon ultrafiltration cell using a YM10 membrane. The protein was flash-frozen in liquid
nitrogen and stored at -80°C at a final concentration of 6-30 mg/mL, which was estimated using
the calculated €330 nm (DEBSmoqs and DEBSM0d3/ATOZ 203,280 M'lcm'l; DEBSwmog6 and
DEBSwmoeas/AT’: 206,260 M cm™).

Purification of MBP-DEBSy.q4-Hiss and MBP-DEBSy0q2/AT -Hisg. Cleared lysates were
prepared as described for other DEBS modules, diluted three-fold with Buffer A containing 10

mM imidazole, and bound in batch to Ni-NTA resin (2.5 mL/g cell paste) for 2 h. The slurry was
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poured into a fritted column and washed with Buffer A containing 10 mM imidazole until the
eluate reached Az nm < 0.05. The protein was eluted with Buffer A containing 300 mM
imidazole and concentrated to ~1 mg/mL in an Amicon ultrafiltration cell using a YM10 (30 kD
NMWL) membrane. The protein was then dialyzed overnight against Buffer E containing 50
mM NaCl with TEV protease (1 mg/100 mg protein substrate) to remove the MBP tag. The
protein was loaded onto a HiTrap Q HP column and eluted by a linear gradient from 0 to 500
mM NaCl in Buffer E over 20 column volumes. Fractions containing the desired protein were
identified by SDS-PAGE (eluting at ~350 mM NaCl), pooled, and concentrated in a YM10 (30
kD NMWL) Amicon Ultra spin concentrator. Protein aliquots were flash-frozen in liquid
nitrogen and stored at -80°C at a final concentration of 20-25 mg/mL, which was estimated using
the calculated €380 nm (158,360 M'lcm'l).

Purification of Hisq-THNS. His;;-THNS was purified according to a modified literature
procedure (37). Cleared cell lysates were prepared in Buffer F (50 mM Tris-HCI, 500 mM
sodium chloride, 20 mM BME, 10% glycerol pH 8) supplemented with imidazole (10 mM),
PMSF (0.75 mM), and Tween 20 (1% v/v) as described above, diluted with Buffer G containing
imidazole (10 mM) and Tween 20 (1%), and loaded onto a HisTrap FF column (GE Healthcare,
1 mL) on an AKTApurifier FPLC (1 mL/min). The column was washed with 10 mM followed
by 20 mM imidazole in Buffer G, each time until the eluate reached an Asgp nm < 0.05. Protein
was eluted with 300 mM imidazole in Buffer G and concentrated with an Amicon Ultra spin
concentrator (10 kDa MWCO). His;o-THNS was then exchanged into Buffer C containing DTT
(1 mM) using a Sephadex G-25 column (Sigma-Aldrich, bead size 50-150 pm, 10 mL/mL
protein solution) and concentrated again. The protein was flash-frozen in liquid nitrogen and
stored at -80°C at a final concentration of 4.4 mg/mL, which was estimated using the calculated
€280 nm (33,920 M em™).

ESI-MS screening method for acyl-CoAs. Preparative HPLC fractions were screened on an
Agilent 1290 HPLC system using a Zorbax Eclipse Plus C-18 column (3.5 pm, 2.1 x 30 mm,
Agilent) with a linear gradient from 0 to 65% acetonitrile over 2 min with 0.1% formic acid as
the aqueous mobile phase (0.75 mL/min). Mass spectra were recorded on an Agilent 6130 single

quadrupole MS with ESI source, operating in negative and positive ion scan mode.

Fluoromalonate. Diethylfluoromalonate (0.5 mL, 3.2 mmol) was saponified with methanolic
sodium hydroxide (2 M, 3.5 mL) in dichloromethane and methanol (9:1 v/v, 32 mL) and the
sodium salt isolated by filtration through a Biichner funnel with a fine porosity glass frit (50). "’F
NMR (565 MHz, D,0, 5-fluorouracil = -168.3 ppm): 6 -176.43 (d, J=53 Hz).
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Fluoromalonyl-CoA. Fluoromalonyl-CoA was prepared enzymatically from fluoromalonate and
CoA using MatB and ATP. A myokinase/pyruvate kinase/PEP system was also used to
regenerate ATP in order to avoid high concentrations of AMP that might inhibit MatB. The
reaction mixture (10 mL) contained 100 mM sodium phosphate, pH 7.5, phosphoenolpyruvate (5
mM), TCEP (2.5 mM), magnesium chloride (5 mM), fluoromalonate (2.5 mM), ATP (2.5 mM),
pyruvate kinase (36 U), myokinase (20 U), CoA (2 mM) and MatB (5 uM). The mixture was
incubated at 37°C for 6 h and then at room temperature for 16 h before lyophilizing overnight.
The residue was dissolved in water (1.6 mL) and acidified to pH ~2 by addition of 70%
perchloric acid (160 pL). Insoluble material was removed by centrifugation at 18,000 x g for 10
min. The supernatant was adjusted to pH 6 by addition of 10 M sodium hydroxide (100 pL) and
desalted on an Agilent 1200 HPLC system using a Zorbax Eclipse XDB C-18 column (5 pm, 9.4
x 250 mm, Agilent) with a linear gradient from 0 to 10% methanol over 9 min with 50 mM
sodium phosphate, 25 mM trifluoroacetic acid, pH 4.5 as the aqueous mobile phase (3 mL/min).
Fractions eluting near the void volume, containing both fluoromalonyl-CoA and CoA, were
lyophilized overnight, dissolved in water (1 mL), and purified using a Zorbax Eclipse XDB C-18
column (5 pm, 9.4 x 250 mm) with a linear gradient from 0 to 50% methanol over 45 min with
50 mM sodium phosphate, pH 4.5 as the aqueous mobile phase (3 mL/min). Fractions were
screened by ESI-MS and those containing pure fluoromalonyl-CoA were lyophilized overnight,
dissolved in water (1 mL), and desalted using a Zorbax Eclipse XDB C-18 column (5 pum, 9.4 x
250 mm) with a linear gradient from 0 to 15% acetonitrile over 30 min with water as the mobile
phase (3 mL/min). The desalted fluoromalonyl-CoA was lyophilized and redissolved in water or
D,0. The fluoromalonyl-CoA solutions were stored at -20°C but are stable for at least 24 h at
room temperature. During NMR measurements in D,O, complete H-D exchange occurred at the
fluorine-substituted carbon over the course of 48 h. Spectra are shown in Figure S4. '"H NMR
(600 MHz, D,0O, MeOH = 3.34 ppm): 6 8.55 (s, 1H, Hg), 8.27 (s, 1H, Hy), 6.17 (d, J=6.6 Hz, 1H,
Hy"), 5.23 (d, J=50.3 Hz, 1H, O,C-CHF-C=0), 4.89 — 4.79 (m, 2H, Hy and H3), 4.59 (m, 1H,
Ha), 4.23 (m, 2H, Hs), 4.00 (s, 1H, Hsv), 3.82 (dd, J=10.2, 4.6 Hz, 1H, pro-R-H;~), 3.54 (dd,
J=10.0, 4.4 Hz, 1H, pro-S- H;»), 3.49 — 3.39 (m, 2H, Hs"), 3.38 — 3.29 (m, 2H, Hy-), 3.11-3.02 (m,
2H, Hyv), 2.42 (t, J=6.7 Hz, 3H, Hg»), 0.88 (s, 3H, Hyp), 0.74 (s, 3H, H;;»). ®C NMR (226 MHz,
D,0O, CH30H = 49.15 ppm): & 196.92, 196.85 (d, J=27.5 Hz, CO,), 175.02 (Cy4»), 174.32 (C7v),
169.52 (d, J=21.0 Hz, O,C-CDF-C=0), 155.37 (Cs), 152.40 (C,), 149.57 (C4), 140.37 (Cy),
118.91 (Cs), 93.32 (td, J=25 Hz, 197 Hz, O,C-CDF-C=0), 86.61 (Cy), 83.81 (d, J=9 Hz, Cy4),
74.56 (d, J=5 Hz, Cs or Cy»), 74.35 (Csv), 74.00 (d, J=5 Hz, Cy), 72.16 (d, J=6 Hz, Cs or C;»),
65.56 (Cs), 38.66 (Cs- or Cer), 38.58 (d, J=8 Hz, Cs) 35.58 (d, J=30 Hz, Cy), 27.60 (d, J=3 Hz,
Cs» or Cg), 21.16 (Cyqr), 18.22 (C11v). F NMR (565 MHz, D,0, CF3CO,H = -76.20 ppm): & -
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182.11 (dd, J=7.8, 50.4 Hz, O,C-CHF-C=0), -182.72 (m, O,C-CDF-C=0). HR-ESI-MS [M-H]
: calculated for Co4H36FN;O19P3S, m/z, 870.0989, found m/z 870.0991.

Enzyme assays. Kinetic parameters (kca, Kyv) were determined by fitting the data using
Microcal Origin to the equation: vo = vmax [S] / (Km + [S]), where v is the initial rate and [S] is the
substrate concentration. Data are reported as mean + s.e. (n = 3) unless otherwise noted with
standard error derived from the nonlinear curve fitting. Error bars on graphs represent mean =+
s.d. (n = 3). Error in k./Kwm 1s calculated by propagation of error from the individual kinetic

parameters.

Acetyl-CoA carboxylase. ACCase activity was measured using a discontinuous HPLC assay.
Assays were performed at 30°C in a total volume of 200 puL containing 50 mM HEPES, pH 7.5,
TCEP (10 mM), bovine serum albumin (3 mg/mL), CoA (0.5 mM), ATP (2.5 mM), magnesium
chloride (10 mM), sodium bicarbonate (75 mM), acetate or fluoroacetate (10 mM),
phosphoenolpyruvate (10 mM), pyruvate kinase (4 U), AckA (0.1 uM), Pta (10 uM) and
ACCase (15 uM). The pH of the buffer remained unchanged after addition of sodium
bicarbonate. ACCase stock solution was prepared by pre-mixing the protein subunits at
equimolar ratio (85 uM) except for AccB, which was added at 1.5-fold molar excess. The
reaction was initiated with addition of ATP. Aliquots (20 pL) were removed and quenched by
the addition of 70% perchloric acid (1 pL). Insoluble material was removed by centrifugation
and the supernatant was analyzed on an Agilent 1200 or 1290 HPLC system on a LiChroCART
250-4 Purospher RP-18e column (5 pum, 4.6 x 250 mm, Millipore) and monitored at Azep nm. For
reactions with acetate, a linear gradient from 2 to 20% acetonitrile over 10 min with 5 mM
sodium phosphate and 5 mM sodium citrate with 0.1% trifluoroacetic acid, pH 4.6 as the
aqueous mobile phase (1 mL/min) was used to analyze the reaction. For reactions with
fluoroacetate, a linear gradient from 2 to 15% acetonitrile containing 0.1% TEA over 15 min
with 10 mM Tris, pH 8.0 containing 0.1% TEA as the aqueous mobile phase (1 mL/min) was
used. Buffers containing TEA were made fresh daily and could be used for at least 6 h before

significant change in chromatography was observed.

Malonyl-CoA synthetase. MatB activity was measured using a modified literature method (57).
The production of AMP was coupled to pyruvate formation by myokinase and pyruvate kinase,
which in turn was coupled to NADH oxidation by lactate dehydrogenase. Assays were
performed at 30°C in a total volume of 200 pL containing 100 mM HEPES, pH 7.5, TCEP (1
mM), ATP (2.5 mM), magnesium chloride (5 mM), phosphoenolpyruvate (1 mM), NADH (0.3
mM), myokinase (0.5 U), pyruvate kinase (3.6 U), lactate dehydrogenase (2.6 U), dicarboxylic
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acid (25 pM — 1 mM malonate, 50 uM — 10 mM fluoromalonate or 25 uM — 1.5 mM
methylmalonate) and MatB (26 nM for malonate, 1 uM for fluoromalonate and 200 nM for
methylmalonate). The reaction was initiated with addition of CoA (0.5 mM) and monitored at

340 nm in a Beckman Coulter DU-800 spectrophotometer.

Acetoacetyl-CoA synthase. NphT7 activity was measured using a NADPH-coupled assay with
PhaB. Assays were performed at 30°C in a total volume of 500 pL containing 50 mM HEPES,
pH 7.5, NADPH (160 uM), acetyl-CoA (200 uM), PhaB (0.05 mg/mL), NphT7 (0.2 uM for
malonyl-CoA; 0.5uM for fluoromalonyl-CoA) and malonyl-CoA (5 — 150 pM) or
fluoromalonyl-CoA (5 — 200 uM). Reactions were initiated with the addition of malonyl- or
fluoromalonyl-CoA and monitored at 340 nm in an Agilent 8453 diode array spectrophotometer.
The PhaB-coupled assay was tested both by doubling NphT7, which doubled the initial velocity
with both the fluorinated and non-fluorinated substrates, and also by doubling the amount of

PhaB, which led to no difference in initial velocity.

Acyl-CoA hydrolysis by DEBS. Hydrolytic activity of DEBSmeaetTE was measured by
monitoring the reaction of free CoA with DTNB as described previously (52). Assays were
performed at 37°C in a total volume of 200 pL containing 400 mM sodium phosphate, pH 7.5,
500 uM DTNB, and DEBSwea6tTE (1 uM). Reactions were initiated by addition of acyl-CoA
(0.5 mM) and monitored at 412 nm in a Beckman Coulter DU-800 spectrophotometer. Release
of CoA was quantified by comparison to a standard curve (5-100 pM).

Tetrahydroxynaphthalene synthase. THNS activity was measured by monitoring THN
production spectrophotometrically at 340 nm as previously described (37). The specific activity

was comparable to the reported value.

Tetrahydroxynaphthalene production using THNS. All reactions (160 pL) contained 100 mM
HEPES, pH 7.5, magnesium chloride (10 mM), BSA (300 pg/mL), sodium bicarbonate (75
mM), phosphoenolpyruvate (10 mM) and pyruvate kinase (2.9 U). The following final
concentrations of substrates and enzymes were added to the appropriate reactions: AckA (10
nM), Pta (10 uM), ACCase (5 uM), MatB (5 uM), myokinase (1.6 U), sodium malonate (5 mM),
malonyl-CoA (0.5 mM), acetyl-CoA (0.5 mM), and ATP (2.5 mM). ACCase was incubated at
30°C for 10 min with the reaction mixture before initiation with THNS (2.5 pM). When
AckA/Pta activation of acetate was included, reaction mixtures were pre-incubated at 30°C for 6
min before addition of ACCase. Reactions containing TCEP (2.5 mM) were also tested, but no

apparent effect on THN production was observed. All reactions were incubated at 30°C for 24 h
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and flash-frozen in liquid nitrogen. Samples were thawed individually on ice before quantifying
total polyketide production using a Beckman DU-800 spectrophotometer. Asjo nm Was taken as a
measure of tetrahydroxynaphthalene, flaviolin, and their spontaneous polymerization products
(53).

2-fluoro-3-hydroxybutyryl-CoA production using NphT7. As acetofluoroacetyl-CoA proved
to degrade fairly rapidly under the assay conditions, 2-fluoro-3-hydroxybutyryl-CoA was
isolated from a 10 mL reaction containing 100 mM HEPES, pH 7.5, fluoromalonate (10 mM),
CoA (500 puM), NADPH (1 mM), ATP (1 mM), magnesium chloride (5 mM),
phosphoenolpyruvate (10 mM), pyruvate kinase (180 U), myokinase (100 U), MatB (40 uM),
PhaB (7 uM) and NphT7 (2 uM) that was initiated by the addition of acetyl-CoA (0.5 mM,
limiting reagent). The reaction was incubated at 30°C overnight followed by quenching by the
addition of 70% perchloric acid (50 pL). 2-fluoro-3-hydroxybutryl-CoA was purified using a
Zorbax Eclipse XDB C-8 column (5 um, 9.4 x 250 mm, Agilent) with a linear gradient from 0 to
5% acetonitrile over 30 min (3 mL/min) with 50 mM sodium phosphate with 0.1%
trifluoroacetic acid (pH 4.5) as the aqueous mobile phase. Fractions containing 2-fluoro-3-
hydroxybutryl-CoA were identified by ESI-MS and lyophilized. The remaining solid was
dissolved in water (1 mL) and purified a second time a Zorbax Eclipse XDB C-8 column (5 um,
9.4 x 250 mm, Agilent) with a linear gradient from 0 to 5% acetonitrile over 30 min (3 mL/min)
with 0.1% formic acid as the aqueous mobile phase. Fractions containing 2-fluoro-3-
hydroxybutryl-CoA were identified by ESI-MS and lyophilized. Two diastereomers were
observed by NMR in an approximately 2.5:1 ratio. "H NMR (600 MHz, D,0, acetonitrile = 2.06
ppm): & 8.54 (s, 1H, Hy), 8.30 (s, 1H, Hy), 6.08 (d, J=5.9 Hz, 1H, H;"), 4.93 (dd, J=47.8, 2.6 Hz,
0.2H, HOCH-CHF-C=0 minor diastereomer), 4.85 (dd, J=46.9, 2.2 Hz, 0.8H, HOCH-CHF-C=0
major diastereomer), 4.77 — 4.77 (m, 2H, Hy and Hj), 4.46 (m, 1H, Ha), 4.16-4.04 (m, 3H,
HOCH-CHF-C=0, Hs), 3.89 (s, 1H, Hsv), 3.72 (d, J=7.1 Hz, 1H, H;~ pro-R), 3.46 (d, J=9.7 Hz,
1H, pro-S- H;» pro-S), 3.31 (t, J=6.5 Hz, 2H, Hs+), 3.26 — 3.20 (m, 2H, Hg-), 2.95 (m, 2H, Hy"),
2.30 (t, J=6.5 Hz, 2H, Hg), 1.15 (d, J=6.7 Hz, 2H, H;C-HOCH-CHF major diastereomer), 1.05
(d, J=6.4 Hz, 1H, H3;C-HOCH-CHF minor diastereomer), 0.79 (s, 3H, Ho"), 0.67 (s, 3H, Hy»).
YF NMR (565 MHz, D,0, CF3;CO,H = -76.20 ppm): & -198.62 (dd, J=48.24, 23.3 Hz, HOCH-
CHF-C=0), -206.85 (dd, J=46.9, 27.5, HOCH-CHF-C=0). ESI-MS [M+H]": calculated for
CysH4FN;018P3S, m/z, 872.2, found m/z 872.0.

Triketide lactone production using DEBSy,4+TE and MatB. Assay and preparative mixtures
contained 400 mM sodium phosphate, pH 7.5, phosphoenolpyruvate (50 mM), TCEP (5§ mM),
magnesium chloride (10 mM), ATP (2.5 mM), pyruvate kinase (27 U/mL), myokinase (10
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U/mL), CoA (0.5 mM), methylmalonyl-CoA epimerase (5 uM), MatB (40 uM or as specified)
and fluoro- or methylmalonate (10 — 20 mM). Including NADPH resulted in only trace yields of
reduced triketide product, even with the native methylmalonyl-CoA extender, so the cofactor
was omitted. This mixture was incubated at 37°C for 30-45 min and then initiated by addition of
the N-acetylcysteamine thioester of (2S5,3R)-2-methyl-3-hydroxypentanoic acid (NDK-SNAC, 1
— 10 mM) (54) and DEBSy046tTE (10 uM). Aliquots (35 pL) were removed and quenched by
addition of 70% perchloric acid (1.75 pL). Samples were centrifuged at 18,000 x g to pellet the
precipitated protein. The supernatant (33 puL) was removed and added to 1 M sodium bicarbonate
(6.6 uL) bringing the final pH to 4-5. Excess salts were precipitated by freezing in liquid
nitrogen and centrifuging at 18,000 x g until thawed. The supernatant was removed and analyzed
on a Zorbax Eclipse XDB C-18 column (3.5 um, 3 x 150 mm, 35°C, Agilent) using a linear
gradient from 0 to 40% acetonitrile over 14 min with 0.1% formic acid as the aqueous mobile
phase after an initial hold at 0% acetonitrile for 30 s (0.8 mL/min). Products were monitored
using an Agilent G1315D diode array detector (TKL, A0 nm OF A275 nm; F-TKL, Az47 nm; NDK-
SNAC; Ao nm)- The identity of each compound was verified using an Agilent 6130 single
quadruple mass spectrometer in negative ion mode. For absolute quantification, each analyte was
compared to an external standard curve. The concentration of the 2-fluoro-2-desmethyltriketide
lactone (F-TKL) synthetic standard was determined by F NMR using the ERETIC method (55)
against an external standard of 5.00 mM 5-fluorouracil. The triketide lactone (TKL) standard
was prepared enzymatically, and the 2-desmethyltriketide lactone (H-TKL) standard was
synthesized as described (56). The concentrations of TKL and H-TKL were determined by 'H
NMR in D,0O using the ERETIC method against an external standard of diethylfluoromalonate
(75 mM).

Enzymatic preparation of methyl- and fluorotriketide lactones from methylmalonate and
fluoromalonate. Reaction mixtures (TKL, 4 mL; F-TKL, 8 mL) containing NDK-SNAC (10
mM) were prepared as described above and incubated for 18 h. Protein was removed by the
addition of 70% perchloric acid (0.05 volumes) and centrifuged at 18,000 x g for 10 min. The
supernatant was removed and extracted extensively with dichloromethane (TKL, 5 % 15 mL; F-
TKL, 5 x 30 mL) and the organic layers concentrated to 5-10 mL by rotary evaporation. The
residue was transferred to a silanized glass vial (Sigmacote”™, Sigma-Aldrich) and 50 mM sodium
bicarbonate was added (1 mL). The dichloromethane was removed from the biphasic mixture by
rotary evaporation to transfer the triketide into the aqueous phase. The aqueous solution of
triketide was purified on a Zorbax Eclipse XDB C-18 column (5 pm, 9.4 x 250 mm, Agilent)
using a linear gradient from 0 to 27.5% methanol with 50 mM sodium phosphate, pH 4.5 over 45

min as the aqueous mobile phase (3 mL/min). Fractions containing triketide were pooled and
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extracted with dichloromethane (4 % 3 volumes), and the combined organic layers were dried

over magnesium sulfate and concentrated.

The TKL was purified further on a Zorbax Eclipse XDB C-18 (5 pm, 9.4 x 250 mm, Agilent)
using a linear gradient from to 0 to 30% acetonitrile with 0.1% formic acid as the aqueous
mobile phase over 45 min (3 mL/min) after transferring back into bicarbonate buffer as described
above. Fractions containing TKL were combined and lyophilized for analysis. Due to the
presence of a B-keto moiety, TKL was expected to be produced as a diastereomeric mixture, and
was in fact isolated as a 100:7 mixture of (2R,4S,5R)-2,4-Dimethyl-3-oxo-5-hydroxy-#n-heptanoic
acid d-lactone and its 2S-epimer. The observed NMR spectra are in agreement with the literature
(57). "H NMR (500 MHz, CDCl3): & 4.66 (ddd, J=8.4, 5.4, 2.9 Hz, 2R Hs), 4.48 — 4.42 (m, 25
Hs), 3.62 (q, J=6.6 Hz, 2R H>), 3.25 (d, J=7.5 Hz, 2§ H,), 2.83 (dd, J=7.2, 4.7 Hz, 25 Ha), 2.63
(qd, J=7.6, 2.9 Hz, 2R Hy4), 1.93 — 1.82 (m, 2R He,), 1.65 (dqd, J=14.8, 7.6, 5.4 Hz, 2R Hgy,), 1.48
(d, J=7.5 Hz, 285 C,-CH3), 1.37 (d, J=6.7 Hz, 2R C»,-CH3), 1.16 (d, J=6.4 Hz, 25 C4-CH3), 1.12 (d,
J=7.5 Hz, 2R C4-CHs), 1.08 (t, J=7.5 Hz, 2R Hy), 1.01 (t, J=7.5 Hz, 25 H;). ®C NMR (226 MHz,
CDCl;, only the 2R epimer was detected): & 205.59 (C;), 170.21 (Cy), 78.68 (Cs), 50.56 (Cy),
44.52 (Cy), 24.19 (Ce), 10.09 (C7), 9.90 (C4-CHj3), 8.40 (C,-CHsz). HR-ESI-MS [M-H]:
calculated for CoH 303, m/z 169.0870, found m/z 169.0871.

The enzymatic F-TKL was compared against an authentic synthetic standard by LC-MS, HR-
ESI-MS, ""F-NMR, and GC-MS (Figure 4, Figure S13). "F-NMR (565 MHz, CDCls, CFCl; = 0
ppm): -171.95 (broad singlet), -210.32 (d, J = 45.8 Hz). GC-MS: tg, 8.56 min; EI spectrum
(Figure S13). HR-ESI-MS [M-H]: calculated for CsH0FO3, m/z 173.0619, found m/z 173.0623.

Enzymatic preparation of F-TKL from fluoroacetate. One-pot reaction mixtures containing
200 mM HEPES, pH 7.5, TCEP (2 mM), bovine serum albumin (3 mg/mL), magnesium chloride
(5 mM), fluoroacetate (10 mM), NDK-SNAC (10 mM), coenzyme A (2 mM), sodium
bicarbonate (75 mM), ATP (2.5 mM), phosphoenolpyruvate (50 mM), pyruvate kinase (18
U/mL), myokinase (10 U/mL), AckA (10 uM), Pta (1 uM), ACCase (15 uM), MatB (40 uM),
methylmalonyl-CoA epimerase (5 uM) and DEBSyo46+TE (10 pM) in a total volume of 1000 pL
were incubated at 37°C for 1.5 hrs at which time sodium phosphate pH 7.5 (400 mM) was added
to the reaction. The reaction was incubated at 37°C for a further 24 hrs. An aliquot (200 pL) was
removed and prior to analysis, the aliquot was quenched by the addition of 70% perchloric acid
(10 pL). F-TKL production was analyzed by LC-MS as described above using single ion
monitoring at m/z 173 in negative ion mode. Telescope reaction mixtures containing 200 mM
HEPES, pH 7.5, TCEP (2 mM), bovine serum albumin (3 mg/mL), magnesium chloride (5 mM),
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fluoroacetate (10 mM), coenzyme A (1 mM), sodium bicarbonate (75 mM), ATP (2.5 mM),
phosphoenolpyruvate (50 mM), pyruvate kinase (18 U/mL), AckA (10 pM), Pta (I uM) and
ACCase (15 uM) in a total volume of 1000 pL were incubated at 37°C for 1.5 hrs. The reaction
was then spun through an Amicon spin concentrator (MWCO 3 kD) to remove proteins. 792 pL
of the flow through was used to prepare a reaction with 400 mM sodium phosphate, pH 7.5,
TCEP (2 mM), magnesium chloride (10 mM), NDK-SNAC (10 mM), phosphoenolpyruvate (50
mM), pyruvate kinase (18U/mL), myokinase (10 U/mL), MatB (40 uM), methylmalonyl-CoA
epimerase (5 uM) and DEBSy,46+TE (10 uM) in a total volume of 1000 pL. The reactions were

allowed to proceed for 24 h and were assayed as described for the one-pot reactions.

(2S,3R)-1-((S)-4-Benzyl-2-oxooxazolidin-3-yl)-2-methyl-1-oxopentan-3-yl  2-fluoroacetate
(1). (5)-4-benzyl-3-((2S,3R)-3-hydroxy-2-methylpentanoyl)oxazolidin-2-one (171 mg, 0.585
mmol) was prepared as previously described (54) and combined with sodium fluoroacetate (70
mg, 0.703 mmol, 1.2 eq) and HATU (267 mg, 0.702 mmol, 1.2 eq) in a flame-dried round-
bottom flask under a nitrogen atmosphere. Anhydrous THF (5.9 mL) and diisopropylethylamine
(306 pL, 1.76 mmol, 3 eq) were added and the reaction was capped and stirred vigorously at
room temperature for 44 h, during which time the white suspension turned orange-brown. The
mixture was diluted with ethyl acetate and washed with saturated sodium bicarbonate, resulting
in two clear layers. The orange-brown organic layer was washed again with saturated sodium
bicarbonate, dried over MgSOs, filtered through a plug of silica, and concentrated to give an
orange-brown oil. The residue was purified by flash chromatography on silica (30 g) using a step
gradient from 100% heptane to 25% ethyl acetate in heptane with the desired compound
beginning to elute in 20% ethyl acetate. Fractions were concentrated to yield the product (173
mg, 84%) as a clear, colorless oil, Rf 0.35 (25% ethyl acetate/hexanes). "H NMR (500 MHz,
CDCl): 6 7.39 — 7.16 (m, Ph-H), 5.31 (ddd, J=7.9, 5.9, 3.2 Hz, H3), 4.87 (d, J=47.0, CH,F-
C=0), 4.60 (dddd, J=9.8, 7.7, 3.5, 2.3 Hz, H4), 4.31 (ddd, J=8.7, 7.7, 0.8 Hz, Hs pro-R), 4.19 (dd,
J=8.9, 2.3 Hz, Hs pro-S), 4.09 (qd, J=6.9, 3.2 Hz, H»), 3.28 (dd, J=13.4, 3.5 Hz, H¢,), 2.78 (dd,
J=13.4, 9.8 Hz, Hey), 1.79 — 1.64 (m, Hy), 1.22 (d, J=6.9 Hz, C,-CH3), 0.95 (t, J=7.4 Hz, Hs). *C
NMR (151 MHz, CDCls): 6 173.95 (Cy), 168.04 (d, J=22.0 Hz, CH,F-C=0), 153.83 (N-C=O-
0), 135.41 (Cary1), 129.56 (Cary1), 129.07 (Cary1), 127.48 (Cary1), 77.44 (d, J=182.3 Hz, CH,F-C=0)
, 76.40 (Cs), 66.58 (Cs), 55.94 (Cy4), 41.00 (Cy), 38.05 (Cg), 25.16 (Cy4), 10.15 (C»-CH3), 10.04
(Cs). ’F NMR (565 MHz, CDCls, CFCl; = 0 ppm): & -230.44 (t, J=47.0 Hz). HR-ESI-MS
[M+Na]+: calculated for C1sH,,FNOsNa, m/z 374.1374, found m/z 374.1381.

Preparation of (2S,4S,5R)-2-fluoro-4-methyl-3-oxo-5-hydroxy-n-heptanoic acid &-lactone
(F-TKL). Lactonization of 1 was carried out using literature methods (56). 1 (160 mg, 0.455
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mmol) was dried under vacuum in a pear-shaped flask then placed under nitrogen. In a flame-
dried round-bottom flask, anhydrous THF (4.5 mL) and LiHMDS (1.0 M in THF, 1.366 mL, 3
eq) were combined, stirred and cooled to -78°C under nitrogen. The starting material was
dissolved in anhydrous THF (3.5 mL), cooled to -78°C, and cannulated dropwise into the
solution of base over 20 min. A rinse of anhydrous THF (1.5 mL) was also transferred by
cannula. The reaction mixture was stirred for 3 h at -78°C and quenched by addition of saturated
ammonium chloride/methanol/water (1:1:1 v/v/v, 13 mL). The mixture was then allowed to
warm to room temperature while stirring. The pH of the quenched mixture was adjusted to 9
using 10 M NaOH and extracted with 3 x 40 mL ethyl acetate to remove the oxazolidinone
auxiliary. The aqueous layer was adjusted to pH 2 using 12 M HCI and then extracted with 5 X
20 mL dichloromethane. The combined organic layers were concentrated to give a clear,
colorless oil, which contained approximately 1 mol% starting material by 'H NMR (36 mg,
45%). The product was further purified by flash chromatography on silica by washing
extensively with dichloromethane (R¢ < 0.05) then eluting with ethyl acetate (R¢ ~ 0.4), and
concentrated to yield a white, crystalline solid (13 mg, 16%). A mixture of enol (53%) and keto
(47%) tautomers was observed in CDCls (Figure S10-11). The keto form was almost exclusively
the 28 diastereomer as determined by 'H NOESY and molecular modeling (Figure S12). The
doublet in the "’F NMR spectrum in CDCl; at -205.96 ppm was assigned to the 2R keto
diastereomer based on 'H-"’F HMBC (Figure S12C). "H NMR (500 MHz, CDCl3): & 5.83 (d,
J=45.7 Hz, keto H,), 4.71 (ddd, J=8.4, 5.2, 3.0 Hz, keto Hs), 4.26 (ddd, J=8.8, 6.0, 3.3 Hz, enol
Hs), 2.68 (qd, J=7.5, 3.0 Hz, keto Hy), 2.45 (qt, J=7.2, 3.8 Hz, enol H4), 1.88 — 1.78 (m, keto Hg,),
1.75 (m, enol Hg,), 1.60 (m, keto Hgp), 1.55 — 1.44 (m, enol Hep), 1.14 (d, J=7.5 Hz, keto Hy),
1.11 (d, J=7.1 Hz, enol Hy), 1.00 (t, J=7.4 Hz, keto H), 0.92 (t, J=7.5 Hz, enol Hy). °*C NMR
(151 MHz, CDCls): 6 198.58 (d, J=13.4 Hz, keto Cs), 164.15 (d, J=20.0 Hz, keto C,), 162.67 (d,
J=24 Hz, enol C,), 156.94 (d, J=6.5 Hz, enol Cs), 130.00 (d, J=232.3 Hz, enol C,), §9.82 (d,
J=206.9 Hz, keto C,), 80.27 (enol Cs), 77.89 (d, J=1.7 Hz, keto Cs), 43.97 (keto C,), 35.84 (enol
Cy), 24.15 (keto Cg), 23.96 (enol Cs), 10.38 (d, J=2.7 Hz, enol Cs), 10.11 (keto Cg), 9.93 (keto
C7), 9.72 (enol C7). F NMR (565 MHz, CDCls, CECl; = 0 ppm): & -172.36 (d, J=4.3 Hz, enol),
-205.96 (d, J=44.9 Hz, 25 keto), -210.40 (d, J=45.6 Hz, 2R keto). ’F NMR (565 MHz, 10%
D,0, 50 mM sodium phosphate pH 4.5): 5 -178.66. "’F NMR (565 MHz, 15% D,0, 85 mM Tris
pH 7.5, 5-fluorouracil = -168.3 ppm): & -190.20. GC-MS: tg, 8.51 min; EI spectrum (Figure
S13). HR-ESI-MS [M-H]: calculated for CsH,0FOs, m/z 173.0619, found m/z 173.0617.

GC-MS analysis of F-TKL. Samples were dissolved in dichloromethane and BSTFA containing
1% trimethylsilyl chloride (Sigma-Aldrich, 0.1 volumes) was added. Samples were analyzed on

a Trace GC Ultra (Thermo Scientific) coupled to a DSQII single-quadrupole mass spectrometer
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using an HP-5MS column (0.25 mm X 30 m, 0.25 pM film thickness, J & W Scientific). The
injection volume was 1 pL and the oven program was as follows: 75°C for 3 min, ramp to 25°C
at 25°C min™', ramp to 300°C at 50 °C min™', hold for 1 min. The comparison between the

synthetic and enzymatic F-TKL is shown in Figure S13.

Covalent inhibition assay for DEBSy,4+TE. Two triketide reaction mixtures (200 pL) were
prepared as described above, one containing fluoromalonate (10 mM) and the other
methylmalonate (10 mM). DEBSy046+TE (10 uM) and NDK-SNAC (2.5 mM) were added to
each and the reactions were incubated at 37°C for 18 h. The protein fraction was isolated from
each mixture at room temperature by desalting on a Sephadex G-25 column (3 mL) using 400
mM sodium phosphate, pH 7.5. Fractions were pooled by Bradford assay and concentrated to
200 pL using Amicon Ultra spin concentrators (3 kDa MWCO). The isolated DEBSy046+TE was
assayed by adding TCEP (2.5 mM), methylmalonyl-CoA (1 mM) and NDK-SNAC (1 mM) to
this mixture to give a final volume of 210 pL and incubating at 37°C for 3 h, then analyzed by
HPLC as described above.

Triketide lactone production using DEBSyoazs+TE/AT’. All assay mixtures contained 400
mM sodium phosphate, pH 7.5, phosphoenolpyruvate (50 mM), TCEP (5 mM), magnesium
chloride (10 mM), ATP (2.5 mM), pyruvate kinase (27 U/mL), myokinase (10 U/mL),
methylmalonyl-CoA epimerase (5 pM), CoA (1 mM), MatB (40 uM), methyl- or fluoromalonate
(20 mM) and NDK-SNAC (5 mM). When used, DszsAT (5 uM) was also added to the reaction
mixture. Reactions were initiated by addition of the appropriate DEBS+TE construct (Mod6 or
Mod6/AT’, 10 pM; Mod3 and Mod3/AT’, 5 uM in reactions containing DszsAT and 8 pM
otherwise) and incubated at 37°C for 18-20 h. Aliquots were removed, quenched, processed and

analyzed as described above.

Triketide lactone production using DEBSyo.q/AT’. All assay mixtures contained 400 mM
sodium phosphate, pH 7.5, phosphoenolpyruvate (20 mM), TCEP (5 mM), magnesium chloride
(5 mM), ATP (2.5 mM), pyruvate kinase (18 U/mL), myokinase (10 U/mL), methylmalonyl-
CoA epimerase (5 uM), CoA (1 mM), MatB (20 uM), NDK-SNAC (500 puM) and either
methylmalonate, fluoromalonate or malonate (5 mM) as appropriate. Reactions were initiated by
addition of DEBSMOdz/ATO (10 uM) and incubated at 37°C overnight. Aliquots were removed,
quenched by addition of HCI to 1 M, then processed and analyzed as described above.

Tetraketide lactone production. All reactions contained 400 mM sodium phosphate (pH 7.5
for the 2,4-dimethyl- and 2-fluoro-4-methyl-tetraketide lactone reactions and pH 6 for the 2-
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methyl-4-fluoro-tetraketide lactone reaction), glycerol (20%), phosphoenolpyruvate (20 mM),
TCEP (10 mM), magnesium chloride (5 mM), ATP (2.5 mM), pyruvate kinase (18 U/mL),
myokinase (10 U/mL), methylmalonyl-CoA epimerase (5 uM), MatB (20 uM), CoA (1 mM),
methylmalonyl-CoA (100 pM), NDK-SNAC (1 mM) and reduced nicotinamide adenine
dinucleotide phosphate (NADPH; 5 mM).

The reaction to produce 2,4-dimethyl-tetraketide lactone also contained methylmalonate (5 mM),
DEBSmod2 (10 uM) and DEBSyeastTE (2 uM). The reaction to produce 2-fluoro-4-methyl-
tetraketide lactone also contained fluoromalonate (5 mM), DEBSyoq2 (10 pM), DEBSMOd3/AT0
(2 uM) and DzAT (2 uM). The reaction to produce 2-methyl-4-fluoro-tetraketide lactone also
contained fluoromalonate (5 mM), DEBSMOdz/ATO (10 uM) and DEBSy043 (2 uM).

All reactions were initialized by the addition of DEBSyq2 or DEBSMOdz/ATO and incubated at
37°C overnight. Reactions were then saturated with sodium chloride and the aqueous layer was
acidified by the addition of 0.1 volumes of 70% perchloric acid and extracted four times into 2
volumes of chloroform. The chloroform layer was concentrated by vacuum centrifugation and
the tetraketide lactones were resuspended in water for analysis. Tetraketide lactones were
analyzed by LC-MS using a Phenomenex Kinetex XB-C18 1.7 pum 150 x 2.1 mm column with a
mobile phase of ammonium acetate (50 mM) with a gradient from 0 to 60% acetonitrile over 15

min and detected on an Agilent single quadruple mass spectrometer in negative ion mode.

ESI-MS/MS analysis of tetraketide lactones. MS/MS spectra were collected using an LTQ FT
(Thermo Scientific). Negative ions were generated using ES and analyzed in linear ion trap
mode. MS/MS spectra were collected with the following normalized collision energies: TKL, 26;
F-TKL, 35; tetraketide lactones, 26.

Triketide lactone production under competitive conditions. For reactions with substrate
regeneration, assay mixtures contained 400 mM sodium phosphate, pH 7.5,
phosphoenolpyruvate (50 mM), TCEP (5 mM), magnesium chloride (10 mM), ATP (2.5 mM),
pyruvate kinase (27 U/mL), myokinase (10 U/mL), methylmalonyl-CoA epimerase (5 puM),
NDK-SNAC (15 mM) and DEBSpyod6+TE (10 uM). Reactions were initiated by simultaneous
addition of MatB (40 uM), fluoromalonyl-CoA (1 uM) and malonyl-CoA (1 uM) and incubated
at 37°C for 18-20 h. Protein was removed by filtration through a 3 kDa NWCO membrane at
14,000 x g and the filtrate was analyzed by LC-MS. Standards of H-TKL and F-TKL were
prepared using a mock reaction mixture (acyl-CoAs replaced by CoAs and NDK-SNAC replaced

by N-acetyl cysteamine) as diluent. TKLs were quantified using single ion monitoring, H-TKL

S19



in positive mode and F-TKL in negative mode. For reactions without substrate regeneration,
assay mixtures contained 400 mM sodium phosphate, pH 7.5, TCEP (5 mM), methylmalonyl-
CoA epimerase (5 puM), NDK-SNAC (3 mM) and DEBSmodstTE (10 uM). Reactions were
initiated by adding fluoromalonyl-CoA (1 mM) and malonyl-CoA (1 mM) simultaneously. The
mixtures were incubated at 37°C for 20 h, then quenched, processed and analyzed as described
above. H-TKL was monitored using an Agilent 6130 MS operating in positive ion mode, and the

limit of detection was verified by spiking samples to 50 nM H-TKL using a standard solution.

YF-NMR analysis of E. coli. LB (250 mL) containing kanamycin and chloramphenicol (50
pg/mL each) in a 1 L baffled shake flask was inoculated to ODgoo = 0.05 with an overnight LB
culture of E. coli BAP1 freshly co-transformed with pET28a-Hisec-MatB.SCo and pTRC33-
NphT7-PhaB. Cells were grown, induced, washed and resuspended at ODggo 90-110 as described
above for F-TKL production in resting cells. To 850 uL of this cell suspension fluoromalonate
(43 mM) was added and the cells were incubated at 16°C for 1 d. Cells were pelleted by
centrifugation at 18,000 x g and the supernatant (650 pL) was removed. The volume of the
supernatant was adjusted to 850 pL by addition of D,O (extracellular fraction). Cells were
resuspended in 605 pL potassium phosphate buffer, pH 7.4, and centrifuged again. The
supernatant was removed and the cells were resuspended to give a final volume of 850 pL, 17%
D,0O and 35 mM sodium phosphate pH 7.5. Cells were lysed by sonication and insoluble material
removed by centrifugation at 18,000 x g for 20 min at room temperature. The supernatant was
removed and acidified by addition of 0.025 volumes 70% perchloric acid. Insoluble material was
removed by centrifugation at 18,000 x g for 20 min and the supernatant was removed. The pH
was adjusted to 7 using 10 M sodium hydroxide (intracellular fraction). CFCl; was added as a
chemical shift reference to both the extracellular and intracellular fractions, which were analyzed
by '’F NMR using the ERETIC method.

F-TKL production in E. coli cell lysates. TB (1 L) containing Cb and Km (50 pg/mL each) in a
2.8 L Fernbach baffled shake flask was inoculated to ODgop = 0.05 with an overnight TB culture
of E. coli BAPl freshly co-transformed with pET28a-Hiss-MatB.SCo/pRSG54 or
pET28a/pET16b as the empty vector control. The cultures were grown at 37°C at 250 rpm to
ODggo = 0.6 to 0.8 at which point cultures were cooled on ice for 20 min, followed by induction
of protein expression with IPTG (0.2 mM) and overnight growth at 16°C. Cell pellets were
harvested by centrifugation at 9,800 x g for 7 min at 4°C and stored at -80°C. Frozen cell pellets
were thawed and resuspended at 5 mL/g cell paste with sodium phosphate (500 mM, pH 7.5) and
lysed by passage through a French pressure cell at 14,000 psi. The lysate was centrifuged at
15,300 x g for 20 min at 4°C to separate the soluble and insoluble fractions. Assay mixtures (100
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puL) containing soluble cell lysate (77 pL), phosphoenolpyruvate (50 mM), TCEP (5 mM),
magnesium chloride (10 mM), pyruvate kinase (27 U/mL), myokinase (10 U/mL),
methylmalonyl-CoA epimerase (5 pM), fluoromalonate (10 mM), coenzyme A (500 uM), ATP
(2.5 mM), and NDK-SNAC (10 mM) were incubated overnight at 37°C. Reactions were
quenched by the addition of 70% perchloric acid (5 pL) and insoluble material was removed by
centrifugation. Production of F-TKL was analyzed by LC-MS as described above.

F-TKL production in E. coli growing and resting cell culture. LB (50 mL) containing
carbenicillin and kanamycin (50 pg/mL each) with or without spectinomycin (100 pg/mL) in a
250 mL baffled shake flask was inoculated to ODgpo = 0.05 with an overnight LB culture of E.
coli BAP1 freshly co-transformed with pET28a-Hisc-MatB.SCo and the appropriate DEBS+TE
plasmid, with or without pCDFDuet-DszsAT.

For F-TKL production in LB, cultures were grown at 37°C at 200 rpm to ODgoo = 0.4 at which
point cultures were cooled on ice for 10 min, followed by induction of protein expression with
IPTG (0.2 mM). The cultures were grown at 30°C for 2 h following induction, at which the
culture (10 mL) was transferred to a 30 mL tube. Fluoromalonate (50 mM final concentration),
diethylfluoromalonate (10 mM final concentration, added as a 1 M solution in DMSO) and either
NDK-SNAC (stock, 100 mM solution in 10% DMSO; final, 5 mM) or 10% DMSO were added.
The cultures were grown at 30°C for 20 h. The culture supernatant was collected by
centrifugation at 18,000 % g for 15 min and acidified by addition of HCI to a final concentration
of 1 M. The acidified supernatant was then extracted with 5 % 3 volumes of dichloromethane and
the combined organic layers were concentrated to 5-10 mL by rotary evaporation. The residue
was transferred to a silanized glass vial (Sigmacote®, Sigma-Aldrich) and water (200 uL) was
added. The dichloromethane was removed from the biphasic mixture by rotary evaporation and

the aqueous solution of triketide was analyzed by LC-MS as described above.

For F-TKL production by resting cells, cultures were grown at 37°C at 200 rpm to ODggo = 0.8-
0.9, at which point cultures were cooled on ice for 15 min, followed by induction of protein
expression with IPTG (0.2 mM). The cultures were grown at 16°C for 20-24 h following
induction. Cells were collected by slow centrifugation at 1,000 x g for 15 min at 4°C. The cells
were washed once with 100 mM potassium phosphate, pH 7.4, then resuspended in the same
buffer at an ODggp of 90-110. To 50 pL of this suspension in a 0.6 mL tube, fluoromalonate (50
mM final concentration) and NDK-SNAC (stock, 100 mM solution in 10% DMSO; final, 5 mM)
were added. The cell suspensions were incubated with shaking at 16°C for 20 h. The culture

supernatant was collected by centrifugation at 18,000 x g for 15 min and analyzed by LC-MS as
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described above with no further concentration. The identity of the F-TKL produced in vivo was
also confirmed by HR-ESI-MS. HR-ESI-MS [M-H]: calculated for CsH0FO3, m/z 173.0619,
found m/z 173.0619.
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Supplementary Results

Table S1. (A) Strains and plasmids used for this study. (B) Oligonucleotides used for gene and
plasmid construction. (C) The primer map for construction of the synthetic nphT7 gene is also

shown with non-coding portions in lowercase.

A. Strains and plasmids

Strain Genotype Source
F~ ompT gal decm lon hsdSg(rg" mg’) A(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7
BL21(de3) nin5]) Novagen
F~ ompT gal dem lon hsdSg(rs” mg’) A(DES3 [lacl lacUV5-T7 gene 1 ind1 sam7
BAP1 nin5]) AprpRBCDE (sfp (T7), prpE (T7))] (45)
Plasmid Description Source
pET16b-Hiso-NphT7 His1o-nphT7 (T7), lacl, Cb', ColE1 This study
pET16b-His:o-AckA.EC Hissp-ackA.EC (TT), lacl, Cb', ColE1 This study
pET16b-His,-Pta.EC Hiso-pta.EC (T7), lacl, Cb', ColE1 This study
pET28a-Hiss-MatB.SCo Hise-matB.SCo (T7), lacl, Km", ColE1 This study
pET28a-Hises-Epi.SCo Hiss-epi.SCo (T7), lacl, Km', ColE1 This study
pET16b-His1o-THNS Hisso-thns (T7), lacl, Cb'", ColE1 This study
pCD,\; Duet-DszsAT.SCe- DszsAT.SCe (T7), matB.SCo (T7), lacl, Sp', CloDF13 This study
atB.SCo
pCDFDuet-g-MatB.SCo matB.SCo (T7), lacl, Sp', CloDF13 This study
pFW3 DszsAT.SCe-Hise (T7), lacl, Cb', ColE1 (40)
pTRC33-NphT7-PhaB nphT7.phaB (trc), laclg, Cm', M13 This study
pBP19 DEBSyo2-Hiss (T7), lacl, Cb', ColE1 (42)
pSV272- Hise-MBP-DEBSyq2 Hisg-MBP-DEBS 042 (T7), lacl, Km', ColE1 This study
pSV272-Hise-MBP-DEBSyoi/ AT’ Hiss-MBP-DEBS04/AT’ (T7), lacl, Km', ColE1 This study
pAYC138 DEBSwioss+ TE/AT -His (T7), lacl, Cb', ColE1 (40)
pRSG54 DEBSwoas* TE-Hiss (T7), lacl, Cb', ColE1 (35)
pRSG34 DEBSwoas*+TE-Hiss (T7), lacl, Cb', ColE1 (35)
pAYC136 DEBSwioss+ TE/AT’-Hiss (T7), lacl, Cb', ColE1 (40)
pRARE2 ileX, argU, thrU, tyrU, glyT, thrT, argW, metT, leuW, proL, lacl, Cm', p15a Novagen
pBAD33-BirA birA.EC (ara), araC, Cm', p15a This study

B. Oligonucleotide sequences

Name Sequence

nphT7 R1 aaacgaacgtcggtcatggtg

nphT7 F1 caccatgaccgacgttcgttttcgtatcattggcacgggt
nphT7 R2 gctccggceacgtacgcaccegtgccaatgatacga
nphT7 F2 gcgtacgtgccggagcgtattgtgtccaacgacgaggt
nphT7 R3 accagccggcgcacccacctcgtcgtiggacacaatac
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nphT7 F3

nphT7 R4

nphT7 F4

nphT7 R5

nphT7 F5

nphT7 R6

nphT7 F6

nphT7 R7

nphT7 F7

nphT7 R8

nphT7 F8

nphT7 R9

nphT7 F9

nphT7 R10
nphT7 F10
nphT7 R11
nphT7 F11
nphT7 R12
nphT7 F12
nphT7 R13
nphT7 F13
nphT7 R14
nphT7 F14
nphT7 R15
nphT7 F15
nphT7 R16
nphT7 F16
nphT7 R17
nphT7 F17
nphT7 R18
nphT7 F18
nphT7 R19
nphT7 F19
nphT7 R20
nphT7 F20
nphT7 R21
nphT7 F21
nphT7 R22
nphT7 F22
nphT7 R23
nphT7 F23
nphT7 R24
nphT7 F24
nphT7 R25
nphT7 F25
nphT7 R26
nphT7 F26
nphT7 R27
nphT7 F27
nphT7 R28

gggtgcgecggcetggtgttgatgatgactggattacecegt
cgttgacgaatgccggtcttacgggtaatccagtcatcatcaac
aagaccggcattcgtcaacgtcgttgggcggeggac
tcggaggtcgcttggtcgtcecgecgeccaacga
gaccaagcgacctccgacctggcaaccgcggeg
tcaacgccgeacgacccgecgeggttgecagg
ggtcgtgcggcegttgaaagcagegggtattacgec
gcaataaccgtcagttgctccggcegtaatacccgetgcett
ggagcaactgacggttattgcggtcgcaacgtccacce
ggctgcggacggtccggggtggacgttgcgace
cggaccgtccgcagccgecgacggeggectac
cgcccagatgatgttgcacgtaggccgeegtecgge
gtgcaacatcatctgggcgcaaccggcaccgcggce
tgcacacagcgttaacatcaaatgccgeggtgecggttg
atttgatgttaacgctgtgtgcagcggcacggtttttgcet
ccgecacgcetggacagagcaaaaaccgtgcecge
ctgtccagegtggcgggceacgcetggtgtatcgtgg
caatgaccagtgcgtaaccgccacgatacaccagcgtgce
cggttacgcactggtcattggtgccgatctgtattcccgta
ggtccgecggattcagaatacgggaatacagatcggcac
ttctgaatccggcggaccgcaagaccgttgttetgtttgg
cgcacccgcgcecgtcaccaaacagaacaacggtcttge
tgacggcgegggtgegatggtgetgggtecgac
acccgtacccgtgctggtcggacccagcaccat
cagcacgggtacgggtccgatcgtccgtegeg
caaacgtgtgcagggcaacgcgacggacgatcgg
ttgccctgcacacgtttggtggtctgaccgacctgatt
cacccgccggcacacgaatcaggtcggtcagaccac
cgtgtgcecggegggtggcagecgcecaaccgct
tccaagccatccgtgtccageggttggeggctge
ggacacggatggcttggacgcgggtctgcaatacttcg
cctcgegaccgtccatagcgaagtattgcagacccgeg
ctatggacggtcgcgaggtgegtegttttgttaccgaac
cctttaatcagttgcggcaagtgtticggtaacaaaacgacgca
acttgccgcaactgattaaaggtttcttgcacgaggcggg
gctaatatctgccgcatcgacacccgectcgtgcaagaaa
tgtcgatgcggcagatattagccattttgtgccgcaccaage
cgtccagcatgacaccgttcgcettggtgcggcacaaaatg
gaacggtgtcatgctggacgaggtctttggtgaactgcacc
atggtcgcacgcggcaggtgcagttcaccaaagacct
tgccgegtgcgaccatgcaccgtaccgtcgaaacc
cgcacccgtattgccgtaggtttcgacggtacggtge
tacggcaatacgggtgcggccagcattccgattacgatg
tgcacggactgctgcatccatcgtaatcggaatgctgge
gatgcagcagtccgtgcaggtagcttccgtcecggg
gccagcaggaccagttcacccggacggaagctacc
tgaactggtcctgctggeggattttggtggtggeatg
gcgcgaagctegetgccatgccaccaccaaaaccce
gcagcgagcttcgegctgatcgagtggtaagtcagec
acccgctctagecgtcaggcetgacttaccactcgatca
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nphT7 F28
NphT7 G F
NphT7 G R
PhaB F

PhaB R
MatB.SCo F

MatB.SCo R
Epi.SCo F

Epi.SCo R

AckA.EC F

AckA.EC R

Pta.EC F

Pta.EC R

THNS.SCo F
THNS.SCo R
pCDF-MatB.SCo F
pCDF-MatB.SCo R
pCDF-DszsAT.SCe F
pCDF-DszsAT.SCe R
MBP-M2 F

MBP-M2 R
MBP-M2ATnull F
MBP-M2ATnull R

tgacggctagagcgggt
aatttcacacgagctcggtacccgggaggagatataccatgaccgacgttcgttttcg
gcgctgggtcattatatatctecttttcttaccactcgatcagcgcgaag
gaaaaggagatatataatgacccagcgcatcgcttacgtaacc

gcttgcatgectgcaggtcgactctagaggatctcatgcecttggctttgacgtate
tcgattgcacatatgtcctctctcttcccggecctct

atcggatagctcgagtcagtcacggttcagcgeccgctt
atcccgaatcatatgctgacgcgaatcgacca
ttagtctggctcgagtcagtgctcaggtgactcaa
ggagatatacatatgtcgagtaagttag

attggatcctctagatcaggcagtcaggeg

attcatatgtcccgtattattatgctgatc

attctcgaggagggtaccgacgtcttac
attcatatggcgactttgtgcagaccctcggtgtccgtcccggage
attactagttcatgcctgcctcaccctccgecgacacgeccecegtg
ttagttaagtataagaaggagatatacatatgtcctctctcttcccggecctct
gtttctttaccagactcgagggtacctcagtcacggttcagcgeccg
gtttaactttaataaggagatataccatgaaagcatacatgtttcccggge
cttaagcattatgcggccgcaagcttgttacgacgacgaggggcetggg
gggatcgaggaaaacctgtattttcagggcatgagcggtgacaacggcatgaccgagg
gcttgtcgacggagctcgaattcggggatcctcagtggtggtggtggtggtgctecgagtg
gttatcggtcacgcgcagggtgaaatcgecggecgeggtggtggecgggagegttgtcgetg
cgcgatttcaccctgcgegtgaccgataacggccgaaggaacggcaccgcaggcacgceca
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caccATGACC
gtggTACTGG

CGGAGCGTAT
GCCTCGCATA

GATGACTGGA
CTACTGACCT

GGACGACCAA
CCTGCTGGTT

TGAAAGCAGC
ACTTTCGTCG

ACGTCCACCC
TGCAGGTGGG

TCATCTGGGC
AGTAGACCCG

GCGGCACGGT
CGCCGTGCCA

GGCGGTTACG
CCGCCAATGC

TCCGGCGGAC
AGGCCGCCTG

TGGTGCTGGG
ACCACGACCC

GCCCTGCACA
CGGGACGTGT

TGGCAGCCGC
ACCGTCGGCG

ACTTCGCTAT
TGAAGCGATA

CCGCAACTGA
GGCGTTGACT

TATTAGCCAT
ATAATCGGTA

GACGTTCGTT
CTGCAAGCAA

TGTGTCCAAC
ACACAGGTTG

TTACCCGTAA
AATGGGCATT

GCGACCTCCG
CGCTGGAGGC

GGGTATTACG
CCCATAATGC

CGGACCGTCC
GCCTGGCAGG

GCAACCGGCA
CGTTGGCCGT

TTTTGCTCTG
AAAACGAGAC

CACTGGTCAT
GTGACCAGTA

CGCAAGACCG
GCGTTCTGGC

TCCGACCAGC
AGGCTGGTCG

CGTTTGGTGG
GCAAACCACC

CAACCGCTGG
GTTGGCGACC

GGACGGTCGC
CCTGCCAGCG

TTAAAGGTTT
AATTTCCAAA

TTTGTGCCGC
AAACACGGCG

C. Primer map for synthetic nphT7 construction

TTCGTATCAT
AAGCATAGTA

GACGAGGTGG
CTGCTCCACC

GACCGGCATT
CTGGCCGTAA

ACCTGGCAAC
TGGACCGTTG

CCGGAGCAAC
GGCCTCGTTG

GCAGCCGCCG
CGTCGGCGGC

CCGCGGCATT
GGCGCCGTAA

TCCAGCGTGG
AGGTCGCACC

TGGTGCCGAT
ACCACGGCTA

TTGTTCTGTT
AACAAGACAA

ACGGGTACGG
TGCCCATGCC

TCTGACCGAC
AGACTGGCTG

ACACGGATGG
TGTGCCTACC

GAGGTGCGTC
CTCCACGCAG

CTTGCACGAG
GAACGTGCTC

ACCAAGCGAA
TGGTTCGCTT
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TGGCACGGGT
ACCGTGCCCA

GTGCGCCGGC
CACGCGGCCG

CGTCAACGTC
GCAGTTGCAG

CGCGGCGGGT
GCGCCGCCCA

TGACGGTTAT
ACTGCCAATA

ACGGCGGCCT
TGCCGCCGGA

TGATGTTAAC
ACTACAATTG

CGGGCACGCT
GCCCGTGCGA

CTGTATTCCC
GACATAAGGG

TGGTGACGGC
ACCACTGCCG

GTCCGATCGT
CAGGCTAGCA

CTGATTCGTG
GACTAAGCAC

CTTGGACGCG
GAACCTGCGC

GTTTTGTTAC
CAAAACAATG

GCGGGTIGTCG
CGCCCACAGC

CGGTGTCATG
GCCACAGTAC

GCGTACGTGC
CGCATGCACG

TGGTGTTGAT
ACCACAACTA

GTTGGGCGGC
CAACCCGCCG

CGTGCGGCGT
GCACGCCGCA

TGCGGTCGCA
ACGCCAGCGT

ACGTGCAACA
TGCACGTTGT

GCTGTGTGCA
CGACACACGT

GGTGTATCGT
CCACATAGCA

GTATTCTGAA
CATAAGACTT

GCGGGTGCGA
CGCCCACGCT

CCGTCGCGTT
GGCAGCGCAA

TGCCGGCGGG
ACGGCCGCCC

GGTCTGCAAT
CCAGACGTTA

CGAACACTTG
GCTTGTGAAC

ATGCGGCAGA
TACGCCGTCT

CTGGACGAGG
GACCTGCTCC



TCTTTGGTGA
AGAAACCACT

ACCTACGGCA
TGGATGCCGT

AGTCCGTGCA
TCAGGCACGT

TTGGTGGTGG
AACCACCACC

ctgacggcta
gactgccgat

ACTGCACCTG
TGACGTGGAC

ATACGGGTGC
TATGCCCACG

GGTAGCTTCC
CCATCGAAGG

CATGGCAGCG
GTACCGTCGC

gagcgggt
ctcgccca

CCGCGTGCGA
GGCGCACGCT

GGCCAGCATT
CCGGTCGTAA

GTCCGGGTGA
CAGGCCCACT

AGCTTCGCGC
TCGAAGCGCG
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CCATGCACCG
GGTACGTGGC

CCGATTACGA
GGCTAATGCT

ACTGGTCCTG
TGACCAGGAC

TGATCGAGTG
ACTAGCTCAC

TACCGTCGAA
ATGGCAGCTT

TGGATGCAGC
ACCTACGTCG

CTGGCGGGTT
GACCGCCCAA

GTAAgtcagc
CATTcagtcg



Figure S1. SDS-PAGE gels of purified proteins. (A) Enzymes used in generation of malonyl-
CoA extender units (1, AckA; 2, Pta; 3, AccA; 4, AccB; 5, AccC; 6, AccD; 7, MatB; 8, Epi). (B)
Enzymes used for chain extension reactions (9, THNS; 10, NphT7;). (C) Enzymes used for
polyketide production (11, DEBSymoa; 12, DEBSModz/ATO; 13, DEBSmoastTE; 14,
DEBSwoas/AT+TE; 15, DEBSpoas+TE; 16, DEBSyoas/ AT+TE; 17, DszsAT).
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Figure S2. Formation of fluoroacetyl-CoA using AckA-Pta. (A) HPLC chromatograms
monitoring fluoroacetyl-CoA formation by Ajeo nm. (B) Plot of the conversion of free CoA to
fluoroacetyl-CoA. (C) Kinetic parameters for AckA and Pta measured using spectrophotometric
assays reproduced from (29). Values are reported as the mean + s.e. as determined from non-
linear curve-fitting. Error in the ../ Ky parameter was obtained from propagation of error from
the individual kinetic terms.
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Figure S3. Steady state kinetic analysis of MatB. (A) Malonate. (B) Methylmalonate. (C)
Fluoromalonate. Values are reported as the mean + s.e as determined from non-linear curve-
fitting.
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Figure S4. NMR spectra of enzymatically synthesized fluoromalonyl-CoA. (A) 'H NMR. (B)
B3C NMR. (C) F NMR. Spectra reflect partial (‘H, "°F) or complete (*C) H-D exchange at the

fluorinated position based on incubation time.
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Figure S5. Efficiency of polyketide production with tetrahydroxynaphthalene synthase (THNS)
using different extender regeneration systems. THNS uses only malonyl-CoA as both starter and
extender unit [/0]. All samples contained a fixed amount of malonyl- or acetyl-CoA (0.5 mM),
and relative THN production was monitored at As;o nm. Samples with no regeneration system (1,
2) were compared to those containing regeneration systems related to non-productive
decarboxylation (3, 4) and hydrolysis (5), while also providing additional substrate (5-9) in situ.
Values are reported as the mean = s.d. (n = 3).
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Figure S6. Structural alignment of NphT7 and the DEBSy045 ketosynthase (KS) domain. The
NphT?7 structure was predicted using Phyre2 (58) and based on a type III 3-oxoacyl-(acyl-carrier
protein) synthase from Burkholderia xenovorans (PDB ID 4EFI). Despite low sequence identity
(<20%), the predicted structure overlays well with the KS domain from DEBSy,45 (59). Active
site residues (C119, H334 H374 (N in NphT7); DEBS numbering) are highlighted.
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Figure S7. Characterization of enzymatically synthesized 2-fluoro-3-hydroxybutyryl-CoA. (A)
LC/MS trace of 2-fluoro-3-hydroxybutyryl-CoA isolated from enzymatic reaction mixtures (m/z
872). (B) '’F NMR spectrum indicates that both diastereomers are produced. (C) 'H-""F HMBC
in D,O. Based on data from other o-fluoroalcohols (60), the 'F resonance for the anti
configuration of the fluorine and hydroxyl groups should be found upfield of the syn and was
assigned as the major product. If PhaB maintains is native selectivity as an R-specific
acetoacetyl-CoA reductase, the anti product is (25, 3R)-2-fluoro-3-hydroxybutyryl-CoA.
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Figure S8. Amplification of TKL formation using MatB. All reactions contained 400 mM
sodium phosphate, pH 7.5, phosphoenolpyruvate (50 mM), TCEP (5 mM), magnesium chloride
(10 mM), ATP (2.5 mM), pyruvate kinase (27 U/mL), myokinase (10 U/mL), methylmalonyl-
CoA epimerase (5 uM), methylmalonate (20 mM), NDK-SNAC (1 mM) and DEBSy;046+TE (10
uM). The source of extender unit was either methylmalonyl-CoA (0.5 — 10 mM) or MatB (40
uM) and CoA (0.5 mM). (A) Dependence of TKL formation on methylmalonyl-CoA. Data are
average + s.d. (n = 3) (B) Comparison of TKL yield with and without MatB regeneration. Values
are reported as the mean + s.d. (n = 3).
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Figure S89. Time-course for TKL and F-TKL formation by DEBSy,46+TE with substrate
regeneration. (A) LC/MS traces monitoring TKL formation (m/z 169) from 2.5 mM NDK-
SNAC. (B) Plot of NDK-SNAC and TKL concentrations. Initial rate: 1.5 min™”. (C) LC/MS
traces monitoring F-TKL formation (m/z 173) from 10 mM NDK-SNAC. (D) Plot of NDK-
SNAC and F-TKL concentrations. Initial rate: 0.14 h™'. (m, NDK-SNAC; m, TKL; m, F-TKL)
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Figure $10. ID-NMR spectra of synthetic F-TKL standard in CDCls. (A) 'H NMR. (B) "*C
NMR. (C) F NMR. The relative keto:enol ratio in CDCl; depends on concentration and

increases with decreasing concentration.
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Figure S11. 2D-NMR spectra of synthetic F-TKL standard in CDCl;. (A) COSY. (B) 'H-BC
HSQC. (C) 'H-"*C HMBC. (D) 'H-""F HMBC (see also Figure S12C).
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Figure $12. Stereochemical analysis for F-TKL. (A) "H NOESY spectrum of synthetic F-TKL
standard in CDCIl;. The same ratio between epimers is observed for enzymatically produced F-
TKL. (B) Molecular modeling results for F-TKL. The lowest energy conformations of the two F-
TKL keto diastereomers were selected based on a conformational search (Macromodel) using
Maestro 9.3 (Schrdodinger, Inc). Only the 25 epimer would be expected to show a single NOE
coupling between H, and Hs, as observed. (C) 'H-""F HMBC of keto isomer region of synthetic
F-TKL standard in CDCls, showing crosspeaks for the major and minor epimers.
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Figure $13. GC-MS and "’F NMR comparison of enzymatic F-TKL to the authentic F-TKL
synthetic standard. (A) Comparison of EI mass spectra of the standard (tg = 8.51 min) compared
to the enzymatic product (tg = 8.56 min). (B) Comparison of F NMR spectra in CDCl;. The
keto form is dominant at this concentration.
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Scheme S1. Hydrolysis and regeneration reactions for F-TKL production by DEBSy,q6+TE.
Reaction scheme showing enzymes present in F-TKL forming reactions including observed non-
productive hydrolysis reactions (red) and the ATP regenerating system (blue).
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Figure S14. Test for covalent inhibition of DEBSye6tTE by fluoromalonyl-CoA.
DEBSwog6+TE was incubated for 18 h in a F-TKL or TKL reaction. The enzyme was then
isolated by Sephadex G-25 and tested for its ability to produce TKL. Values are reported as the
mean £ s.d. (n=3).
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Table S2. Rates of acyl-CoA hydrolysis by DEBSmoeaetTE. Steady-state hydrolysis rates were
measured using DEBSyo46tTE (1 M) and acyl-CoA (500 uM). Values are reported as the mean
+s.d. (n=4).

Vo (UM min'1) Relative rate
Methylmalonyl-CoA 1.36 £ 0.05 1.0
Fluoromalonyl-CoA 3.5+0.3 2.6
Malonyl-CoA 6.1+04 4.5
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Figure $15. "’F NMR (90% H,0, 10% D,0, pH 7.5) of reaction mixture for F-TKL formation by DEBSyeqs+TE and MatB. 'F NMR

analysis of the reaction mixture indicates that the major pathway for loss of fluoromalonyl-CoA appears to be hydrolysis rather than
unproductive decarboxylation. In addition, no detectable defluorination was observed. (IS, 5-fluorouracil, 50 uM)
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Table S3. F-TKL and H-TKL production under competitive conditions. DEBSyo46+TE was
incubated with equimolar amounts of malonyl-CoA and fluoromalonyl-CoA (1 mM). Without
substrate regeneration, no detectable H-TKL was formed (<50 nM). MatB and regeneration

enzymes were then included to amplify and quantify H-TKL formation. Values are reported as
the mean + s.d. (n = 3).

Condition [F-TKL] (nM) [H-TKL] (nM) [F-TKL]/ [H-TKL]
No regeneration 450 + 60 <50 >9
MatB regeneration 7,390 £ 520 720 + 50 10.3+01
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Figure S$16. R-TKL production in vitro by DEBSModz/ATO under substrate regeneration
conditions. When incubated overnight with NDK-SNAC (500 uM) and the methylmalonyl-CoA
regenerating system, NDK-SNAC was converted quantitatively to by TKL DEBSyq/AT’. With
the fluoromalonyl-CoA regeneration system, 82% of the NDK-SNAC was converted to F-TKL
in 43% yield. With the malonyl-CoA regeneration system, 100% of the NDK-SNAC was
consumed with <0.01% conversion to H-TKL. Values are reported as the mean + s.d. (n = 3).
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Figure S17. ESI-MS/MS data for tetraketide lactones. Authentic standards are not available for
the fluorinated compounds. Both fluorinated tetraketide lactones exhibit a mass corresponding to
the loss of HF (20 amu). Fragments resulting from multiple losses were not assigned structures;
however, two of these fragments (a, b) present in the dimethyl tetraketide appear to be shifted by
4 amu in the 2-fluoro-4-methyltetraketide lactone, suggesting a fluorine for methyl substitution.
Furthermore, two more fragments (¢, d) appear to be present in the methyl form in one of the
fluorinated tetraketide lactones and the fluoro form in the other regio-isomer. These
fragmentation patterns suggest the 2-fluoro-4-methyl- and the 2-methyl-4-fluoro tetraketide
lactones are indeed distinct regio-isomers.
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Table S4. Concentrations of extra- and intracellular organofluorines in fluorohydroxybutyrate-
producing cells. Fluoromalonate (42 mM) was added to a suspension of cells expressing MatB,
NphT7, and PhaB. Organofluorine concentrations were determined by '’F NMR using the
ERETIC method and normalized to the total suspension volume, of which the wet cell pellet
constituted 33%. Chemical shifts are reported relative to the internal standard (CFCls).

Concentration ( mM)

Species d (ppm) Extracellular Intracellular
Fluoromalonate -178.3 36.9 0.9
Fluorohydroxybutyrate -197.4 0.2 0.1
Fluoroacetate -217.9 1.1 0.2
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Figure S18. F-TKL production in vivo. (A) LC/MS traces showing F-TKL formation (m/z 173)
in E. coli cell lysate. (B) In vivo selectivity data showing F-TKL production compared to H-TKL
and TKL in fluoromalonate-fed E. coli resting cells expressing either DEBSyod6+TE or
DEBsMod()JrTE/AT0 and MatB. Bars represent mean + s.d. (n = 3) with individual samples
marked (mA ®). (C) LC/MS traces showing F-TKL formation (m/z 173) by E. coli cell culture
upon feeding with NDK-SNAC.
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