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Supplementary Figures

Figure S1. Steady state kinetic analysis of WT and mutant MatB enzymes. Determination of initial
vel ocities was performed as described in the Supplemental Methods. ATP and CoA were constant while

16-23, 25-26 were varied.
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Figure S2. RP-HPLC analysis of wild-type and variant MatB T207G/M 306! catalyzed reactions using
the malonate analogues (i) 16, (i) 17, (iii) 18, (iv) 19, (v) 20, (vi) 21, (vii) 22, (viii) 23, (ix) 24, (x) 25,

(xi) 26. See Experimental Section for assay conditions and detection methods.
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Figure S3. LC/MS-anaysis of in vivo apo-ACP to holo-ACP conversion.
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Figure S4. '*H-NMR (300 MHz, D,0) of methoxymalonate (25). See Supporting Methods for detailed

synthesis.
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Figure S5. *H-NMR (300 MHz, D,0) of azidoethylmalonate (26). See Supporting Methods for detailed
synthesis.
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Figure S7. Protein sequences used for exact mass determinations.
Kir ACPS5 (substrate for KirCll experiments):

MASWSHPQFEK GALEVLFQGPGPEPAAAV PAPPAESAPAPAATAAGGDPESAVRDHVRTLLAA
HLGMAPDRLPPDRVLSDVGVDSLGLRRLSRRLGATY GVDIPARMFGVGQTVRALARAVHDKY G
PLPATATPEPNALVPRGSSAHHHHHHHHHH

DEBS ACP6 (MCAT and DSZS experiments):

MGSSHHHHHHSSGLVPRGSHMAAPAREM TSQELLEFTHSHVAAILGHSSPDAY GQDQPFTELGF
DSLTAVGLRNQLQQATGLALPATLVFEHPTVRRLADHIGQQL
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Supplementary Tables

Table S1. Steady state kinetic analysis of wild-type and MatB mutants.

Malonate analog

Enzyme | Parameter 16 17 18 19 20 21 2 23 25 26
S 352 | 2.44 0.61 . 1.86 . . . . .

W Kea (S1) oo | s | soos | ND so1s | ND* | ND N.D N.D N.D
007 | 012 112 . 1.49 . . . . .

Kn(MM) | o5 | +o06 | +03 N.D soos | ND* | ND N.D N.D N.D

(r';ﬁ/_lKS”_‘l) 50.3 21 054 | 0005° | 130 | ND* | ND* | ND* | N.D? N.D?

S 280 | 253 242 1.72 338 ~ | 085 . . 1.9
T207A Kea (S7) +019 | 006 | +006 | 008 | #023 | NP° | 1004 | NP N.D +0.14
017 | 019 0.09 2.00 0.30 ~ | 024 . . 0.36
Kn(MM) | 1004 | 002 | 2001 | 033 | 000 | NP | 1004 | NP N.D +0.14

(r';ﬁ/_lKS”_‘l) 165 | 133 26.9 0.86 1123 | ND* | 354 | ND* | ND® 553

S 211 | 416 4.49 1.10 247 ~ | 141 | 062 . 1.89
T207G Kea (S7) +023 | +060 | +050 | 014 | +023 | VD' | t023 | x012 | NP +0.14
063 | 025 0.21 219 0.05 ~ | 093 | 172 . 0.09
Kn(MM) | 1023 | +011 | =006 | 067 | 002 | NP | t052 | s064 | NP +0.02

(r';ﬁ/_lKS”_‘l) 334 | 166 21.4 0.50 405 | 003 | 152 | 036 | N.D® 211

S 222 | 213 6.11 1.45 530 ~ | 068 . . 1.28
T207S Kea (S7) +010 | 02 | +062 | 2012 | 2082 | NP | 1008 | NP N.D +0.08
005 | 006 0.14 357 0.13 ~ | 049 . . 058
Kn(MM) | 1001 | 002 | 2004 | 2072 | +007 | NP | 1021 | NP N.D +0.11

(r';ﬁ/_lKS”_‘l) 444 | 355 436 041 | 4080 | ND* | 139 | ND® | 0004 221
) 160 | 205 401 . | 342 . . - a a

M306| Kea (S7) +019 | +03 | =052 | D +069 | B° | ND N.D N.D N.D
Ko (MM) +OC')1§5 +Od4f3 +06155 N.D? +OC')5258 N.D® | ND® | ND® | ND? N.D?
kcat/ Km b a a a a b

g 134 | 47 29 0.01 620 | ND* | ND N.D N.D 0.08

(mM™*s?

S 138 | 060 0.92 - | 047 . . . . .

M306V Kea (S7) +014 | 009 | +015 | P +003 | NB° | ND N.D N.D N.D
031 | 066 0.22 ~ | 063 . . . . .

Kn(M) | o500 | voms | +as | ND o1 | ND* | ND N.D N.D N.D
(r';ﬁ/_lKS”_‘l) 445 | 0091 42 ND® | 075 | ND* | ND* | ND* | ND? 0.06"

S 189 | 315 2.65 . 1.60 ~ | 120 ~ | o031 155
T207A/ Kea (S7) +015 | 046 | +014 | D +014 | NPT | 4010 | NDU | 002 | 012
M306| 053 | 061 0.10 - | 040 ~ | 049 _ | 228 0.07
Kn(MM) | 1014 | +026 | 2002 | NP +011 | NP° | w023 | NPT | 4049 | 002

(r';ﬁ/_lKS”_‘l) 36 516 265 0.10° 4 002 | 247 | ND* | 014 21

&) 116 | 286 3.44 114 029 | 056 | 112 | , = | 018 278
207 +0.04 | +014 | +031 | +010 | +0.02 | +0.04 | +0.15 : +001 | +0.33
M30GY | Komv) | 067 | 052 0.24 0.56 012 | 290 | 048 | , | 205 0.41
m +010 | +0.10 | +0.08 | #014 | +0.03 | +057 | +0.23 : +034 | +0.22

/K 1.73 55 143 2.04 2.4 019 | 234 | ND° | 009 6.8

cat! m
(mM™*s?
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A a 0.62 5.39 0.64 4.33 2.01 1.22 0.51 a 2.69
T207G/ Kea (S7) N.D +0.12 +0.29 +0.02 +0.12 +0.25 | +0.10 +0.06 N.D +0.10
M 306l a 0.80 0.10 0.74 0.09 0.23 0.45 0.82 a 0.11
Kn (MM) N.D +0.38 +0.02 +0.09 +0.01 +0.09 | +0.16 +0.32 N.D +0.02
kca‘/_lKrf‘l N.D? 0.78 53.9 0.86 48 8.7 2.71 0.62 0.004° 245

(mM™s7)
1 a 0.17 6.17 a 4.27 1.68 0.56 0.42 a 174
T207G/ kea (57) N.D +0.02 +0.37 N.D +0.39 +0.17 | +0.04 +0.06 N.D +0.21
M306V a 0.54 0.20 a 0.27 0.35 0.38 1.35 a 0.03
Kin (MM) N.D +0.15 +0.05 N.D +0.07 +0.10 | +0.09 +0.54 N.D +0.02

(rl:]ﬁ/_lKS'I‘l) N.D* 0.31 30.9 0.02° 15.8 4.8 1.48 0.32 N.D? 58

A 1.26 9.24 8.74 1.45 6.44 a 0.76 a 0.31 454
T207S kea (57) +0.19 | +2.32 +1.02 +0.10 +0.68 N.D +0.06 N.D +0.01 +0.77
M 306l 0.45 0.85 0.04 0.55 0.07 a 0.47 a 3.85 0.20
Kn (MM) +0.26 | +0.40 +0.02 +0.18 +0.03 N.D +0.12 N.D +0.37 +0.09
(I’IT(]Cﬁ/_lKSrPl) 2.8 10.9 2185 2.64 92 0.02° 1.62 N.D? 0.08 22.7
A 0.64 1.59 1.80 a 0.62 a 0.52 a a 1.25
T207S kea (57) +0.06 | #0.31 +0.01 N.D +0.08 N.D +0.04 N.D N.D +0.19
M306V 0.39 1.65 0.08 a 0.30 a 0.92 a a 1.02
Kn (MM) +0.20 | +0.98 | +0.002 N.D +0.11 N.D +0.26 N.D N.D +0.43
kca‘/_lKrf‘l 1.64 0.96 225 0.02° 2.1 N.D? 0.57 N.D? N.D? 1.23

(mM™s7)

Steady state kinetic parameters were determined as described in the Experimental Section, using a fixed

concentration of CoA and ATP, and varied concentration of mal onate anal og.

@ Non-detectable. Estimated minimum detection limit is a ke K of 0.004 mM ™ s,

® Saturation was not achieved and ke/K, was calculated by linear regression analysis of the velocity

versus substrate concentration plot (See Figure S 1)
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Table S2. HPLC/ESI-M S analysis of acyl-CoA'’s produced by MatB catalyzed ligations.
% See Figure 2b for structures of acyl-CoAs.

Conversion rate (%)° m/z m/z
malonate/ Product retention 207G/ (D) (Da)°
acyl-CoA? time (mins)® WT

M 306l

852.11° 852.11°

16/1 14.36 91+6 24+1 h N
403.55 403.57

866.12° 866.09°

17/2 16.80 85+8 4545 h h
410.56 410.55

880.13° 880.10°

18/3 19.25 4242 91+3 . .
417.57 417.55

890.12° 890.12¢°

19/27 17.72 60.5+11 91+5 h h
42255 422 .56

892.13° 892.10°

20/28 20.52 81+5 89+2 h h
42357 423.55

‘ 894.15° 894.15°

21/29 21.67 N.D 8614 . .
446.57' 446.57'

‘ 908.17° 908.17°

22/30 2573 N.D 92+6 i i
431.58 431.59

‘ 0928.13° 928.11°

23/31 24.99 N.D 62+7 : :
884.14 884.14

¢ 868.10° 868.10°

24/32 12.41 19+0.5 N.D h h
411.54 411.58

882.12° 882.12°

25/33 14.40 1.54+0.02 14+2 h h
418.55 418.56

‘ 921.14° 921.14°

26/34 19.61 N.D 86+3

460.06 460.06
® See Experimental Section for HPLC conditions.

¢ Percent conversions were determined by HPLC and calculated by dividing the integrated area of the
acyl-CoA product by the sum of the integrated area of the product plus the integrated area of the
remaining CoA. See Experimental Section for reaction conditions.

4 Calculated mass of acyl-CoA product

€ Observed mass of acyl-CoA product

" Non-detected. Estimated minimal detection limit is 0.2 % conversion.

[M-H]™

"([M-CO-2H]%)/2

' [M-2H]?/2

J[M-COx-H]*
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Table S3. FT-ICR mass spectrometry analysis of trans-AT catalyzed reactions.

Calculated Observed Mass Percent Detected in
Enzyme/ mass mass error conversion negative Activity
acyl-CoA? Acylated product” (Da)° (Da)* (ppm)® (%)’ control? ratio”
DSzS/1 Malonyl-ACP6pegs 11707.73 11707.68 -4.27 84 N -
DSzS/2 Methyl-ACPBpess 11722.76 N.D' - - - )
DSzS/3 Ethyl-ACP6pess 11736.77 11736.63 -11.9 1 Y 10
DSZS/27  Propargyl-ACP6pess 11746.76 N.D' - ; ] ]
DSzS/28 Allyl-ACP6pegs 11748.77 N.D' - - - -
DSZS/29  Isopropyl-ACP6ogss 11750.79 N.D' - ; ] ]
DSzS/30 Butyl-ACP6pegs 11764.80 N.D' - - - -
DSzS/31 Phenyl-ACP6pggs 11740.78 11740.72 -511 2 Y 1.2
DSzS/32 Hydroxy-ACP6pess 11724.73 N.D' - - - -
DSzS/33 M ethoxy-A CP6pegs 11738.75 N.D' - - - -
DSZS/34  Azidoethyl-ACP6pess  11777.77 N.D' ; - ) ]
MCAT/1 Malonyl-ACP6pegs 11707.73 11707.68 -4.27 85 N -
MCAT/2 Methyl-ACP6pess 11722.76 N.D' - - - -
MCAT/3 Ethyl-ACP6pess 11736.77 N.D' - - - -
MCAT/27  Propargyl-ACP6pess 11746.76 N.D' - - ] ]
MCAT/28 Allyl-ACP6pegs 11748.77 N.D' - - - -
MCAT/29  Isopropyl-ACP6pgss 11750.79 N.D' - - ] ]
MCAT/30 Butyl-ACP6pegs 11764.80 N.D' - - - -
MCAT/31 Phenyl-ACP6pggs 11740.78 11740.70 -6.81 1 Y 17
MCAT/32  Hydroxy-ACP6pess 11724.73 N.D' - - ] ]
MCAT/33 M ethoxy-A CP6pegss 11738.75 N.D' - - - -
MCAT/34  Azidoethyl-ACP6pess 11777.77 N.D' - - - -
KirCl1/1 Malonyl-ACP5;, 16664.43 N.D' - - - -
KirCl1/2 Methyl-ACP5x, 16678.45 N.D' - - - ]
KirClI/3 Ethyl-ACP5;; 16692.46 16692.51 3.00 15 N -
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KirCll/27
KirCl1/28
KirCl1/29
KirClI1/30
KirCll1/31
KirCl1/32
KirCI1/33
KirCl1/34

Propargyl-ACP5;,
Allyl-ACP5;
| sopropyl-ACP5;;
Butyl-ACP5;,
Phenyl-ACP5;
Hydroxy-A CP5;;
M ethoxy-A CP5;r
Azidoethyl-ACP5;,

16702.45
16704.46
16706.48
16720.49
16696.47
16680.42
16694.44
16733.46

16702.48
16704.49
N.D'
N.D'
16696.45
N.D'
N.D'
16733.45

1.80
1.80

-0.60

% See Figure 2 for structures of acyl-CoAs.

b A CP6pess refers to ACP6 of module 6 from the erythronolide B PKS, ACP5;, refers to ACP5 of
module 5 from the kirromycin PKS.
¢ Calculated monoisotopic mass. See Experimental Section for details.

4 Observed mass of acylated ACP product.

®Mass error = (M aSSyps-M 8SSea /M 8SSeaea) X 10°

" Percent conversion = (Ar€acyi-ace/ Ar€8noio-acrtAr€8uy1-ack)

9 Reactions were performed in the absence of trans-AT enzyme to identify background acylation.

" Activity ratio = conversion with enzyme/conversion without enzyme. Acyl-CoA is considered a
substrate only when the acylation in the absence of trans-AT is zero.

' Non detected.
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Table S4. Oligonucleotide sequences used in this study. Altered codons are underlined.

Primer name

Primer sequence

MatB-T207G-FOR
MatB-T207G-REV
MatB-T207A-FOR
MatB-T207A-REV
MatB-T207S-FOR
MatB-T207S-REV

GCCCTGCCGATCTTTCATGGGCACGGTCTGTTCGTTG
CAACGAACAGACCGTGCCCATGAAAGATCGGCAGGGC
GCCCTGCCGATCTTTCATGCGCACGGTCTGTTCGTTG
CAACGAACAGACCGTGCGCATGAAAGATCGGCAGGGC
GCCCTGCCGATCTTTCATICTCACGGTCTGITCGTTG
CAACGAACAGACCGTGAGAATGAAAGATCGGCAGGGC
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Supplementary Methods

Synthesis of 2-methoxymalonate (25). Dimethyl methoxymalonate (0.85 mL, 6.2 mmol) and NaOH
(2.4g9, 60 mmol) were added to a round bottom flask containing 10 mL H,O and the mixture was stirred
for 6 hours at 65°C. The solution was cooled on ice and 10 mL ice cold 12.1N HCl was added. The
solution was extracted 6x with diethyl ether. The combined organic extracts were dried over MgSO, and
filtered. The solvent was removed under vacuum to give 2-methoxymalonate as a white solid (0.323 g,
39%). 'H-NMR (300 MHz, D,0): 4.44 (s, 1H), 3.30 (s, 3H) (See Figure S4).

o o o o
NaOH, H,0
N L L
O\ O\
25

Synthesis of 2-(2-azidoethyl)malonic acid (26). Diethyl cyclopropyl-1,1-dicarboxylate (50 mmol),
sodium azide (100 mmol) and triethylamine hydrochloride (100 mmol) were dissolved in 50 mL NMP.
The reaction was stirred at reflux for 60 hours at 90°C. The reaction was cooled and diluted with 200 mL
diethyl ether. The organic layer was washed 7x with 100 mL H,O, washed with brine, dried over MgSQO,,
and filtered. The solvent was removed under vacuum to yield diethyl 2-(2-azidoethyl)malonate (26a) as a
brown oil (8.9 g, 78% yield). "H-NMR (300 MHz, CDCls): & 4.2 (q, J = 7.2 Hz, 4H), 3.47 (t, J = 7.5 Hz,
1H), 3.38 (t, J= 6.6 Hz, 2H), 2.1 (g, J = 7.5 Hz, 2H), 1.25 (t, J = 7.2 Hz, 6H) (See Figure S5).

26a (2.5 mmol) was added to 15% w/v agueous NaOH (7.5 mmol) and the mixture was stirred for
48 hours at room temperature. 10 mL H,O was added, and the aqueous solution was washed with diethyl
ether. The solution was cooled on ice and HCI was slowly added to adjust the pH to 2. The solution was
extracted 6x with diethyl ether. The combined organic extracts were washed with brine, dried over
MgSO,, and filtered. The solvent was removed under vacuum to give 2-(2-azidoethyl)malonic acid (26)
as a white solid (0.225 g, 52%). 'H-NMR (300 MHz, D,0): 3.4 (t, J = 7.2 Hz, 1H), 3.27 (t, J = 6.6 Hz,
2H), 2.0 (q, J = 6.9 Hz, 2H).

(0] (@] (@] (0] (@] (@]

NaN3z, NMP, TEA:HCI NaOH, H,O

/\O%O/\ - 0 oy ———— Ho OH
reflux, 60 hr RT, 48 hr

N.® N.®

“N. @ “N.©
N N‘N
26a 26
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Synthesis of 2-(prop-2-yn-1-yl)malonic acid (19). Dimethyl propargylmaonate (0.94 mL, 6.2 mmal)
and NaOH (2.4g, 60 mmol) were added to a round bottom flask containing 10 mL H,O and the mixture
was stirred for 6 hours at 65°C. The solution was cooled on ice and 10 mL ice cold 12.1N HCI was
added. The solution was extracted 6x with diethyl ether. The combined organic extracts were dried over
MgSO, and filtered. The solvent was removed under vacuum to give 2-(prop-2-yn-1-yl)malonic acid as a
white solid (0.298 g, 34%). *H-NMR (300 MHz, D,0): 3.59 (t, J = 7.2 Hz, 1H), 2.6 (d of d, J= 7.2 Hz, J
=2.7Hz, 3H), 2.26 (t, J = 2.7 Hz, 1H) (See Figure S6).

O O
- P NaOH, H,0O
(@) (@) ————> HO OH
65°C
S X

19

Cloning DSZS and MCAT. The gene for DSZS” from Sorangium cellulosum was synthesized by
GeneScript and subcloned into pET28a via Ncol and Hindlll restriction sites. The FabD gene coding
MCAT was PCR amplified from genomic DNA of Sreptomyces coelicolor A3(2) using the following
primers: 5 -CGGATCCATATGCTCGTACTCGTCGCTC-3 and 5—
CGGCTCGAGTCAGGCCTGGGTGTGCTCG-3 (restriction sites underlined). FabD was cloned into
pPET28aviaNdel and Xhol restriction sites.

Site-directed mutagenesis. Site-specific MatB variants were constructed by using the Stratagene
QuikChange Il Site-Directed Mutagenesis Kit, as described by the manufacturer. Constructs were
confirmed to carry the correct mutation(s) by DNA sequencing. Oligonucleotide sequences used for

mutagenesis are givenin Table S4.

Expression and purification of WT and mutant MatB. E. coli BL21(DE3) pLysS competent cells were
transformed with the suitable plasmid and positive transformants were selected on LB agar supplemented
with 30 pg/mL kanamycin. A single colony was transferred to LB (3 mL) supplemented with kanamycin
(30 pg/mL) and grown at 37 °C and 250 rpm overnight. The culture was used to inoculate LB media (1L)
supplemented with kanamycin (30 pg/mL). One liter culture was incubated at 37 °C and 250 rpm to an
O.Dgp Of 0.6, at which time protein synthesis was induced by the addition of IPTG to a find
concentration of 1 mM. After incubation at 18 °C and 200 rpm for 18 h, cells were collected by
centrifugation at 5,000 g for 20 min, and resuspended in 100 mM Tris-HCI pH 8.0 (20 mL) containing
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NaCl (300 mM) and then lysed by sonication. Following centrifugation at 10,000 g, the soluble extract
was loaded onto a 1 mL HisTrap HP column (GE Hesalthcare, Piscataway, NJ) and purified by fast protein
liquid chromatography using the following buffers: wash buffer [20 mM phosphate (pH 7.4) containing
0.5 M NaCl and 20 mM imidazole] and elution buffer [20 mM phosphate (pH 7.4) containing 0.5 M
NaCl and 200 mM imidazole]. The purified protein was concentrated using an Amicon Ultra 10,000
MWCO centrifuga filter (Millipore Corp., Billerica, MA) and stored as 10% glycerol stocks at -80 °C.
Protein purity was verified by SDS-PAGE. Protein quantification was carried out using the Bradford
Protein Assay Kit from Bio-Rad.

Determination of MatB kinetic parameters

Enzyme assays were carried out in atotal volume of 200 ul 100 mM sodium phosphate (pH 7) containing
2 mM MgCl,and 1 pg pure enzyme. Kinetic parameters k. and Ky were determined with 16-23, 25-26
as variable substrates, keeping ATP and coenzyme A concentrations constant (0.4 mM and 0.2 mM,
respectively). Each experiment was performed in triplicate. The incubation time of assays was 5-40 min,
depending on the enzyme/substrate, such that product formation was still linear with respect to time.
Aliquots were removed and quenched with an equa volume of ice-cold methanol, centrifuged at 10,000 g
for 10 min, and cleared supernatants used for HPLC analysis on a Varian ProStar HPLC system. A series
of linear gradients was developed from 0.1% TFA (A) in water to methanol (HPLC grade, B) using the
following protocol: 0-32 min, 80% B; 32-35 min, 100% A. The flow rate was 1 mL/min, and the
absorbance was monitored at 254 nm using Pursuit XRs C18 column (250 x 4.6 mm, Varian Inc.).
Concentration of product formed was determined as described above, and initial velocities were fitted to

the Michaelis-Menten equation using SigmaP| ot.

Expression and purification of DSZS, MCAT, DEBS holo-ACP6, KirCl I, and Kir holo-ACP5.

DSZS was over-expressed in E. coli BL21(DE3) as a C-terminally His;-tagged fusion protein and purified
as previously described”. MCAT was over-expressed in E. coli BL21(DE3) as an N-terminally Hiss-
tagged fusion protein and purified as previously described®. Apo-ACP6 from the Saccharopolyspora
erythraea erythromycin biosynthetic gene cluster was cloned in pET28a as described” and over-expressed
as the apo-ACP in E. coli BL21(DE3) as an N-terminally Hiss-tagged fusion protein as previoudy
described®. The kirromycin trans-AT KirCll, harbored in pET52 3C/LIC’, was over-expressed in
Rosetta2(DE3) pLysS as an N-terminally Hiss-tagged fusion protein as previoudy described®. DEBS
holo-ACP6 and Kir holo-ACP5 were prepared via in vivo phosphopantetheinylation by co-expression of
apo-ACP6pegs or apo-ACP5;, with Sfp. This was achieved using a two-plasmid system: ACP5-pET52
3C/LIC (ampicillin resistant) or ACP6-pET28a (kanamycin resistant) with Sfp-pSU20 (chloramphenicol
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resistant)®. Each ACP/Sfp pair was over-expressed in E. coli BL21 (DE3) pLysS grown at 37 °C with
shaking at 250 rpm. DEBS holo-ACP6 was purified as described for MatB. KirCll and Kir holo-ACP5
were purified as previously described”.
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