
 

Supplementary Table 1.  Strains used in this study. 
Strain Genotype, Description Source (Reference) 
E. coli DH5α E. coli host for general cloning Life Technologies 
E. coli BL21(DE3) E. coli host for protein production Life Technologies 
E. coli BL21(DE3)-Gold E. coli host for protein production Stratagene/Agilent 
E. coli BW25113/pIJ790 E. coli host for λRED-mediated PCR 

targeting 
(1) 

E. coli DH5α/BT340 E. coli host for FLP-mediated excision 
of disruption cassette 

(2) 

E. coli ET12567/pUZ8002 Methylation-deficient E. coli host for 
intergeneric conjugation 

(3) 

S. platensis SB12029 CB00739 ΔptmR1 (markerless) (4) 
S. platensis SB12037 SB12029 ΔptmA1::aac(3)IV This study 
S. platensis SB12038 SB12029 ΔptmA2::aac(3)IV This study 
 
 
 
 
 
 
Supplementary Table 2.  Plasmids and cosmids used in this study. 
Plasmid  Description Source (Reference) 
pBS12064 Cosmid 17E7 containing a partial ptm gene cluster This study 
pBS12065 pBS12064 ΔptmA1::aac(3)IV This study 
pBS12066 pBS12064 ΔptmA2::aac(3)IV This study 
pBS3080 pRSFDuet-1 derived plasmid containing a BsmFI site 

for ligation-independent cloning (LIC) and encodes a 
TEV protease site after the N-terminal His6-tag 

(5) 

pBS12067 pBS3080 harboring the full length ptmA2; used for 
enzyme assays 

This study 

pBS12068 pBS12067-derived ptmA2 H215A mutant This study 
pBS12069 pBS12067-derived ptmA2 E416A mutant This study 
pBS12070 pBS12067-derived ptmA2 A497K mutant This study 
pBS12071 pBS12067-derived ptmA2 T171SGTSGRPK mutant This study 
pBS12072 pBS12067-derived ptmA2 A497K/T171SGTSGRPK 

mutant 
This study 

pBS12073 pBS12067-derived ptmA2 T406R/T408K mutant This study 
pMCSG68 LIC plasmid that encodes a TEV protease site after the 

N-terminal His6- and StrepII-tags, and the tRNA 
genes, argU and ileX, for rare codons  

(6) 

pBS12074 pMCSG68 harboring full length ptmA2; used for 
crystallography 

This study 

 
 



 

Supplementary Table 3.  Primers used in this study. 
Primer Nucleotide Sequence (5'-3')  Function 
739A1KO_F GGTACCTGAAGGTAAGGGAGAGCCATGC

CCGACAGAGAGATTCCGGGGATCCGTCGA
CC 

PCR targeting for 
ptmA1 inactivation 

739A1KO_R CCAGGGATTCCGTTCGTACCATCATGACC
TCACCACTCGTGTAGGCTGGAGCTGCTTC 

PCR targeting for 
ptmA1 inactivation 

739A1ID_F CCTGAAGGTAAGGGAGAGCC PCR confirmation 
739A1ID_R TGACCTCACCACTCGTGTCA PCR confirmation 
739A1south_F CACGCGTAGTCGTCGAAGTA Southern probe 
739A1south_R CCTTCAGGTACCTAACCCGC Southern probe 
739A2KO_F GTCCCCGACCGCCTAGGAGCCACCTTGCA

GCACACGACCATTCCGGGGATCCGTCGAC
C 

PCR targeting for 
ptmA2 inactivation 

739A2KO_R ATCACGGGCTGCCGGTCACTCATCTCAGC
GCCCGGGGCCTGTAGGCTGGAGCTGCTTC 

PCR targeting for 
ptmA2 inactivation 

739A2ID_F ACTTCACCGACCTGTTCACC PCR confirmation 
739A2ID_R CTGCCGGTCACTCATCTCAG PCR confirmation 
739A2south_F GGTGGTGCCGAACTCATACA Southern probe  
739A2south_R CATTCACGCGACCGAACAG Southern probe 
739A2_F AAAACCTCTATTTCCAGTCGTTGCAGCAC

ACGACCATC 
ptmA2 amplification 
for pBS3080 

739A2_R TACTTACTTAAATGTTATCAGCGCCCGGG
GCCGAG 

ptmA2 amplification 
for pBS3080 

H215A_F GGCCCCATGTTCGCCATCGGCAACCAC Mutagenesis 
H215A_R GTGGTTGCCGATGGCGAACATGGGGCC Mutagenesis 
E416A_F AAGTCGGCGGCGGCGAACATCTTCCCG Mutagenesis 
E416A_R CGGGAAGATGTTCGCCGCCGCCGACTT Mutagenesis 
A497K_F ACCGTGTCGGGCAAACGGGACTACGAC Mutagenesis 
A497K_R GTCGTAGTCCCGTTTGCCCGACACGGT Mutagenesis 
T171SGTSGRPK_F 
(P-loop_F) 

CCCGTCCTGTCCTGTACACCAGCGGCACC
AGCGGGCGGCCGAAA 

Mutagenesis 

T171SGTSGRPK_R 
(P-loop_R) 

TTTCGGCCGCCCGCTGGTGCCGCTGGTGT
ACAGGACAGGACGGG 

Mutagenesis 

T406R/T408K_F ACCTTCCTCGGCCGTACGAAACGGATGCT
CAAG 

Mutagenesis 

T406R/T408K_R CTTGAGCATCCGTTTCGTACGGCCGAGGA
AGGT 

Mutagenesis 

739xtalA2_F TACTTCCAATCCAATGCCTTGCAGCACAC
GACCATCGGCGACGTC 

ptmA2 amplification 
for pMCSG68 

739xtalA2_R TTATCCACTTCCAATGTTAGCGCCCGGGG
CCGAGCGTC 

ptmA2 amplification 
for pMCSG68 

 

  



 

Supplementary Table 4.  Data collection and refinement statisticsa 

 PtmA2, 5E7Q PtmA2/12, 5UPQ PtmA2/6, 5UPS PtmA2/11, 5UPT 
Data collection     
Space group P212121 P212121 P3121 P43212 
Cell dimensions     
    a, b, c (Å) 70.87, 146.89, 

146.93 
69.61, 145.74, 
145.76 

162.67, 162.67, 
114.14 

146.16, 146.16, 
71.14 

    a, b, g  (°)  90, 90, 90 90, 90, 90 90, 90, 120 90, 90, 90 
Resolution (Å) 50.0–2.23  

(2.27–2.23) 
38.5–2.42  
(2.46–2.42) 

50.0–2.05  
(2.09–2.05) 

50.0–1.92  
(1.95–1.92) 

Unique reflections 75465 (3753) 57650 (2822) 108962 (5391) 59353 (2866) 
Rmerge 9.4 (70.1) 12.3 (90.9) 11.5 (89.3) 9.7 (84.1) 
Rmeas 10.3 (80.6) 13.3 (98.2) 12.2 (95.1) 10.3 (92.6) 
I / sI 23.0 (1.95) 18.7 (2.2) 24.6 (2.05) 26.1 (2.2) 
Completeness (%) 100 (99.9) 99.7 (99.5) 100 (100) 99.5 (98.7) 
Redundancy 6.1 (4.1) 7.1 (7.0) 8.6 (8.5) 9.0 (5.9) 
CC1/2 (Å) 0.697 0.617 0.749 0.660 
CC* 0.906 0.873 0.926 0.892 
     
Refinement     
Resolution (Å) 48.3–2.23 

(2.231–2.289) 
38.5–2.42 
(2.474–2.412) 

48.3–2.05 
(2.103–2.05) 

36.2–1.92 
(1.965–1.916) 

No. reflections 71661 (5177) 54772 (3815) 103541 (7514) 56197 (4023) 
Rwork / Rfree 17.3/20.6 

(25.2/27.3) 
23.2/28.5 
(28.6/38) 

15.6/18.8 
(22.5/25.3) 

16.4/19.6 
(25.2/29.4) 

No. atoms     
    Protein 7896 7670 8008 3978 
    Ligand/ion 107 166 124 100 
    Water 357 212 722 378 
B-factors     
    Protein 43.6 47.4 40.0 30.4 
    Ligand/ion 75.2 50.6 37.2 49.0 
    Water 44.3 42.0 48.3 42.0 
R.m.s. deviations     
    Bond lengths (Å) 0.011 0.009 0.011 0.013 
    Bond angles (°) 1.403 1.351 1.513 1.65 
Ligands RSCC – 2 molecules of 12 

(1 per chain, A = 
0.95, B = 0.95) 

2 molecules of 6 
(1 per chain, A = 
0.98, B = 0.98) 

3 molecules of 11 
(8JG701 = 0.82, 
8JG702 = 0.85, 
8JG703 = 0.82) 

a Data were collected from a single crystal for each structure. Values in parentheses are for highest-resolution shell. 

  



 

Supplementary Figure 1. The unified biosynthetic pathway of PTM and PTN. (a) The ptm 
biosynthetic gene cluster encodes the genes necessary for production of both PTM and PTN. The 
early steps of PTM biosynthesis are shown with isolated intermediates and the recombinant 
strains that produced each compound listed4,7,8. Carboxylic acid activation with CoA by PtmA1 
and PtmA2 occurs before A-ring cleavage and b-oxidation. After platensicyl-CoA is formed, 
PtmC catalyzes the coupling of ADHBA to form PTM (1). The biosynthesis of PTN from ent-
copalyl diphosphate (CPP) parallels PTM with the exception of the PtmT1-catalyzed formation 
of ent-atiserene, which undergoes similar transformations except for PtmO5, to afford 
platencinyl-CoA, which is coupled with ADHBA to form PTN (2). (b) Selected PTM and PTN 
intermediates or congeners supporting early activation of the C-19 methyl group.  
 

 
  



 

Supplementary Figure 2. The ptm and ptn biosynthetic gene clusters. (a) Genetic organization 
of the ptm gene clusters from the dual PTM–PTN producers S. platensis MA7327 and S. 
platensis CB00739 and the ptn gene cluster from the PTN-only producer S. platensis MA73399,10. 
The PTM–PTN dual overproducer S. platensis SB12029 used in this study to construct the 
DptmA1 and DptmA2 overproducers S. platensis SB12037 and SB12038, respectively, was 
previously constructed by in-frame deletion of the pathway-specific negative regulator ptmR1 in 
S. platensis CB007394. The three acyl-CoA synthetases discussed in this study, PtmA1, PtmA2, 
and PtmA3, are encoded by genes in both the ptm and ptn gene clusters. (b) Phylogenetic tree of 
PtmA1, PtmA2, PtmA3, and selected members of the ANL superfamily of adenylating enzymes. 
Bootstrap values >50 (based on 1000 resampled trials) are given at nodes. Bar, 0.5 substitutions 
per amino acid position. PtmA1, PtmA2, and PtmA3 with selected homologues are shaded in 
blue, peach, and green boxes, respectively. 
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Supplementary Figure 3. Design and Southern analysis of the ΔptmR1/ΔptmA1 double mutant 
S. platensis SB12037. (a) Schematic representation for the deletion of ptmA1 in S. platensis 
SB12029 by insertion of an aac(3)IV + oriT cassette. A probe for ptmA1 (427 bp), were 
amplified using genomic DNAs as the template. (b) Southern blot verification of wild-type 
ptmA1 (3982 bp) and double crossover ΔptmA1 (2123 bp) mutant genotypes. Lane 1, DNA 
marker VII, DIG-labeled (Roche); lane 2, S. platensis SB12029; lane 3, S. platensis SB12037. 
Southern analysis (n=1) was in agreement with PCR diagnostic experiments. 
 

 
  



 

Supplementary Figure 3 cont. Design and Southern analysis of the ΔptmR1/ΔptmA2 double 
mutant S. platensis SB12038. (c) Schematic representation for the deletion of ptmA2 in S. 
platensis SB12029 by insertion of an aac(3)IV + oriT cassette. A probe for ptmA2 (442 bp), 
were amplified using genomic DNAs as the template. (d) Southern blot verification of wild-type 
ptmA2 (4770 bp) and double crossover ΔptmA2 (3108 bp) mutant genotypes. Lane 1, S. platensis 
SB12029; lane 2, S. platensis SB12038; lane 3, DNA marker VII, DIG-labeled (Roche). 
Southern analysis (n=1) was in agreement with PCR diagnostic experiments. 
 

 
  



 

Supplementary Figure 4. SDS-PAGE of PtmA2 and mutants. Lanes M, Unstained protein 
ladder (NEB); lane 1, wild-type PtmA2; lanes 2 and 3, PtmA2 H215A; lanes 4 and 5, PtmA2 
E416A; lanes 6 and 7, PtmA2 A497K; lanes 8 and 9, PtmA2 P-loop; lanes 10 and 11, PtmA2 
A497K/P-loop. The calculated MWs for wild-type PtmA2 and mutants are all approximately 
~59.3 kDa. Gels are representative examples of n>3 independent experiments. 
 

 
 
 

 



 

Supplementary Figure 5. Total ion chromatograms (TICs) of PtmA2 enzyme reactions. (Panels) 
Boiled and enzymatic reactions with PtmA2; (stds) overlaid standards of 5, 6, and 7 (color-
coded). PtmA2 does not catalyze the first half adenylation reaction or the complete (adenylation 
and thioesterification) reaction. Chromatograms are representative examples of n>3 independent 
experiments. 
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Supplementary Figure 6. PtmA2 reaction optimization. All experiments were performed in 
triplicate and each data point represents the mean of the three independent assays with error bars 
representing the standard deviation. (a) Buffer and pH optimization. The relative activity of 
PtmA2 was calculated in the presence of citrate, phosphate, tris or borate buffer (color-coded) 
with a total pH range of 5.0 – 10.0.  (b) Divalent metal ion dependence. The relative activities of 
the PtmA2 reaction was calculated with (100%) or without (80%) 10 mM EDTA supporting that 
PtmA2 does not require divalent metal ions for thioesterification.  
 
  a 

 
  b 

 



 

Supplementary Figure 7. Steady-state kinetics of PtmA2 and mutants. Michaelis-Menten plots 
of rate vs substrate, either diterpenoid adenylate or CoA, concentrations are shown. The 
determined kinetic parameters are summarized in Table 1. Kinetics were performed in triplicate 
and each data point represents the mean of the three independent assays with error bars 
representing the standard deviation. Nonlinear regression was performed using the Km and Vmax 
Tool Kit (ic50.tk/kmvmax.html). (a) native PtmA2 (10 nM) and CoA (2 mM) were incubated 
with varying concentrations (3–200 µM) of 6. (b) native PtmA2 (5 nM) and 6 (100 µM) were 
incubated with varying concentrations (0.9–125 µM) of CoA. (c) native PtmA2 (10 nM) and 
CoA (2 mM) were incubated with varying concentrations (3–100 µM) of 9. (d) native PtmA2 (5 
nM) and 9 (100 µM) were incubated with varying concentrations (0.9–125 µM) of CoA. (e) 
PtmA2 E416A (500 nM) and CoA (2 mM) were incubated with varying concentrations (0.7–25 
µM) of 6. (f) PtmA2 E416A (500 nM) and 6 (100 µM) were incubated with varying 
concentrations (3.9–125 µM) of CoA.  
 
a b c 

 
 
d e f 

 
  



 

Supplementary Figure 7 cont. Steady-state kinetics of PtmA2 mutants (g) PtmA2 A497K (10 
nM) and CoA (2 mM) were incubated with varying concentrations (3–200 µM) of 6. (h) PtmA2 
A497K (2.5 nM) and 6 (100 µM) were incubated with varying concentrations (0.9–125 µM) of 
CoA. (i) PtmA2 P-loop mutant (5 nM) and CoA (2 mM) were incubated with varying 
concentrations (1–100 µM) of 6. (j) PtmA2 P-loop mutant (20 nM) and 6 (100 µM) were 
incubated with varying concentrations (15–2000 µM) of CoA. (k) PtmA2 A497K/P-loop (10 nM) 
and CoA (2 mM) were incubated with varying concentrations (1–50 µM) of 6. (l) PtmA2 
A497K/P-loop (10 nM) and 6 (100 µM) were incubated with varying concentrations (15–2000 
µM) of CoA. 
 
g h i 

 
 
j k l 

 
  



 

Supplementary Figure 8. HPLC chromatograms of PtmA2 enzyme reactions with nonnative 
adenylate 12. (Panels) Adenylate 12 incubated with boiled PtmA2 or PtmA2 yielding CoA 
thioester 14; (std) Standard of the “open ether” adenylate 12. Chromatograms are representative 
examples of n>3 independent experiments. 
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Supplementary Figure 9. Electron density maps for selected active site residues and ligands for 
unliganded and liganded PtmA2. The 2mFo – DFc omit maps for (a) active site residues in 
unliganded PtmA2 (PDB entry 5E7Q), (b) 12 in PtmA2 (5UPQ), (c) 6 in PtmA2 (5UPS), and (d) 
11 in PtmA2 (5UPT). A 1.0s contour and a 2.0 Å carve are shown in grey. Occupancies of each 
ligand are shown as percentages. 
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Supplementary Figure 10. Full sequence alignment of PtmA2 and selected acyl-CoA 
synthetases. Aligned residues are colored based on the level of conservation (red box with white 
character shows strict identity, red character similarity, and blue frame similarity across groups). 
The corresponding secondary structure of PtmA2 (739A2, PDB entry 5E7Q) is depicted above 
the sequence alignment. Core motif sequences (A1–A10)11 and motifs (I–III)12 are listed in 
brackets. The alignment was created with MUSCLE13 and rendered with ESPript 3.014.  

 

                                                                                PtmA2     
                                                                        1       

PtmA2     ........................................................................MQ.HTTIG

PtmA1     ................................................................................

PtmA3     ........................................................................MESVSELI

Luciferase ......................................MEDAKNIKKGPAPFYP...............LEDGT.AGEQL

Dhbe      ............................................MLKGFTPWPDELAETY........RKNGCWAGETFG

PheA      MV.........NSSKSILIHAQN.....KNGT....................HEEEQYLFAVNNTKAEYPR....DKTIH

Acs       MSQTHKHAIPANIADRCLINPEQYETKYKQSINDPDTFWGEQGKILDWITPYQKVKNTSFAPGNVSIKWYEDGT.LNLAA

MenE      ........................................................................MGMLTEQP

                ......  TT                           TT                         PtmA2     
 10        20              30        40          50        60        70         

PtmA2                                              A                                        L       P R AL            LTW E       L         GI     IM            I A   LGADV REHRRSH G T  ......VDGPVR   P LDDRVNR  GSLAAS..  GRGDR  WLGQNSFRVYEL A AGK   

PtmA1                                              A                                                P R                                      A     IL                     .........M D EFF...................DPE... ETLPRERLL RQEAR  EL...................

PtmA3                                              A                                        L       P R AM            LTY         L         GV     LV            L A    GAKA REACRKW E P  ......TFQGRS   GQFWDRVEA  ASYRGL..  KDKDR  CQLPNSPEYLVA V AWEC  

Luciferase                                          A                                        A       P   A             ITY E       L         GL     IV            V     IGVHK MKRYALV GTI F....TDAHIEVN   A YFEMSVR  EAMKRY..  NTNHR  VCSENSLQFFMP LGALF   

Dhbe                                               A                                        L       G R AI             SY E       L         GI     VV            I A   LGADL RDRAAKY D I  ......TCGNTHW  R LDTRADR  AGFQKL..  QQKDR  VQLPNIKEFFEV F LFR   

PheA                                               A                                                P   AI            LTY E       L         GI     V             I A   AG QLFEEQVSKR NNV  ......VCENEQ   H LNVKANQ  RIFIEK..  GKDTL GIMMEKSIDLFIG L VLK  G

Acs                                                A                                        L       G R AI            ISY E                 GI     VA            M A   IGANC DRHLQEN D T  IWEGDDTSQSKH   R LHRDVCRF NTLLDL..  KKGDV  IYMPMVPEAAVA L CAR   

MenE                                               A                                        L       P R AL            VTF E       M          V     AA            V A   LGVNW MQRAQLT E I  ......IYEDQT   A LFAASKR  EQLAAH..S RKGDT  ILLQNRAEMVYA H CFL   

      TT                      TTT    ........                    TT  TT         PtmA2     
80        90       100       110               120          130       140        

PtmA2                  M          L V                                                    LMVCVGYWRWAPPE EFALRDFDPH V WQHQEIHETV........ARTREALGSDDTA...RWLRHDSAPQDPDGYEAF 

PtmA1                  V      S     L                                                    V............. PYVFER AFYQE WSGHGVHPRD.......................VRSLED.FRRRIPTITKDM 

PtmA3         V        L      T   A L                                                    VTFVG DHDLTGPE VSITGR DAV L YQPRYG.....................NDTP...MAPLDDVSAAFPD.VHLI 

Luciferase     A        L      S   V                                                       AVAP NDIYNERE LNSMNI QPT VFVSKKGLQKILNVQKKLPIIQKIIIMDSKTDYQGFQSMYTFVTSHLPPGFN...

Dhbe          A        I          A I                                                    ILPVF LPSHRSSE TYFCEFAEAA Y IPDAYS.....................GFDY...RSLARQVQSKLPT.LKNI 

PheA          I        I      S   M L                                                     AYVP DIEYPKER QYILDD QAR L TQKHLVHLIHNIQFN....G...................QVEIFEEDTIK...

Acs           I        V      S   L I                                                    IVHSV FGGFSPEA AGCIID SSR V TADEGVRAGR....SIPLKKNVD......DA.........LKNPNVTSVEHV 

MenE          L               S                                                          VKAVL NTKLSTHERLFQLED GSG......................................FLLTDSS.FEKKEYEHI 

                                        TT                        ....          PtmA2     
  150                               160       170       180           190       

PtmA2                                                           G                                                                     V VL T   S      L S           A     A...AG........................GLADPDLDIDPDSP L  Y AAM  RQCGS L HTN....LIAM TAAAW

PtmA1                                                           G                                                                       V  SSGTT  P   A Q           M     RAY................RDR......TGDPFGGLLCTDVSELTS SS      R TFF E WDR.CPPLPAA LRDLW

PtmA3                                                           G                                                                     A LL TSGTT  PK  M S           I     H...GG.DDALP.PEAHRLADLSDGSRPHAAIGPEAPGVPDSRT L  L      L  CV E FSA....LWAK ECFTT

Luciferase                                                       G                                                                     A IM SSGST  PK  A             A     .......E......................YDFVPESFDRDKTI L  N      L  GV LPHRTACVRFSH. RDPIF

Dhbe                                                            G                                                                     A L  S GST   K    T           L     V...AGEAEEFL.PL....EDLH.......TEPVKLPEVKSSDV F QL G    LS LIPR HDD....YIYS KRSVE

PheA                                                            G                                                                     A VI TSGTT  PK  M                   .I...........................REGTNLHVPSKSTDL Y  Y      N  GT LEHKG....ISNLKVFFEN

Acs                                                             G                                                                     L IL TSGST  PK  L T           A     VLKRTGSDIDWQEGRDLWWRDLIEK....ASPEHQPEAMNAEDP F  Y      K  GV H TGGY...LVYA TTFKY

MenE                                                            G                                                                     A LM TSGTT  PK    T           A     Q...TIDVDELM.KEA.............AEEIEIEAYMQMDAT T  Y      K  GVQQ FGN....HYFS VSSAL

     TT                                                       ...               PtmA2     
200       210       220             230           240          250       260    

PtmA2        I      L   PM H                 LL     VI            V   L        T A   P  V LGD DHTTAF NSG  F IGNHQ......FWGMPT  MAGKN  VR....RVVAEE RDL V...AEEC H FLM PT A

PtmA1        L      L   G  R                  A G   V             M   V          L      V GLG RPGDRV SQP TI NLL..........DYVFH L TTV CVES.....GPGQ AGV EAARRYRPAF QLTYAQ V

PtmA3               L  LPL H                 L  G   VL            A   I        T L   P    AFEPDERDVH LY   A ALGLKM.......SMVA TR SRL  MD....RFSPAG LQL T...DERI V PGT AHFQ

Luciferase    I      L  VP  H                 LI G   VL                L        Q A   P    GNQ IPDTAI SV  FH GFGMFT.......TLGY  C FRV  MY....RFEEELFLRS Q...DYKI S LLV TLFS

Dhbe         L      L  LPM H                 L  G   VL            A   I        T     P  A VCW DHSTVY AA   A NYPLSSPG.....VLGV YA GRV  SP....SPSPDD FPL E...REKV ITALV PL M

PheA         V         A I                   LL G    I                I        T I   P  V SLN TEKDRIGQF S SFDASVWE.......MFMA  T ASLY IL.KDTINDFVKFEQY N...QKEI V TLP TY V

Acs                    A V                   LA G   LM            M   V        N L   P  I VFDYHPGDIYWCT D GWVTGHSYL......LYGP  C ATT  FEGVPNWPTPAR CQV D...KHQV I YTA TA R

MenE         I      L  LPL H                 VL                   V   I                 V NLG TEQDRW IA   F ISGLSALFKSVIYGMTV  HQ...........RFSVSD LHS N...R....HEVTMISA Q

  .   .        TT                        .        .             ..   TT         PtmA2     
     270       280       290         300            310         320         330 

PtmA2      I             S LR      L  G   T           G      A   YG TE                    E .VRL.NRDTGHDL R  ATVAPH WE .MA T.DTSRFT.RS ...AA. GRG  Q  LSGF..AVTAAYGG..PAAG

PtmA1      L             SSLK     AA  G   S  M        G      L       D                    E TRLADRLDLREAF    A....  FA APM RR REMVQRDW ...IE. FEYTSAA TGMA...WECD........R

PtmA3      M             SSLR     AV         L        G      L   YG SE                    L L.DH.LDPGAHDL    W....  AGAATFPGA LRQMYTTF ...VR. FYI  C  GFLCYTTDRAE.....IETG

Luciferase                SNLH     IA  G   S  V               I   YG TE                    FFA.KS.TLIDKYDL    E....  SG APL KE GEAVAKRFH...LPG RQG  L  TTSAIL..ITPEGD..DKPG

Dhbe                     SSL      L   G   S  A        G      L   FG  E                    VWM.DA.ASSRRDDL   QV.... QVG AKF AE ARRVKAVF ...CT. QQV  MA GLVNYTRLDDP.EE..IIVN

PheA       L              SI      LI  G   S  L                   YG TE                    H DPE........RIL  QT....  TA SAT PS VN...KWKE...KVTYINA  P  TTICATTWVATKETIG.HSV

Acs        L             SSLR     L   G   N  A        G      V   W  TE                    A MAEGDKAIEGTDR    I.... GSV EPI PE WEWYWKKI KEKCP. VDT WQ  TGGFMITPLPGAIE..LKAG

MenE       M              SIR     IL  G      L        G      V   YG TE                    T LASL.LEETNRCPE   C....  LG GPAPLP LEECR.EK ...FP. FQS  M  TCSQIVTLSPEFSM..EKLG

TT            TT       TT        TT      .   TT          ....                   PtmA2     
              340       350          360        370           380               

PtmA2                                          G                                           AGR                VLD               EI                                      WHN   PG........PGLTVR   TAGRECA...VGEA   C.ARGTVVHRGYWNRDE....VNAHRF.......RSGW  

PtmA1                                          G                                            G  L               LE               EL                                      YRHD FH WE...DTVFA...EC  PRG..LAEVPEGEL   VA.......TDL.DNPT................APLIR  

PtmA3                                          G                                           VGH V              I                 EI                                      YHS   R FEGPSDTAPDGRLE FARDGS..GILGRGVV   V.FGASR......PVRY....WGQDGV......AQDGW  

Luciferase                                      G                                           VGK V              VVD               EL                                       HA   V ........PFFEAK   LDTG..KTLGVNQR   C.VRGPMIMSGYVNNPE....ATNALI......DKDGWL 

Dhbe                                           G                                            GK M              V D                L                                      YRTQ  P .......SPYDESR W DHD...RDVKPGET H L.TRGPYTIRGYYKAEE....HNAASF......TEDGF  

PheA                                           G                                           IG  I              IVD               EL                                      YKP  AP ........QNTQIY   ENLQLKS...VGEA   C.IGGEGLARGYWKRPE....LTSQKFVDNPFVPGEKL  

Acs                                            G                                           A R                LVD                L                                      Y S T PF........FGVQPA   NEGHPQE...GATE N V.......ITDSWPGQARTLFGDHERFEQTYFSTFKNM F

MenE                                           G                                           AGK L               IE               EI                                       KS   P ........FSCEI.K  RDGQVCE...PYEH   M.VKGPNVMKSYFNRES....ANEASF.......QNGWL 

α1 β1 β2 α2 β3 α3 

β4 α4 β5 α5 η1 β6 α6 

β7 β8 α7 

β9 α8 α9 β10 α10 β11 

α11 β12 η2 β13 α12 η3 β14 η4 β15 

β16 β17 β18 α13 η5 

[  A1  ]  [A2]  

[A4]  

[A3/P-loop/Motif I] 

[A5/Motif II]  



 

Supplementary Figure 10 cont. Full sequence alignment of PtmA2 and selected acyl-CoA 
synthetases. 

 

 
 

  

                                                                                PtmA2     
                                                                        1       

PtmA2     ........................................................................MQ.HTTIG

PtmA1     ................................................................................

PtmA3     ........................................................................MESVSELI

Luciferase ......................................MEDAKNIKKGPAPFYP...............LEDGT.AGEQL

Dhbe      ............................................MLKGFTPWPDELAETY........RKNGCWAGETFG

PheA      MV.........NSSKSILIHAQN.....KNGT....................HEEEQYLFAVNNTKAEYPR....DKTIH

Acs       MSQTHKHAIPANIADRCLINPEQYETKYKQSINDPDTFWGEQGKILDWITPYQKVKNTSFAPGNVSIKWYEDGT.LNLAA

MenE      ........................................................................MGMLTEQP

                ......  TT                           TT                         PtmA2     
 10        20              30        40          50        60        70         

PtmA2                                              A                                        L       P R AL            LTW E       L         GI     IM            I A   LGADV REHRRSH G T  ......VDGPVR   P LDDRVNR  GSLAAS..  GRGDR  WLGQNSFRVYEL A AGK   

PtmA1                                              A                                                P R                                      A     IL                     .........M D EFF...................DPE... ETLPRERLL RQEAR  EL...................

PtmA3                                              A                                        L       P R AM            LTY         L         GV     LV            L A    GAKA REACRKW E P  ......TFQGRS   GQFWDRVEA  ASYRGL..  KDKDR  CQLPNSPEYLVA V AWEC  

Luciferase                                          A                                        A       P   A             ITY E       L         GL     IV            V     IGVHK MKRYALV GTI F....TDAHIEVN   A YFEMSVR  EAMKRY..  NTNHR  VCSENSLQFFMP LGALF   

Dhbe                                               A                                        L       G R AI             SY E       L         GI     VV            I A   LGADL RDRAAKY D I  ......TCGNTHW  R LDTRADR  AGFQKL..  QQKDR  VQLPNIKEFFEV F LFR   

PheA                                               A                                                P   AI            LTY E       L         GI     V             I A   AG QLFEEQVSKR NNV  ......VCENEQ   H LNVKANQ  RIFIEK..  GKDTL GIMMEKSIDLFIG L VLK  G

Acs                                                A                                        L       G R AI            ISY E                 GI     VA            M A   IGANC DRHLQEN D T  IWEGDDTSQSKH   R LHRDVCRF NTLLDL..  KKGDV  IYMPMVPEAAVA L CAR   

MenE                                               A                                        L       P R AL            VTF E       M          V     AA            V A   LGVNW MQRAQLT E I  ......IYEDQT   A LFAASKR  EQLAAH..S RKGDT  ILLQNRAEMVYA H CFL   

      TT                      TTT    ........                    TT  TT         PtmA2     
80        90       100       110               120          130       140        

PtmA2                  M          L V                                                    LMVCVGYWRWAPPE EFALRDFDPH V WQHQEIHETV........ARTREALGSDDTA...RWLRHDSAPQDPDGYEAF 

PtmA1                  V      S     L                                                    V............. PYVFER AFYQE WSGHGVHPRD.......................VRSLED.FRRRIPTITKDM 

PtmA3         V        L      T   A L                                                    VTFVG DHDLTGPE VSITGR DAV L YQPRYG.....................NDTP...MAPLDDVSAAFPD.VHLI 

Luciferase     A        L      S   V                                                       AVAP NDIYNERE LNSMNI QPT VFVSKKGLQKILNVQKKLPIIQKIIIMDSKTDYQGFQSMYTFVTSHLPPGFN...

Dhbe          A        I          A I                                                    ILPVF LPSHRSSE TYFCEFAEAA Y IPDAYS.....................GFDY...RSLARQVQSKLPT.LKNI 

PheA          I        I      S   M L                                                     AYVP DIEYPKER QYILDD QAR L TQKHLVHLIHNIQFN....G...................QVEIFEEDTIK...

Acs           I        V      S   L I                                                    IVHSV FGGFSPEA AGCIID SSR V TADEGVRAGR....SIPLKKNVD......DA.........LKNPNVTSVEHV 

MenE          L               S                                                          VKAVL NTKLSTHERLFQLED GSG......................................FLLTDSS.FEKKEYEHI 

                                        TT                        ....          PtmA2     
  150                               160       170       180           190       

PtmA2                                                           G                                                                     V VL T   S      L S           A     A...AG........................GLADPDLDIDPDSP L  Y AAM  RQCGS L HTN....LIAM TAAAW

PtmA1                                                           G                                                                       V  SSGTT  P   A Q           M     RAY................RDR......TGDPFGGLLCTDVSELTS SS      R TFF E WDR.CPPLPAA LRDLW

PtmA3                                                           G                                                                     A LL TSGTT  PK  M S           I     H...GG.DDALP.PEAHRLADLSDGSRPHAAIGPEAPGVPDSRT L  L      L  CV E FSA....LWAK ECFTT

Luciferase                                                       G                                                                     A IM SSGST  PK  A             A     .......E......................YDFVPESFDRDKTI L  N      L  GV LPHRTACVRFSH. RDPIF

Dhbe                                                            G                                                                     A L  S GST   K    T           L     V...AGEAEEFL.PL....EDLH.......TEPVKLPEVKSSDV F QL G    LS LIPR HDD....YIYS KRSVE

PheA                                                            G                                                                     A VI TSGTT  PK  M                   .I...........................REGTNLHVPSKSTDL Y  Y      N  GT LEHKG....ISNLKVFFEN

Acs                                                             G                                                                     L IL TSGST  PK  L T           A     VLKRTGSDIDWQEGRDLWWRDLIEK....ASPEHQPEAMNAEDP F  Y      K  GV H TGGY...LVYA TTFKY

MenE                                                            G                                                                     A LM TSGTT  PK    T           A     Q...TIDVDELM.KEA.............AEEIEIEAYMQMDAT T  Y      K  GVQQ FGN....HYFS VSSAL

     TT                                                       ...               PtmA2     
200       210       220             230           240          250       260    

PtmA2        I      L   PM H                 LL     VI            V   L        T A   P  V LGD DHTTAF NSG  F IGNHQ......FWGMPT  MAGKN  VR....RVVAEE RDL V...AEEC H FLM PT A

PtmA1        L      L   G  R                  A G   V             M   V          L      V GLG RPGDRV SQP TI NLL..........DYVFH L TTV CVES.....GPGQ AGV EAARRYRPAF QLTYAQ V

PtmA3               L  LPL H                 L  G   VL            A   I        T L   P    AFEPDERDVH LY   A ALGLKM.......SMVA TR SRL  MD....RFSPAG LQL T...DERI V PGT AHFQ

Luciferase    I      L  VP  H                 LI G   VL                L        Q A   P    GNQ IPDTAI SV  FH GFGMFT.......TLGY  C FRV  MY....RFEEELFLRS Q...DYKI S LLV TLFS

Dhbe         L      L  LPM H                 L  G   VL            A   I        T     P  A VCW DHSTVY AA   A NYPLSSPG.....VLGV YA GRV  SP....SPSPDD FPL E...REKV ITALV PL M

PheA         V         A I                   LL G    I                I        T I   P  V SLN TEKDRIGQF S SFDASVWE.......MFMA  T ASLY IL.KDTINDFVKFEQY N...QKEI V TLP TY V

Acs                    A V                   LA G   LM            M   V        N L   P  I VFDYHPGDIYWCT D GWVTGHSYL......LYGP  C ATT  FEGVPNWPTPAR CQV D...KHQV I YTA TA R

MenE         I      L  LPL H                 VL                   V   I                 V NLG TEQDRW IA   F ISGLSALFKSVIYGMTV  HQ...........RFSVSD LHS N...R....HEVTMISA Q

  .   .        TT                        .        .             ..   TT         PtmA2     
     270       280       290         300            310         320         330 

PtmA2      I             S LR      L  G   T           G      A   YG TE                    E .VRL.NRDTGHDL R  ATVAPH WE .MA T.DTSRFT.RS ...AA. GRG  Q  LSGF..AVTAAYGG..PAAG

PtmA1      L             SSLK     AA  G   S  M        G      L       D                    E TRLADRLDLREAF    A....  FA APM RR REMVQRDW ...IE. FEYTSAA TGMA...WECD........R

PtmA3      M             SSLR     AV         L        G      L   YG SE                    L L.DH.LDPGAHDL    W....  AGAATFPGA LRQMYTTF ...VR. FYI  C  GFLCYTTDRAE.....IETG

Luciferase                SNLH     IA  G   S  V               I   YG TE                    FFA.KS.TLIDKYDL    E....  SG APL KE GEAVAKRFH...LPG RQG  L  TTSAIL..ITPEGD..DKPG

Dhbe                     SSL      L   G   S  A        G      L   FG  E                    VWM.DA.ASSRRDDL   QV.... QVG AKF AE ARRVKAVF ...CT. QQV  MA GLVNYTRLDDP.EE..IIVN

PheA       L              SI      LI  G   S  L                   YG TE                    H DPE........RIL  QT....  TA SAT PS VN...KWKE...KVTYINA  P  TTICATTWVATKETIG.HSV

Acs        L             SSLR     L   G   N  A        G      V   W  TE                    A MAEGDKAIEGTDR    I.... GSV EPI PE WEWYWKKI KEKCP. VDT WQ  TGGFMITPLPGAIE..LKAG

MenE       M              SIR     IL  G      L        G      V   YG TE                    T LASL.LEETNRCPE   C....  LG GPAPLP LEECR.EK ...FP. FQS  M  TCSQIVTLSPEFSM..EKLG

TT            TT       TT        TT      .   TT          ....                   PtmA2     
              340       350          360        370           380               

PtmA2                                          G                                           AGR                VLD               EI                                      WHN   PG........PGLTVR   TAGRECA...VGEA   C.ARGTVVHRGYWNRDE....VNAHRF.......RSGW  

PtmA1                                          G                                            G  L               LE               EL                                      YRHD FH WE...DTVFA...EC  PRG..LAEVPEGEL   VA.......TDL.DNPT................APLIR  

PtmA3                                          G                                           VGH V              I                 EI                                      YHS   R FEGPSDTAPDGRLE FARDGS..GILGRGVV   V.FGASR......PVRY....WGQDGV......AQDGW  

Luciferase                                      G                                           VGK V              VVD               EL                                       HA   V ........PFFEAK   LDTG..KTLGVNQR   C.VRGPMIMSGYVNNPE....ATNALI......DKDGWL 

Dhbe                                           G                                            GK M              V D                L                                      YRTQ  P .......SPYDESR W DHD...RDVKPGET H L.TRGPYTIRGYYKAEE....HNAASF......TEDGF  

PheA                                           G                                           IG  I              IVD               EL                                      YKP  AP ........QNTQIY   ENLQLKS...VGEA   C.IGGEGLARGYWKRPE....LTSQKFVDNPFVPGEKL  

Acs                                            G                                           A R                LVD                L                                      Y S T PF........FGVQPA   NEGHPQE...GATE N V.......ITDSWPGQARTLFGDHERFEQTYFSTFKNM F

MenE                                           G                                           AGK L               IE               EI                                       KS   P ........FSCEI.K  RDGQVCE...PYEH   M.VKGPNVMKSYFNRES....ANEASF.......QNGWL 

α1 β1 β2 α2 β3 α3 

β4 α4 β5 α5 η1 β6 α6 

β7 β8 α7 

β9 α8 α9 β10 α10 β11 

α11 β12 η2 β13 α12 η3 β14 η4 β15 

β16 β17 β18 α13 η5 

                TT               TT               TT           TTT            TTPtmA2     
390               400       410       420       430       440       450          

PtmA2       D                                                                             T  L             DG L   G     L      I   EVEN I  HP V EA V  V          A V L     T  GRR........EP  S TFL TTTRM KSAAEN FPA    C EQ  A R  A IG PNTRWAQDVK V V E.PD

PtmA1       D                                                                             S  L              G M L GR        G  V   DI  AV   P         V          V V       D  VRLTRKPCGCGRTH R W R  CGDETLVG VP MLR  GL  EDQ ECAGGVFQM RPQRELSALT R GYETAG

PtmA3       D                                                                             TG L             EG L V GR    V   G  V   EVESAL   P I DA I  V          A V L        GLI........DD  R H K  MKEL NRG LK SCS      TAL G V  G FP PDRILGEAIG C V ADPR

Luciferase   D                                                                             SG I             D    I  R    I   G  V   ELESIL  HP I DA V  L          A V L        AYW........DE EHFF VD LKSL KYK YQ APA      LQ  N F  G AG PDDDAGELPA V V E.HG

Dhbe        D                                                                             TG I             DG I V GR    I   G  V   EVEN L  HP V DA M  M            V I        VRL........TR  Y V E  AKDQ NRG EK AAE    H LA  A H  A VS PDQFLGERS..C F IPRD

PheA        D                                                                             TG               DG I   GR    V   G  V   EVESIL  H  I E  V             A           QARW........LS  N EYL  IDNQ KIR HR ELE      LK MY S TA SVHKDHQEQPYLC YFVSEKHI

Acs         D                                                                             SG               DG   I GR    L   G  L   EIESAL  HP I EA V  I          A V L       GARR........DE  YYW T  VDDV NVS HR GTA      VA  K A  A VG PHAIKGQAIY Y T N.HG

MenE        D                                                                             TG L             EG L V  R    I   G  I   EVESVL  HP V EA V  A          A L L        GYL........DN  F Y LD RSDL ISG EN YPA      LS  A A  G SG EDKKWGKVPH Y V H.K.

     ....                                TT                                     PtmA2     
460           470          480       490       500       510          520         

PtmA2               EI    R     I     P     A  LP T  G      L                             AGVSE....Q  IDHC P...R ASYKK KSVAF AA  R VS ARDYDA DKEYGGGGYPG..AATLG.PG.R......

PtmA1                L    H     I    L      L   G S  GKL R                                AGAPPPDLAER RTAI ARTGV PVLE RTEHEL A.. S GV   T VVRS............................

PtmA3               EL    R     L    LP     VD VP T  GKV R  L                             DGLGL....E  RARL ...HS ARHK  DALWV  G  R KI   D AA RLIEPGSAAAP..TG..............

Luciferase           EI               L      VD VP    GKL    I                             KTMTE....K  VDYVAS..QVTTAKK RGGVVF  E  KGLT   DARK REILIKAKKGG..KSKL............

Dhbe                EL    R     L    IP     VE  P T  GKV K  L                             EAPKA....A  KAFL E..RG AAYK  DRVEF  SF Q GV   S KA REAISEKLLAG..FKK.............

PheA                 L          L    IP     LD MP T  GKI R  L                             PL.......EQ RQFSSE...E PTYM  SYFIQ  K  L SN   D KQ PEPDLTFGMRV....DYEAPRNEIEETLV

Acs                 EV    R     I     P      D LP T  GKI R  L                             EEPSP.ELYA  RNWV K...E GPLAT DVLHWT S  K RS   M RI RKIAAGDTSNLGDTSTLADPG.VVE.KLL

MenE                EL    K     L    IP     LD LP N   KL R  L                             .PVSA....G  TDYC E...R AKYK  AKFFV  R  R ASN  L NQ KDARKGELL....................

                                                                                PtmA2     
                                                                                

PtmA2     ..........                                                                      

PtmA1     ..........                                                                      

PtmA3     ..........                                                                      

Luciferase ..........                                                                      

Dhbe      ..........                                                                      

PheA      TIWQDVLG..                                                                      

Acs       EEKQAIAMPS                                                                      

MenE      ..........                                                                      

β19 β20 β21 β22 α14 β23 β24 
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Supplementary Figure 11.  Size-exclusion chromatography of PtmA2. Ribonuclease A (13.7 
kDa), ovalbumin (44 kDa), conalbumin (75 kDa), aldolase (158 kDa), and ferritin (440 kDa) 
were used to construct the standard curve (black circles). The calibration curve of Kav versus 
log(MW) was prepared using the equation Kav = Ve – Vo / (Vt – Vo), where Ve, Vo, and Vt is the 
elution volume, column void volume, and total bed volume, respectively. PtmA2 (red square) 
eluted at a retention volume of 70.3 mL, correlating to a MW of 112.9 kDa. The calculated MW 
for His6-tagged PtmA2 is ~59.3 kDa. Size-exclusion chromatography was performed n=1 for 
native PtmA2; the elution volume, and thus calculated MW was consistent with size-exclusion 
chromatography of selected PtmA2 mutants.  

 

 
 
 



 

Supplementary Figure 12. Domain alternations of PtmA2 and selected members of the ANL 
superfamily. (a-c) Superposition of the adenylation and thioesterification conformations of 
PtmA2, Alcaligenes sp. 4-chlorobenzyol-CoA ligase (CBL)15, and human medium chain acyl-
CoA synthetase (hACS)16, respectively. The N and C-terminal domains, which are shown in dark 
and light colors, respectively, rotate 158°, 143°, 133°, respectively. (d) Superposition of the 
adenylation conformations of PtmA2 and CBL. (e) Superposition of the thioesterification 
conformations of PtmA2 and hACS. (f) Superposition of the thioesterification conformations of 
PtmA2 and CBL. (g) Superposition of the thioesterification conformations of PtmA2 and hACS. 
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Supplementary Figure 13. HPLC chromatograms of PtmA2 mutant thioesterification reactions. 
(Panels) Adenylate 6 incubated with boiled PtmA2 variants or PtmA2 variants; (stds) overlaid 
standards of 6 and 7 (color-coded). Chromatograms are representative examples of n>3 
independent experiments. 
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Supplementary Figure 14. LC-MS chromatograms of PtmA2 mutant reactions. (a) Total ion 
chromatograms (TICs) and (b) extracted ion chromatograms (EICs) of PtmA2 mutant enzyme 
reactions. (Panels) Adenylation and complete (both adenylation and thioesterification) reactions 
with native and mutant PtmA2; (stds) overlaid standards of 5, 6, and 7 (color-coded). See 
Supplementary Figs. 15 and 17 for reactions using free acid 8 and negative controls using boiled 
PtmA2, respectively. Chromatograms are representative examples of n>3 independent 
experiments. 
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Supplementary Figure 15. Conversion of free acid 8 to CoA thioester 10 using PtmA2 mutants. 
(a) Total ion chromatograms (TICs) and (b) extracted ion chromatograms (EICs) of each PtmA2 
mutant enzyme reaction. (Panels) Adenylation and complete reactions, along with boiled enzyme 
negative controls, with native and mutant PtmA2; (stds) overlaid standards of 8, 9, and 10 (color-
coded). Adenylation reactions were incubated with free acid 8, ATP, and Mg2+; complete 
reactions were incubated with free acid 8, ATP, Mg2+, and CoA. Chromatograms are 
representative examples of n>3 independent experiments. 
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Supplementary Figure 16. Sequence alignment of PtmA2 and selected PtmA2-like acyl-CoA 
ligases. A3 (P-loop), A4, A8, and A10 core motifs are shown. All selected homologues are from 
gram-positive bacteria with protein sequence identities ranging from 67–97%. 
 

 
  



 

Supplementary Figure 17. LC-MS chromatograms of boiled PtmA2 mutant enzyme reactions. 
See Fig. 5b, 5c and Supplementary Fig. 14 for reaction comparisons. (a) Total ion 
chromatograms (TICs) and (b) extracted ion chromatograms (EICs) of each reaction. 
Chromatograms are representative examples of n>3 independent experiments. 
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