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Experimental methods

DNA manipulation and sequence analysis. General DNA manipulations were performed as described.1 The primers 

used in this study (listed in Table S1) were synthesized by Generay Co. (Shanghai, China). The PCR enzymes 

PrimeSTAR DNA polymerase (Takara, Japan) or Taq DNA polymerase (TransGene, Beijing, China) were used for 

DNA amplification according to the manufacturers’ instructions. DNA sequencing was performed by TianYi 

HuiYuan Co. (Beijing, China). Electroporation of B. subtilis fmb60 was performed with an established protocol 

except the electric pulse condition was modified to 15 kV/cm, 1 kΩ, and 25 μF.2 Gene function annotation and 

multiple alignment of protein sequences were performed with BLAST (http://www.ncbi.nlm.nih.gov/blast) and 

CLUSTALW (https://www.ebi.ac.uk/Tools/msa/clustalw2/), respectively.

Construction of B. subtilis Δart24. To construct the gene in-frame deletion mutant B. subtilis Δart24, two 1.0-kb 

DNA fragments flanking the art24 gene were amplified with primer pairs 24-L-F/24-L-R and 24-R-F/24-R-R, 

respectively. Plasmid pRN5101::art24-UD was generated by inserting the two 1.0-kb fragments into the HindIII site 

of pRN5101 using one-step cloning strategy.3 After introducing pRN5101::art24-UD into B. subtilis fmb60 by 

electroporation, the erythromycin resistant transformants were selected as the single-crossover mutants, and then 

cultured in LB without antibiotics at 37 oC overnight to induce the second crossover. The erythromycin sensitive 

colonies were screened out by replicating them on plates with or without erythromycin. The selected colonies were 

verified as the desired B. subtilis Δart24 mutants by PCR analysis with primer pair 24-L-F/24-R-R, and then 

confirmed by sequencing the size-correct amplicons.

Protein expression and purification. For the expression of Art24 (WP_069149234) in E. coli, the 1.2-kb art24 gene 

was cloned by PCR using the genomic DNA of B. subtilis fmb60 as a template with primer pair 28-24-F/28-24-R 

and inserted into the NdeI and BamHI sites of pET28a to afford pET28a::art24. Gene tyl1a was synthesized and 

cloned into pET28a to generate pET28a::tyl1a by Generay (Shanghai, China).4 

http://www.ncbi.nlm.nih.gov/blast
https://www.ebi.ac.uk/Tools/msa/clustalw2/
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E. coli BL21 (DE3) transformant harboring the protein expression plasmid (pET28a::art24 or pET28a::tyl1a) was 

inoculated into LB with 50 µg/mL kanamycin and cultured at 37 oC, 220 rpm. The overnight culture was used to 

inoculate LB with 50 µg/mL kanamycin (1%, v/v) and incubated at 37 oC, 220 rpm until OD600 reaching 0.6. 

Expression of Art24 or Tyl1a was then induced by the addition of isopropyl-β-thiogalactoside (IPTG) at a final 

concentration of 0.1 mM. After cultured at 16 oC, 220 rpm for 18 hours, the cells were harvested by centrifugation, 

re-suspended in lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole, pH 7.9), and burst by sonication. 

The cell debris was then removed by centrifugation and the supernatant was loaded onto a Ni-NTA affinity column 

well equilibrated using lysis buffer, and then washed with washing buffer (20 mM Tris-HCl, 500 mM NaCl, 60 mM 

imidazole, pH 7.9) followed by elution buffer (20 mM Tris-HCl, 500 mM NaCl, 500 mM imidazole, pH 7.9). The 

desired fractions were combined, desalted using PD10 column, concentrated by ultracentrifugation with an Amicon 

Ultra centrifugal filter (Millipore, MA, USA; molecular mass cutoff of 10 kDa), and stored in 25 mM HEPES (pH 

7.5) buffer with 20% glycerol at -80 oC. Protein concentrations were measured by the Bradford assay.5

Art24 assay. The 50 μL reaction mixture consisted of 25 mM HEPES (pH 7.5), 1mM MgCl2, 1 mM ART A, 1 mM 

TDP-3-keto-6-deoxy-α-D-glucose and 5 μM Art24. The reaction was performed at 30 oC for 2 hours before it was 

quenched by adding an equal volume of acetonitrile. After centrifugation, the supernatant was analyzed by HPLC 

and MS. 

Spectroscopic analysis. HPLC analysis of ARTs was carried out with an Apollo C18 column (5 μm, 4.6 mm × 250 

mm, Alltech, IL, USA) on a Shimadzu HPLC system (Shimadzu, Kyoto, Japan). The detection wavelength was 280 

nm. The column was developed with acetonitrile and water containing 0.1% formic acid at a flow rate of 0.8 mL/min. 

Percentage of acetonitrile was changed using the following gradient: 0-32 min, 30% to 65%; 32-33 min, 65% to 

100%; 33-38 min, 100%; 38-39 min, 100%-30%; 39-45 min, 30%. 

Production and isolation of ART A and B. For the production of ART A, B. subtilis ∆art24 mutant was cultured 
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in medium BPY (0.5% beef extract, 1.0% peptone, 0.5% yeast extract, 1% glucose, 0.5% NaCl, pH 7.0) as described.6 

The well-prepared seed culture was inoculated (3% v/v) into the production medium (Landy medium: 4.2% glucose, 

1.4% L-sodium glutamate, 0.05% MgSO4, 0.05% KCl, 0.1% KH2PO4, 0.0015% FeSO4, 0.005% MnSO4, 0.0016% 

CuSO4, pH 7.0) and cultured at 33 °C, 200 rpm for 36 h. After centrifugation, the cell debris was discarded and the 

supernatant was collected and subjected to Diaion HP20 macroporous resin. After being eluted with methanol and 

concentrated at 25 °C in vacuo, the extract was subjected to a silica gel column (600 g, 200-300 mesh, 6.5 cm × 110 

cm), which was developed sequentially using 4 L each of petroleum ether, petroleum-ethyl acetate (50/50, v/v), ethyl 

acetate, ethyl acetate-methanol (50/50, v/v), and methanol. The ethyl acetate fractions containing ART A were 

concentrated in vacuo and then subjected to a reversed-phased C18 column (3.0 cm × 150 cm) that was eluted with 

acetonitrile/water gradient (40/60, 48/52, 75/25, and 90/10, v/v) sequentially. The fractions containing ART A were 

concentrated in vacuo and refined by semi-preparative HPLC (Zorbax SB-C18, 5 μm, 9.4 mm × 250 mm, Agilent, 

CA, USA). The column was eluted with acetonitrile/water (50/50, v/v) containing 0.1% formic acid at a flow rate of 

3.5 mL/min. About 8.0 mg ART A was obtained from 60 L B. subtilis Δart24 culture. 

ART B was produced and isolated using the same procedures as those of ART A, except that the wild type strain 

B. subtilis fmb60 was the producer and the semi-preparative HPLC column was eluted with acetonitrile/water (47/53) 

containing 0.1% formic acid at a flow rate of 3.5 mL/min. About 6 mg ART B was obtained from 120 L B. subtilis 

fmb60 culture.

Computational methods. Both energy minimization and conformational analysis of ART A were carried out with 

the Conflex 7.0a software using built-in MMFF94 force field.7 For NMR calculation, optimization and frequency 

analyses for conformers were carried out using dispersion corrected density functional theory (DFT-D3BJ) at 

b3lyp/6-311G(d, p) level.8 Calculations of 13C NMR chemical-shift (shielding tensors values) were performed at the 

mPW1PW91/6–311+G(2d,p) level with IEFPCM solvent model using DMSO as solvent. The DP4+ statistical 
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analysis was then carried out using the DP4+ excel file under the instructions provided by Sarotti's laboratory.9 For 

ECD calculation, optimization and frequency analyses for conformers were carried out using dispersion corrected 

density functional theory (DFT-D3BJ) at b3lyp/6-311G(d, p) level with tight convergence criteria, and with IEFPCM 

solvent model using methanol as a solvent. The electronic circular dichroism (ECD) were calculated using the time-

dependent density-functional theory (TD-DFT) method at b3lyp/6-311G(d, p) level with the IEFPCM solvent 

(methanol) model. All the optimization and frequency analyses for NMR and ECD calculation of conformers were 

executed with Gaussian9 software. The Boltzmann distribution and Gibbs free energy at 298.15 K of conformers 

were generated according to the analyses of Gaussian9 output files by Shermo 2.3 software.10
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Fig. S1 The proposed biosynthetic pathway of ART A. The methyl groups at C-2, C-14, C-18, and C-26 are highlighted 
with points in green, blue, purple, and brown, respectively; the methyltransferase domains Art11MT, Art13MT, Art14MT, 
and Art17MT are marked with the same color as the corresponding methyl group. The inset depicts the process that methyl 
groups are appended to C-5 and C-7 of the ACP-bound intermediates by β-branching system. ACP, acyl carrier protein; 
KS, ketosynthase; KS0, non-elongating ketosynthase; KR, ketoreductase; DH, dehydratase; ER, enoylreductase; MT, 
methyltransferase; HMGS, hydroxymethylglutaryl synthase. 
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Fig. S2 HPLC profiles of B. subtilis fmb60 wild-type and the mutant strain Δart24.
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Fig. S3 HRESIMS spectrum of ART A.
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Fig. S4 1H NMR spectra (500 MHz) of ART A. (A) 1H NMR spectrum (500 MHz) of ART A in DMSO-d6; (B) 1H NMR 
spectrum (500 MHz) of ART A in DMSO-d6 with a touch of DMSO, under which condition the signals of hydroxyl protons 
were clearly visualized. Therefore, this NMR condition was used in the following COSY and ROSEY analyses when the 
correlations of the hydroxyl protons needed to be considered. 
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Fig. S5 13C NMR spectrum (125 MHz) of ART A in DMSO-d6.
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Fig. S6 1H-1H COSY spectrum (500 MHz) of ART A in DMSO-d6.
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Fig. S7 1H-1H COSY spectrum (500 MHz) of ART A in DMSO-d6 with a touch of DMSO.
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Fig. S8 1H-13C HSQC spectrum (500 MHz) of ART A in DMSO-d6.
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Fig. S9 1H-13C HMBC spectrum (500 MHz) of ART A in DMSO-d6.
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Fig. S10 1H-1H ROESY spectrum (500 MHz) of ART A in DMSO-d6.
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Fig. S11 1D ROESY spectrum (500 MHz) of the H-21 of ART A in DMSO-d6. The 1H NMR spectrum (500 MHz) of 
ART A in DMSO-d6 is also presented as a reference. 1D ROESY experiment parameters were set as: SW 20 ppm; O1P 
8.0 ppm; D1 1 sec; D16 0.0002 sec; P15 0.2 sec; NS 128. 
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Fig. S12 1D ROESY spectrum (500 MHz) of the H-18 of ART A in DMSO-d6 with a touch of DMSO. The 1H NMR 
spectrum (500 MHz) of ART A in DMSO-d6 with a touch of DMSO is also presented as a reference. 1D ROESY experiment 
parameters were set as: SW 20 ppm; O1P 8.0 ppm; D1 1 sec; D16 0.0002 sec; P15 0.2 sec; NS 128.  
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Fig. S13 1H-1H ROESY spectrum (500 MHz) of ART A in DMSO-d6 with a touch of DMSO.
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Fig. S14 2D JRES spectrum (500 MHz) of ART A in DMSO-d6.
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Fig. S15 HETLOC spectrum (500 MHz) of ART A in DMSO-d6.
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Fig. S16 Candidate stereoisomers of ART A.
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Fig. S17 Multiple sequence alignments of the MT domains from ART and the representative MT domains from 
trans-AT PKSs. The conserved motifs of MT domains are labeled on top and the catalytic dyad are indicated with asterisks. 
The sequence identity of the four ArtMT domains with the well-characterized BonAMT domain are 52.1% (Art11MT), 
44.7% (Art13MT), 47.9% (Art14MT), and 55.7% (Art17MT), respectively.
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Fig. S18 HRESIMS spectrum of ART B.
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Fig. S19 1H NMR spectrum (500 MHz) of ART B in DMSO-d6.
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Fig. S20 13C NMR spectrum (125 MHz) of ART B in DMSO-d6.
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Fig. S21 1H-1H COSY spectrum (500 MHz) of ART B in DMSO-d6.
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Fig. S22 1H-13C HSQC spectrum (500 MHz) of ART B in DMSO-d6.
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Fig. S23 1H-13C HMBC spectrum (500 MHz) of ART B in DMSO-d6.
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Fig. S24 1H-1H ROESY spectrum (500 MHz) of ART B in DMSO-d6.
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Fig. S27 Experimental CD spectra of ART A and ART B.
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Table S1. Primers used in this study.

*The designed restriction site in each primer is capitalized and underlined.

Primers Sequences (5′ to 3′)* Uses
24-L-F aaagacataatcgatAAGCTTtcttatgcggtcaggtgaaatg
24-L-R cccagcttcctcaaaggatttctctccttgattaaccaatgc

Amplification of the upstream region of   
art24 (HindIII)

24-R-F gcattggttaatcaaggagagaaatcctttgaggaagctggg
24-R-R taaactaccgcattaAAGCTTctgcataatctccgcctgaat

Amplification of the downstream region of   
art24 (HindIII)

28-24-F tgccgcgcggcagcCATATGtcaaatgtgctgtttttaaacg
28-24-R cggagctcgaattcGGATCCtcaggaaagaatttttttcttc

Amplification of art24 (NdeI and BamHI)
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Table S2. 13C NMR (125 M Hz) and 1H NMR (500 M Hz) data of ART A and ART B in DMSO-d6.
ART B ART A

No.
δC(ppm) δH(ppm, J=Hz) δC(ppm) δH(ppm, J=Hz)

1 176.8 176.5
2 46.7 2.19, p, J=6.7 46.4 2.21, p, J=6.9
2-CH3 13.1 1.04, d, J=6.7 12.7 1.06, d, J=6.9

3 69.3
3.67, ddd, 
J=9.8, 6.7, 2.3

68.9 3.69, m

3-OH 4.57, d, J=6.7

4 42.7
1.35
0.99

42.3
1.36, m (4a)
0.99, m (4b)

5 27.4 1.87 27.1 1.89, m
5-CH3 19.2 0.77, d, J=5.9 18.9 0.78, d, J=5.9

6 48.9
1.98, m
1.87, m

48.5
1.99, m
1.89, m

7 138.5 138.1
7-CH3 16.9 1.70, s 16.5 1.71, s
8 126.7 5.82, d, J=11 126.4 5.83, d, J=11

9 128.8
6.39, dd, 
J=14.6, 11

128.5
6.42, dd, 
J=14.4, 11

10 130.9
6.16, dd, 
J=14.6, 10.7

130.6
6.15, dd, 
J=14.4, 10.7

11 131.7
6.03, dd, 
J=14.7, 10.7

131.2 6.03, m

12 135.7 5.70, dd, J=14.7, 8.5 135.3 5.70, dd, J=14.9, 8.4
13 45.1 2.84, m 44.9 2.85, m
14 132.9 133.5
14-CH3 22.8 1.63, s 22.8 1.66, s
15 126.5 6.37, s 125.6 6.02, s
16 42.7 2.02, m 44.2 1.92, m
17 87.7 2.93, m 78.1 2.56, m
17-OH 4.70, d, J=7.1
18 40.4 1.49, m 40.3 1.28, m
18-CH3 18.8 1.03 d, J=6.3 18.9 0.95, d, J=6.3

19 33.6
1.64, m
1.10, m

33.2
1.66, m
1.06, m

20 29.1
1.51, m
1.24, m

29.0
1.51, m
1.08, m

21 38.0 1.64, m 37.4 1.59, m
22 44.9 4.70, d, J=5.1 44.5 4.67, d, J=5.2
23 175.9 176.1
24 160.5 160.1
25 119.5 119.0
26 39.2 2.82, m 38.9 2.82, m
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26- CH3 18.9 1.00, d, J=6.8 18.58 1.02, d, J=6.8
27 67.2 3.92, m 66.9 3.93, m
27-OH 5.15, d, J=3.9

28 32.2
2.92, m
2.50, m

31.7
2.91, m
2.51, m

29 145.6 145.2
30 118.2 117.8
30-CH3 12.7 1.90, s 12.4 1.91, s
31 161.9 161.5

1′ 104.7 4.41, d, J=8.0

2′ 77.9 4.08,dd, J=8.0, 1.6

3′ 206.4

4′ 77.7 3.84, dd, J=9.8, 1.6

5′ 71.6 3.34, m

6′ 19.0 1.33, d, J=6
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Table S3. The criteria of 3JH,H and 2,3JC,H values (Hz) for anti and gauche orientations in acyclic systems.
3JH,H* 2JC,H* 3JC,H*
anti gauche gauche anti anti gauche

oxygenation large small large small large small
none 9 to 12 2 to 4 6 to 8 1 to 3
mono 8 to 11 1 to 4 -5 to -7 0 to -2 6 to 8 1 to 3

di 7 to 10 0 to 3 -4 to -6 2 to 0 5 to 7 1 to 3
*Our manuscript refers to the criteria proposed in the reference as follows.

Nobuaki Matsumori, Daisuke Kaneno, Michio Murata, Hideshi Nakamura, and Kazuo Tachibana (1999) Stereochemical 
Determination of Acyclic Structures Based on Carbon−Proton Spin-Coupling Constants. A Method of Configuration 
Analysis for Natural Products. The Journal of Organic Chemistry. 64 (3), 866-876. DOI: 10.1021/jo981810k



38

Table S4. The results of the DP4+ analysis of ART A.
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Table S5. NMR data comparison of ART B sugar moiety with the other 3-keto sugars.

ART B
(DMSO-d6)

ethyl-β-D-ribo-hex
-3-ulopyranoside
(MeOH-d4)

methyl-β-D-ribo-hex
-3-ulopyranoside
(MeOH-d4)

acetyl 2,4-di-O-
acetyl
-6-deoxy-β-D-ribo
-hexopyran-3-
uloside
(CHCl3-d1)

No.

13C 1H 13C 1H 13C 1H 1H

1′ 104.7 4.41,d, J=8.0 105.6 4.36, d, J=7.8 106.8 4.27, d, J=7.9 5.78, d, J= 8.5

2′ 77.9
4.08,dd, 
J=8.0, 1.6

78.4
4.10, dd, 
J=7.8, 1.8

78.3
4.10, dd, J=7.9, 
1.8

5.29, dd, J=8.5,1.1

3′ 206.4 207.2 207.0

4′ 77.7
3.84,dd,J=9.
8, 1.6

73.7
4.21, dd,
J=10.1, 1.8

73.6
4.22, dd, 
J=10.1, 1.8

4.99, dd, J=1.1, 10.3

5′ 71.6 3.34, m 78.4 3.30 78.2
3.31, ddd, 
J=10.1,4.9, 2.1

3.81, dq, J=10.3, 6.1

6′ 19.0 1.33,d, J=6.0 62.6

3.78,dd, 
J=12.4, 5.0;
3.92,dd, 
J=12.4, 2.3

62.5

3.79, dd, 
J=12.1, 4.9;
3.94, dd, 
J=12.1, 2.1

1.37, d, J= 6.1


