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Abstract

The genomes of 40 strains of Nocardia, most of which were associated with life-threatening 

human infections, encode a highly conserved assembly line polyketide synthase designated as 

the NOCAP (NOCardiosis-Associated Polyketide) synthase, whose product structure has been 

previously described. Here we report the structure and inferred biosynthetic pathway of the 

fully decorated glycolipid natural product. Its structure reveals a fully substituted benzaldehyde 

headgroup harboring an unusual polyfunctional tail and an O-linked disaccharide comprising a 

3-α-epimycarose and 2-O-methyl-α-rhamnose whose installation requires flavin monooxygenase-

dependent hydroxylation of the polyketide product. Production of the fully decorated glycolipid 

was verified in cultures of two patient-derived Nocardia species. In both E. coli and Nocardia 
spp., the glycolipid was only detected in culture supernatants, consistent with data from genetic 

knockout experiments implicating roles for two dedicated proteins in installing the second 

sugar substituent only after the monoglycosyl intermediate is exported across the bacterial cell 

membrane. With the NOCAP product in hand, the stage is set for investigating the evolutionary 
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benefit of this polyketide biosynthetic pathway for Nocardia strains capable of infecting human 

hosts.

Graphical Abstract

INTRODUCTION

Assembly line polyketide synthases (PKSs) are large multifunctional enzymes responsible 

for the biosynthesis of numerous structurally complex, biologically diverse, clinically used 

natural products.1 Each assembly line PKS is composed of multiple modules, where 

individual modules encompass multiple catalytic domains that are collectively responsible 

for catalyzing the elongation and modification of the growing polyketide chain by one 

ketide unit. Of particular interest to our laboratory is an orphan PKS solely present in 

strains of the actinomycete Nocardia, termed NOCardiosis-Associated Polyketide (NOCAP) 

synthases. Many Nocardia strains are opportunistic pathogens that cause nocardiosis, 

especially in patients with immunosuppressive conditions.2 Nocardiosis is predominantly 

a serious pulmonary infection, but can also be a systemic disease that disseminates through 

the bloodstream to other organs.2

We analyzed 337 publicly available whole genome assemblies of Nocardia to create a 

phylogenetic tree (Figure 1). The NOCAP biosynthetic gene cluster was present in 40 strains 

spanning 22 species (Figure 1, Table S2). Their clustering in this phylogenetic tree suggests 

a recent evolutionary origin of the biosynthetic pathway. It also highlights preservation of 

the NOCAP pathway among descendants of the last common ancestral strain, plausibly due 

to an added fitness provided by the natural product in their human hosts. The existence of 

three distinct clades of NOCAP-positive Nocardia is suggestive of ongoing lateral transfer 

of the gene cluster among Nocardia. Notably, 34 of the 40 NOCAP-positive strains were 

isolated from humans (Figure 1, pink); the remaining six (Figure 1, purple), while isolated 

from soil, are clustered within clades of NOCAP-positive pathogens. While there is no direct 

evidence as yet for the involvement of NOCAP in the pathogenesis of nocardiosis, our 

analysis provides a compelling argument for the biological relevance of this natural product.
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The previously reported structure of the PKS product contained a substituted 

resorcylaldehyde headgroup linked to a 15-carbon tail with two conjugated trienes separated 

by a stereogenic hydroxy group (compound 1, Figure 2).3,4 While our original report 

inferred an all-trans stereoconfiguration of both trienes,3 subsequent analysis of the product 

of a truncated NOCAP synthase5 raised the possibility that one of the two triene moieties 

had a trans–cis–trans configuration. Additionally, for unknown reasons, it became apparent 

that module 3 of the assembly line PKS was incidentally skipped, resulting in the production 

of a related polyketide with a 13-carbon tail (compound 2, Figure 2).3

The NOCAP gene cluster contains 12 non-PKS genes, designated nocapD-nocapN (Figure 

2b), most of which encode enzymes involved in sugar biosynthesis and transfer as assessed 

by their closest characterized homologues (Table S1).6 Many biologically active bacterial 

natural products derive their activities from atypical sugar substituents on polyketide 

scaffolds.7–9 To elucidate the structure of the fully decorated NOCAP product, we sought 

to refactor the complete biosynthetic gene cluster in E. coli BAP1. Here we report the 

structure of the fully decorated glycolipid product of the NOCAP biosynthetic gene cluster 

by isolating it from a recombinant E. coli strain harboring a refactored set of 4 PKS and 12 

non-PKS genes, as well as from two patient-isolated Nocardia strains.

RESULTS AND DISCUSSION

Five plasmids [pCK-KPY222/pCK-KPY259/pCK-KPY178/pCK-KPY212/pCK-KPY215] 

were required to efficiently clone the NOCAP gene cluster and the 12 accessory genes 

into E. coli (Figure S1). Two new products, 1C and 2C, were observed in cultures of E. coli 
harboring all five plasmids. By HRMS, we identified the fully decorated polyketide 1C with 

a molecular formula of C37H50O12 (observed [M – H]− m/z 685.3235, theoretical [M – H]− 

m/z 685.3230, 0.7 ppm error) and 2C with a molecular formula of C35H48O12 (observed [M 

– H]− m/z 659.3071, theoretical [M – H]− m/z 659.3073, 0.3 ppm error) (Figures S2–S6). 

Similar to the relationship between 1 and 2 previously reported,3 1C and 2C differed by a 

mass shift consistent with an unsaturated two-carbon (C2H2) moiety. 1C and 2C shared the 

same mass fragments as PKS products 1 and 2, respectively, but with additional fragments 

consistent with post-PKS tailoring steps (Figures S3–S6). The relative ratio between 2C and 

1C from heterologous expression was ~10:1, prompting us to focus our efforts on isolation 

of 2C (Figure S7).

Compound 2C was isolated as an acid-sensitive (Figure S8), faint yellow solid from ~80 L 

of E. coli BAP1 supernatant (yield ~12.5 μg/L) (Figure S9). The structure of 2C was fully 

elucidated by extensive 1D and 2D NMR experiments and analyses, including 1H 1D, 13C 

1D, COSY, TOCSY, HSQC, HMBC, and ROESY experiments (Figures 3, S10–S33, Table 

1). Consistent with the previously elucidated PKS products,3 COSY, TOCSY, and HMBC 

experiments confirmed the same connectivity of 2C.

To elucidate the structure of the sugars, two anomeric proton–carbon sets at H22/C22 (δH 

5.24, δC 102.49 ppm) and H29/C29 (δH 5.31, δC 90.15 ppm) were identified. COSY, 

TOCSY, HSQC, and HMBC experiments established carbon–carbon connectivity from C29 

to C34 (17.55 ppm) on one sugar. Additionally, we observed a singlet O-methyl substituent 
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at C30 (81.53 ppm), two hydroxy substituents at C31 (71.37 ppm) and C32 (73.86 ppm), 

and a methyl substituent at C33 (69 ppm), suggesting a 6-deoxy sugar moiety. COSY, 

TOCSY, HSQC, and HMBC experiments established carbon–carbon connectivity from C22 

to C27 (18.55 ppm) on the other sugar moiety. We observed a hydroxy substituent at C25 

(77.61 ppm), a tertiary carbon, C24 (78.2 ppm) between C23 and C25, a methyl substituent 

at C26 (69.26 ppm), and two diastereotopic protons at C23 (41.8 ppm), implying a dideoxy 

sugar moiety. HMBC correlations indicated that the tertiary carbon C24 was attached to a 

methyl substituent as well as to the other sugar via an O-linkage, resulting in a disaccharide 

(Figures 3, S22–S26). An HMBC correlation between H22 (5.24 ppm) and C4 (132.04 ppm) 

established the linkage of the disaccharide at the C4 position on the aromatic headgroup of 

the PKS products (Figures S25).

The predicted exact mass of the NMR-deduced structure of compound 2C (m/z 659.3073 

[M – H]−) is consistent with the observed HRMS value (Figure S3). We can be assured that 

the glycosyl groups attached to both compounds 1 and 2 are identical because (i) the m/z 
difference between 2 and 2C is the same as the m/z difference between 1 and 1C; (ii) 1C 
and 2C differ by a mass shift consistent with an unsaturated two-carbon (C2H2) moiety; 

and (iii) 1C and 2C have consistent fragmentation patterns wherein the fragments for 1C 
are shifted by the m/z of an unsaturated two-carbon (C2H2) moiety (Figures S3 and S5), as 

previously reported for compounds 1 and 2.3

To assign the relative configuration of 2C, we analyzed ROESY cross peaks between 

substituents attached to nonadjacent carbon atoms. A ROESY cross peak between H28–H26 

(1.66 ppm, 4.08 ppm) and another between H25–H23a (4.08 ppm, 2.04 ppm) established 

this sugar as a 3-epimycarose because these sets of protons would interact with each other 

only if they were axial. H22 has a 4.4 Hz J-coupling, suggesting an equatorial orientation 

and an α-anomer sugar (Figure S30). Despite the syn penalty for the 1–3 diaxial connection, 

the sugar gains added stability due to the anomeric effect, potentially counteracting the 

diaxial strain.11 For the other sugar, we observed ROESY cross peaks between H31–H33 

(3.73 ppm, 3.86) and H35–H32 (3.52 ppm, 3.42 ppm), establishing this sugar as a 2-O-

methyl-rhamnose sugar because these sets of protons would only interact with each other if 

they were axial. H29 has a 1.7 Hz J-coupling (Figure S30), indicating again an equatorial 

orientation and an α-anomer sugar: 2-O-methyl-α-rhamnose.

In the alkyl chain, C18–C19 (J = 13.8 Hz), C16–C17 (J = 15.2 Hz), and C12–C13 (J = 14.9 

Hz) are trans double bonds (Table 1). Two ROESY correlations, between H8/H9–H1 and 

H8/H9–H21, confirm the C8–C9 trans bond (Figures S27 and S29). Only the H8/H9–H21 

correlation would exist in the cis configuration. Two lines of evidence suggest a cis C10–11 

bond, dictating a trans–cis–trans configuration of 2C: (i) While H17–H19 and H16–H18 

show representative trans ROESY correlations, H11–H13 displays a notably more intense 

correlation, reflecting a closer proximity in cis configuration (Figure S32); (ii) a ROESY 

cross-peak between H12–H9 (Figure S33) would only be predicted if the C10–C11 bond 

were cis.

Although most polyketides are all trans, some cis polyketides have been observed.12 In 

our case, a tailoring enzyme doublet of doublet of quartets encoded within the NOCAP 

Kishore et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2025 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cluster is unlikely to promote isomerization because the truncated PKS product synthesized 

by modules 1–5, with no tailoring enzymes, possesses the analogous bond in the cis 
configuration (Figure S34).5 The cis bond may be a consequence of PKS stereospecificity 

or an endogenous E. coli enzyme. For instance, FabA from the fatty acid synthase of E. coli 
can reversibly isomerize trans-2-decenoyl-ACP to cis-3-decenoyl-ACP.13 Since Nocardia 
also contains FabA homologues, it is possible that the same trans to cis isomerization of the 

C10–C11 occurs in the native strain.

We also sought to identify compounds 1C and/or 2C in two patient-derived, NOCAP-

positive Nocardia strains. Compound 1C was detected in the spent culture media of 

Nocardia abscessus (DSM: 44432) and Nocardia pneumoniae (DSM 44730) (Figure 4). 

The retention time and UV spectrum of the Nocardia-derived metabolite are identical to 

those of E. coli-derived 1C based on HRMS (Figures 4, S35), suggesting that 1C made by 

Nocardia is also in the trans–cis–trans configuration. Production of 1C was correspondingly 

abolished in a ΔKS6DH6 Nocardia abscessus mutant (Figures 4, S36). Derivatization of 1C 
from both sources with Girard’s reagent T14 confirmed the presence of an aldehyde (Figure 

S37). Incidental skipping of module 3 to produce compound 2C seems to be an artifact of 

heterologous expression in E. coli since 2C was not detected in Nocardia cultures.

To decode the biosynthetic pathway from PKS products (1 and 2) to 1C and 2C, we 

constructed single gene deletion plasmids of each of the accessory genes in the NOCAP 

gene cluster. Co-transformation of each of these plasmids with the remaining four plasmids 

required to produce 1C and 2C in E. coli BAP1 led to the identification of the full set 

of essential biosynthetic genes. Four genes, nocapE, nocapI, nocapN, and nocapP, were 

found to be nonessential for 1C and 2C biosynthesis (Figure S38 and Table S1). Because 

E. coli BAP1 lacks NocapE, NocapN, and NocapP homologues, it is unlikely that they 

were substituted by an endogenous enzyme. In contrast, NocapI has 29%/46% identity 

and similarity to E. coli GDP-mannose 4,6-dehydratase and could be dispensable in this 

heterologous host.

Based on the structures of 1C and 2C, we anticipated that the substituted resorcylaldehyde 

headgroup would need to be hydroxylated at C4 before disaccharide incorporation. NocapM, 

a putative flavin-dependent monooxygenase, was identified as the candidate enzyme for this 

transformation.15 To test this hypothesis, we engineered plasmid pCK-KPY285 to include 

NocapM and introduced it into E. coli BAP1 along with plasmids pCK-KPY222 and pCK-

KPY259, required for production of the PKS product(s). HRMS analysis revealed that the 

resulting strain produced two compounds consistent with structures 1B (molecular formula 

C23H25O5; observed [M – H]− m/z 381.1710, theoretical [M – H]− m/z 381.1707, 0.8 ppm 

error) and 2B (molecular formula C21H23O5; observed [M – H]− m/z 355.1544, theoretical 

[M – H]− m/z 355.1551, 1.9 ppm error) (Figures S39–S44). As with compounds 1 and 2, 

1B and 2B differed by a mass shift consistent with a C2H2 moiety. The mass shift from 1 to 

1B and 2 to 2B was also consistent with the addition of a hydroxy group. All the expected 

HRMS fragments of compounds 1 and 23 were shifted by +16 in the fragmentation patterns 

of 1B and 2B (Figures S41, S43), confirming that NocapM is responsible for catalyzing the 

installation of a hydroxy moiety at C4 of 1 and 2 (Figure S45).
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By consolidating experimental data from the single gene deletions and bioinformatic 

analyses of the eight essential accessory genes in the NOCAP gene cluster (Figure S38 

and Table S1), we propose a biosynthetic pathway for fully decorated compounds 1C and 

2C (Figures 5, S46). Initial steps in the biosynthesis of both TDP-3-α-epimycarose and 

TDP-2-O-methyl-α-rhamnose are predicted to utilize housekeeping enzymes involved in 

rhamnose biosynthesis (RmlA-D) that are encoded in the genomes of all Nocardia strains 

as well as E. coli BAP1.7 This is analogous to spinosyn biosynthesis, where a single set of 

enzymes supplies rhamnose for cell wall and antibiotic biosynthesis.16 Subsequent steps in 

the biosynthesis of the two TDP-sugars require the activities of NocapD, NocapJ, NocapG, 

and NocapH (Figure S46).

We propose that NocapK, a homologue of the glycosyltransferase in elloramycin 

biosynthesis,17 transfers TDP-3-epimycarose onto the 4-phenol substituent of 1B and 2B. 

The second glycosylation is likely catalyzed by the tandem activities of two integral 

membrane proteins, NocapF and NocapL, whose closest characterized homologues are 

found in mycobacteria (which are close relatives of Nocardia18). NocapF is homologous to 

mycobacterial polyprenol monophosphomannose (PPM) synthase that converts intracellular 

GDP-mannose into PPM,19,20 whereas NocapL is a homologue of a transmembrane 

mannosyltransferase that utilizes PPM to mannosylate its glycosyl-acceptor substrate at the 

external face of the cell membrane.21 Together, these two mycobacterial proteins can flip 

PPM across the cell membrane, although the underlying mechanism is not well understood. 

Based on that precedent,22 a pathway is proposed for converting polyketide products 1 and 2 
into fully decorated compounds 1C and 2C with concomitant release outside the cell (Figure 

5). This elaborate biosynthetic pathway, involving specific transmembrane transporters to 

glycosylate and transport the natural product out of the cell, underscores the biological 

potential of compounds 1C and 2C in Nocardia. Our proposed pathway is supported by 

detection of PKS products compounds 1 and 2 and hydroxylated 1B and 2B within the E. 
coli cell pellet, while fully decorated compounds 1C and 2C were only detected in E. coli 
and Nocardia supernatants (Figures S47 and S48).

Whereas the absolute configuration of the disaccharide was not experimentally determined, 

it may be inferred from the biosynthetic pathway. The common precursor to both saccharide 

units is presumably D-glucose-1-phosphate (Figure S46). RmlC, putatively involved in 

biosynthesizing the 2-O-methyl-rhamnose sugar (Figure S46), is known to catalyze a 3,5 

double epimerization reaction to eventually form dTDP-L-rhamnose.23 It is therefore likely 

that this sugar is L-2-O-methyl-rhamnose. Because RmlC or any other epimerase is not 

involved in the biosynthesis of dTDP-3-epimycarose (Figure S46), it is likely that this sugar 

is D-3-epimycarose.

Phylogenetic analysis of the NOCAP biosynthetic gene cluster revealed that virtually all 

of the Nocardia strains harboring its encoded biosynthetic pathway are human pathogens. 

Motivated by this observation, we have decoded via extensive NMR and spectrometric 

analyses the structure of its unusual, highly functionalized glycolipid product. NOCAP 

comprises a fully substituted benzaldehyde headgroup with an unusual polyfunctional alkyl 

tail and an O-linked disaccharide unit derived from 3-α-epimycarose and 2-O-methyl-α-

rhamnose sugars. Genetic analysis has established that the NOCAP biosynthetic pathway 
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involves successive action of a 3 MDa assembly line polyketide synthase, a flavin-dependent 

monooxygenase, a cytosolic glycosyltransferase, and an extracellular glycosyltransferase. 

With the structure of this secreted glycolipid in hand, we set the stage to interrogate its role 

in the pathogenicity of Nocardia.

EXPERIMENTAL METHODS

General HPLC Solvents.

HPLC A: water; HPLC B: acetonitrile. For low-resolution MS, an Ultivo Triple Quadrupole 

LC/MS was used, and for high-resolution an MS 6545XT AdvanceBio LC/Q-TOF was used. 

For NMR, a Bruker Neo-500 NMR and Inova 600 NMR were used. For HPLC, an Agilent 

C18 column was used.

Description of Plasmids Used.

Plasmid pCK-KPY178 encodes the malonyl-CoA synthetase MatB from Streptomyces 
coelicolor,24 the Rhizobium leguminosarum malonate transporter MatC,25 the loading 

module (module L), and trans-AT-TEII (tAT-TEII) of the NOCAP synthase. Plasmid pCK-

KPY222 encodes modules 1 and 2 from N. pneumoniae as one bimodular protein and 

module 3 from N. araoensis. (As described previously,3 combining PKS subunits from 

different patient-derived Nocardia strains was necessary because certain subunits could not 

be expressed as functional proteins in E. coli.) Plasmid pCK-KPY259 encodes module 4-

KS5 and intact NocapB from N. araoensis. Plasmid pCK-KPY212 encodes the 12 non-PKS 

genes found in the NOCAP gene cluster in N. araoensis. Finally, plasmid pCK-KPY215 

encodes Sfp from Bacillus subtilis26 as well as GroL1, GroL2, and GroS from Streptomyces 
coelicolor, which together constitute the GroEL–GroES molecular chaperone system that 

forms a nanocage to allow encapsulation of non-native substrate proteins and provides a 

physical environment optimized to promote and accelerate protein folding.27

Heterologous Production of 1, 2, 1B, 2B, 1C, and 2C in E. coli.

Growth media used in this protocol had the following compositions: (a) LB broth: 25 g/L 

LB broth Miller granulated powder, supplemented with 100 mg/L carbenicillin disodium, 50 

mg/L kanamycin monosulfate, 50 mg/L streptomycin sulfate, 25 mg/L gentamicin sulfate, 

and 25 mg/L chloramphenicol. (b) Terrific Broth: 47.6 g/L Terrific Broth (modified) powder, 

10 g/L glycerol, supplemented with 100 mg/L carbenicillin disodium, 50 mg/L kanamycin 

monosulfate, 50 mg/L streptomycin sulfate, 25 mg/L gentamicin sulfate, and 25 mg/L 

chloramphenicol.

For 1 and 2: E. coli BAP1 [pCK-KPY178/pCK-KPY222/pCK-KPY259]

For 1B and 2B: E. coli BAP1 [pCK-KPY285/pCK-KPY222/pCK-KPY259]

For 1C and 2C: E. coli BAP1 [pCK-KPY178/pCK-KPY222/pCK-KPY259/pCK-KPY212/

pCK-KPY215]

A single colony of the appropriate E. coli BAP1 strain was used to inoculate an overnight 

seed culture of LB broth (15 mL) grown at 30 °C in a 50 mL Falcon tube. The seed 
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culture (10 mL) was used to inoculate 1 L of Terrific Broth in 2.5 L Pyrex Erlenmeyer 

flasks and agitated at 30 °C (200 rpm) until the OD600 reached ~0.4. After addition of a 10 

mL/L solution of 500 mM sodium malonate, pH 7.4, a 1 mL/L solution of 50 mM calcium 

pantothenate, and a 0.25 mL/L solution of 200 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG), the cultures were agitated (200 rpm) at 20 °C for an additional 48 h. The cultures 

were then transferred to centrifuge bottles and centrifuged at 5000g for 25 min at 20 °C.

Isolation and Purification of 1, 2, 1B, and 2B.

As previously described in Yuet et al.,3 for analytical verification of biosynthesis of 1, 

2, 1B, and 2B, small samples of 250 mg of frozen cells were resuspended in 0.3 mL of 

n-hexane (Thermo Fisher Scientific) and 0.2 mL of isopropanol (Thermo Fisher Scientific) 

and vortexed with glass beads for 30 min. After centrifugation at 15000g for 10 min, the 

upper organic phases were collected, dried in vacuo, redissolved in methanol, and analyzed 

by LC-MS (Agilent Ultivo QQQ LC-MS system or Agilent 6545 Q-TOF LC-MS). Samples 

were protected from light at all times.

For isolation and purification:3

HPLC A: 99.9% (v/v) water, 0.1% (v/v) formic acid (Thermo Fisher Scientific)

HPLC B: 99.9% (v/v) acetonitrile, 0.1% (v/v) formic acid (Thermo Fisher Scientific)

Guided by Matyash’s lipid extraction method,28 the cell pellet was resuspended in 65 mL/L 

culture water, 150 mL/L culture methanol (Thermo Fisher Scientific), and 500 mL/L culture 

methyl tert-butyl ether (Thermo Fisher Scientific) and sonicated in a Branson Ultrasonics 

M1800 ultrasonic cleaning bath for 1 h. Phase separation was induced by the addition of a 

65 mL/L culture of brine. The upper organic phases were collected, pooled, dried in vacuo, 

and redissolved in 20 mL of 25% (v/v) methanol in HPLC B. This mixture was diluted 

to a final volume of 90 mL with HPLC A and equally loaded onto six pre-equilibrated 

C18 solid-phase extraction cartridges (3M Empore 7 mm/3 mL). The cartridges were each 

washed with 1 mL of HPLC A, 1 mL of 25/75 HPLC B/HPLC A, 1 mL of 50/50 HPLC 

B/HPLC A, 1 mL of 75/25 HPLC B/HPLC A, and 1 mL of HPLC B. Fractions identified 

by LC-MS (a Waters SQ detector 2 LC-MS system and/or Agilent 6545 Q-TOF LC-MS 

system) to contain 1, 2, 1B, or 2B (50/50 HPLC B/HPLC A, 75/25 HPLC B/HPLC A and 

HPLC B) were pooled, dried in vacuo, redissolved in 35/65 HPLC B/HPLC A, and filtered 

through a 0.45 μm PFTE membrane (VWR). This mixture was separated with a gradient 

elution method (35/65 HPLC B/HPLC A to 80/20 HPLC B/HPLC A over 1 h at 2 mL/min) 

on an Agilent 1260 Infinity LC system equipped with an Agilent Eclipse XDB-C8 column 

(5 μm, 250 × 9.4 mm).

Isolation and Purification of 2C and 1C.

Supernatant and pellets from E. coli cultures were separated and tested for the presence 

of 1C and 2C. As judged by LC-MS, both 1C and 2C were detected predominantly in 

the supernatant. For analytical verification of the biosynthesis of 1C and 2C, 25 mL of 

supernatant was extracted twice with ethyl acetate (25 mL each time), followed by drying 
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with magnesium sulfate. Ethyl acetate was then removed by rotary evaporation, and the 

extract was resuspended in methanol for LC-MS analysis.

For Isolation and Purification.

The supernatant was transferred to fresh 2.5 L Pyrex Erlenmeyer flasks, 20 g/L Amberlite 

IRA-900 chloride form resin was added, and the flasks were agitated (200 rpm) at 20 °C 

for 2 h. The resin was filtered out using vacuum filtration, airdried, transferred to a new 

Erlenmeyer flask along with 125 mL of ethyl acetate/20 g of resin, and agitated (200 rpm) at 

20 °C for an additional 2 h to allow the metabolites to be extracted by ethyl acetate from the 

resin. The ethyl acetate was then removed using a rotary evaporator. The crude extract was 

then redissolved in 2 mL of ethyl acetate and purified using silica column chromatography. 

The mobile phase started with 100% ethyl acetate (300 mL) followed by 2% methanol, 98% 

ethyl acetate (300 mL), and finally 5% methanol, 98% ethyl acetate (400 mL). The fractions 

containing compounds 1C and 2C were identified using LC-MS, pooled, and dried under 

vacuum. The sample was then redissolved in 2 mL 60:40 HPLC A:HPLC B and filtered 

through a 0.45 μm PTFE membrane. This mixture was separated with a gradient elution 

method (isocratic 40% B for 20 min → 50% B over 20 min → 70% B over 10 min at a flow 

rate of 7 mL/min) on an Agilent C18 column. Fractions identified by LC-MS to contain 1C 
and 2C were separately pooled and lyophilized. Yields for 2C were ~1 mg from 60 to 80 L 

of culture, and yields for 1C were significantly lower.

NMR of Compound 2C.

Samples were prepared in 0.5 mL of CDCl3 in standard borosilicate glass NMR tubes (5 mm 

× 8 in.). NMR spectra of 2C were acquired on a 600 MHz Inova spectrometer. Experiments 

acquired included 1D 1H NMR, COSY, HSQC, HMBC, and ROESY (600 MHz Inova 

spectrometer). 1D 13C NMR spectra were acquired on a Bruker Avance Neo 500 MHz 

NMR spectrometer equipped with a 5 mm liquid nitrogen cooled broadband Prodigy probe 

and a Varian Inova 600 MHz NMR equipped with a 5 mm room-temperature HCN probe. 

Automatic baseline corrections, phasing, and referencing were used to correct for offsets in 

the acquired data.

The two-dimensional NMR experiments were acquired on a Varian Inova 600 MHz NMR 

instrument. The COSY was acquired with 4 scans of 4096 complex points in t2 and 300 real 

points in t1 over 8400 Hz in both dimensions for an acquisition time of 0.24 s with a recycle 

delay of 1.8 s. The HSQC was acquired with sensitivity enhancement with 8 scans of 2048 

complex points in t2 and 300 complex points in t1 over 8400 Hz in the H1 dimension and 

25,641 Hz in the C13 dimension for an acquisition time of 0.12 s with a recycle delay of 

2.2 s. The HMBC was acquired with 44 scans of 4096 complex points in t2 and 300 real 

points in t1 over 8400 Hz in the H1 dimension and 35,199 Hz in the C13 dimension for an 

acquisition time of 0.24 s with a recycle delay of 2.2 s. The TOCSY was acquired with a 

mixing time of 80 ms with 4 scans of 4096 complex points in t2 and 512 complex points in 

t1 over 8400 Hz in both dimensions for an acquisition time of 0.24 s with a recycle delay 

of 1.8 s. The ROESY was initially acquired with a mixing time of 200 ms with 8 scans of 

4096 complex points in t2 and 512 complex points in t1 over 8400 Hz in both dimensions 

for an acquisition time of 0.24 s with a recycle delay of 2.3 s. A higher resolution ROESY 
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was acquired with a mixing time of 300 ms with 8 scans of 16,384 complex points in t2 and 

2048 complex points in t1 over 8400 Hz in both dimensions for an acquisition time of 1.02 

s with a recycle delay of 2.5 s. Data were processed with either a VNMRJ 4.2 (Agilent) or 

MestreNova 14.

Girard T Derivatization of Compound 1C.

To convert the aldehyde-containing 1C to the hydrazone-containing compound, 0.1 mL 

extracts containing 1C were incubated for 1 h at room temperature after the addition of 

0.1 mL of 2% (w/v) Girard’s reagent T (MilliporeSigma) in methanol and 20 μL of glacial 

acetic acid (ThermoFisher Scientific).

Nocardia Strains and Growth Conditions.

Nocardia abscessus DSM 44432 and Nocardia pneumoniae DSM 44730 were acquired from 

the Leibniz Institute DSMZ. The growth media was adapted from Chen et al.29 as follows. 

Both strains were cultured in 5294 media agar plates (2.5 g/L potato starch, 0.5 g/L yeast 

extract, 2.5 g/L glucose, 2.5 g/L glycerol, 0.75 g/L corn steep liquor, 0.5 g/L peptone, 0.25 

g/L sodium chloride, 0.75 g/L calcium carbonate, 15 g/L agar, pH 7.2) for 3 days at 30 °C to 

allow for sporulation. Individual spore colonies were inoculated into 100 mL of seed media 

(10 g/L potato starch, 5 g/L glucose, 3 g/L NZ-amine A, 2 g/L yeast extract, 5 g/L tryptone, 

1 g/L potassium phosphate dibasic, 0.5 g/L magnesium sulfate, 3 g/L calcium carbonate, pH 

7.0) in a 500 mL baffled flask at 37 °C for 5 days. After the 5-day period, 1.5 mL of the 

seed culture was inoculated into 150 mL of production media (20 g/L potato starch, 5 g/L 

glucose, 3 g/L yeast extract, 20 g/L glycerol, 15 g/L cottonseed flour, pH 7.0) in a 500 mL 

baffled flask at 30 °C for 5 days.

Preparation of Electrocompetent Nocardia abscessus.

The general procedure to prepare electrocompetent Nocardia was adapted from a previous 

protocol.30 A single colony of N. abscessus maintained in 5294 media agar was used to 

inoculate 0.5 mL of BHI media, which was grown overnight at 37 °C. The seed culture was 

inoculated into 50 mL of BHI supplemented with 1% (w/v) glycine and 0.5% (v/v) Tween 

80 in a 500 mL baffled flask and was cultured at 37 °C for 2 days. Thereafter, the culture 

was transferred to a 50 mL conical tube and incubated at 4 °C for 1 h. The chilled cells were 

then pelleted using a Beckman Coulter Avanti J-15R centrifuge (3200g, 10 min) to separate 

the spent media and cell pellet. The spent media was disposed of, and the cell pellet was 

resuspended in 20 mL of sterile water. After a 30 min incubation at 4 °C, the cells were 

centrifuged again, and the water was carefully decanted. This process was repeated twice 

more to remove residual secondary metabolites and ionic compounds from the cells. The 

cells were then resuspended in 25 mL of ice-cold 10% glycerol, centrifuged, and decanted 

twice more. Lastly, the cells were resuspended in 1 mL of ice-cold 10% glycerol and 

aliquoted into 100 μL portions for electroporation.

KS6DH6 Gene Disruption in Nocardia abscessus.

Genomic DNA from N. abscessus was purified using a Quick-DNA fungal/bacterial kit 

(Zymo Research). pAD3 was constructed by amplifying 1.5 kb regions upstream and 
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downstream of KS6DH6 and integrated into the backbone of pNV18. pNV18 is an E. 
coli–Nocardia shuttle vector that can be used for gene disruption and delivery in Nocardia 
species.31 Between the flanking sequences from the NOCAP synthase, a gentamycin 

resistance cassette was integrated in pAD3. To facilitate DNA transfer into N. abscessus, 

pAD3 was linearized with XbaI and gel-purified. A 30 ng amount of linearized pAD3 was 

added to 100 μL of electrocompetent N. abscessus and subsequently incubated for 30 min 

at 4 °C. Cells were then transferred to a 1 mm electroporation cuvette and electroporated 

at 25 μF, 100 Ω, and 1.25 kV. The cells were recovered with addition of 600 μL of BHI 

and incubated at 37 °C for 2 h. After 3 days of plating onto 5294 agar media plates 

supplemented with 150 μg/mL of gentamycin, resulting colonies were restreaked onto 5294 

agar media plates containing either gentamycin or kanamycin. Double-crossover mutants 

displaying kanamycin sensitivity and gentamycin resistance were cultured, and the presence 

of the gentamycin gene disruption cassette was confirmed by PCR. Furthermore, primers 

were designed outside of the targeted deletion region to confirm the KS6DH6 disruption.

LC-MS Analysis of Nocardia Extracts.

After a 5-day fermentation period, production cultures were pelleted using a Beckman 

Coulter Avanti J-15R centrifuge (3200g, 30 min) to separate the spent media and cell pellet. 

The spent media was extracted 1:1 by volume with ethyl acetate (3×). The ethyl acetate 

fractions were pooled and dried under rotary evaporation. The extract was resuspended 

in 2 mL of methanol for subsequent liquid chromatography mass spectrometry (LC-MS) 

analyses. The cell pellet was frozen at −80 °C for 1 h and extracted with 20 mL of methanol 

(3×). The methanol extracts were pooled and dried under rotary evaporation. The resulting 

cell pellet extract was redissolved in 2 mL of methanol for LC-MS analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Phylogenetic tree of 337 Nocardia genomes based on ClustalW alignment of the gyrB 
housekeeping gene made in iTOL.10 Black boxes are used to highlight the strains used in the 

study. NOCAP-positive strains are highlighted in pink or purple.
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Figure 2. 
(A) Genomic architecture of the NOCAP synthase. See Table S1 for closest characterized 

homologues of nocapD–N. (B) Prototypical NOCAP synthase from N. pneumoniae. 

Biosynthesis of 1 was performed by the NOCAP synthase. Key: KS, ketosynthase; 

AT, acyltransferase; DH, dehydratase; KR, ketoreductase; ER, enoylreductase; cMT, C-

methyltransferase; ACP, acyl carrier protein; TR, thioester reductase; and TEII, thioesterase 

II.
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Figure 3. 
Structure of 2C based on 2D NMR data. The middle panel shows the disaccharide with its 

relative configuration assigned based on ROESY data. Green (ROESY) and purple (HMBC) 

arrows only indicate key correlations; for additional ROESY and HMBC correlations, see 

Figures S22–S33. The corresponding structure of 1C is shown in the lower panel.
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Figure 4. 
Extracted ion chromatogram of compound 1C from supernatants of E. coli BAP1 harboring 

the complete NOCAP biosynthetic gene cluster (pink), Nocardia abscessus (green), 

Nocardia pneumoniae (orange), and Nocardia abscessus ΔKS6DH6 (gray). The spectrum 

was acquired on an Agilent 6545 Q-TOF LC-MS system. A 10 ppm mass error tolerance 

was used for each trace.
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Figure 5. 
Proposed NOCAP biosynthetic pathway. In the cytosol (i) compound 1 is synthesized 

by the NOCAP synthase and (ii) hydroxylated by NocapM to yield 1B, (iii) which is 

glycosylated by NocapK using TDP-3-epi-mycarose as the cosubstrate (whose biosynthesis 

is shown in Figure S46). (iv) The resulting monoglycosyl intermediate is exported by 

an unidentified, presumably housekeeping, flippase. (v) Meanwhile NocapF synthesizes 

polyprenol 2-O-methyl-α-rhamnosyl phosphate from the corresponding TDP-sugar (whose 

biosynthesis is shown in Figure S46) and polyprenol monophosphomannose(PPM); finally 

(vi) NocapL transfers 2-O-methyl-α-rhamnose onto the monoglycosyl intermediate, yielding 

fully decorated 1C, which is released into the environment. The figure was created with 

BioRender.com with permission number SA26AEHCOW.
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Table 1.

NMR Assignments for 2Ca

atom number δ H δ C HMBC COSY splitting pattern and J couplings

1 9.9 195.71 C2, C3, C4 n/a s

2 n/a 113.61 n/a n/a n/a

3 n/a 155.46 n/a n/a n/a

4 n/a 132.04 n/a n/a n/a

5 n/a 154.66 n/a n/a n/a

6 n/a 115.98 n/a n/a n/a

7 n/a 139.65 n/a n/a n/a

8 6.62 126.55 C9 n/a m

9 6.62 134.44 C8 H10 m

10 6.14 127.17 C9, C8 H9 m

11 6.14 131.83 C12, C13 H12 m

12 6.56 128.49 n/a H11, H13 m

13 5.82 132.91 C11, C14 H12, H14 dt, J = 14.9, 7.4 Hz

14 2.39 41.21 C15, C13, C12 H13, H15, H12 m

15 4.21 72.12 C16 H14, H16 q, J = 6.4 Hz

16 5.57 132.33 C17, C15, C18 H15, H17 dd, J = 15.2, 6.7 Hz

17 6.2 131.38 C18, C15 H16, H18 dd, J = 15.3, 10.4 Hz

18 6.04 130.79 C17 H17, H19, H20 ddq, J = 15.3, 10.5, 1.5 Hz

19 5.72 130.54 C17, C20 H18, H20 dq, J = 13.8, 6.7 Hz

20 1.75 18.27 C19 H19 dd, J = 6.7, 1.6 Hz

21 2.13 11.89 C5, C6, C7 n/a s

22 5.24 102.49 C25, C26, C24, C28, C4 H23a, H23b d, J = 4.4 Hz

23a 2.04 41.8 C22, C24 H23b, H22, H28 dd, J = 14.2, 4.6 Hz

23b 2.54 41.8 C22, C24, C28 H23a, H22 m

24 n/a 78.34 n/a n/a n/a

25 3.33 77.61 C26, C27, C24 H26 d, J = 9.5 Hz

26 4.08 69.26 n/a H27, H25 dq, J = 9.4, 6.1 Hz

27 1.41 18.55 C25, C26 H26 d, J = 6.1 Hz

28 1.65 16.93 C25, C24 C23 H23a s

29 5.31 90.15 C30, C31, C33, C24 H28, H30 d, J = 1.7 Hz

30 3.41 81.53 C35, C31, C32 H31, H29 m

31 3.73 71.37 C32 Hd, H32, H30 dd, J = 9.5, 3.7 Hz

32 3.42 73.86 C34, C33 H31, H33 m

33 3.86 69 n/a H34, H32 dq, J = 9.5, 6.3 Hz

34 1.34 17.55 C33, C32 H33 d, J = 6.3 Hz

35 3.51 59.22 C30 n/a s

a 12.38 OH at C3 C2, C3, C4 n/a s
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atom number δ H δ C HMBC COSY splitting pattern and J couplings

b 7.53 OH at C5 n/a n/a s

c 4.13 OH at C25 n/a H25 s

d 2.27 OH at C31 n/a H31 s

e 2.32 OH at C32 n/a n/a s

g 7.44 OH at C15 n/a n/a s

a
dq: doublet of quartets, s: singlet, m: multiplet (cannot resolve), dd: doublet of doublets, d: doublet, q: quartet, dq: doublet of quartets, ddq: 

doublet of doublet of quartets.
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