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ABSTRACT

The biosynthetic gene cluster for caerulomycin A (1) was cloned and characterized from the marine actinomycete Actinoalloteichus cyanogriseus
WH1-2216-6, which revealed an unusual hybrid polyketide synthase (PKS)/nonribosomal peptide synthetase (NRPS) system. The crmL disruption
mutant accumulated caerulomycin L (2) with an extended L-leucine at C-7, implicating an amidohydrolase activity for CrmL. The leucine-removing
activity was confirmed for crude CrmL enzymes. Heterologous expression of the 1 gene cluster led to 1 production in Streptomyces coelicolor.

Caerulomycins were first discovered from Streptomyces
caeruleus1 and constituted a unique group of 2,20-bipyridyl
ring-containing natural products, also represented by col-
lismycins, pyrisulfoxins, streptonigrin, and orelline.2 Re-
cently, caerulomycin A (1, Figure 1B) and its numerous
novel analogueswere isolated fromamarine actinomycete,

Actinoalloteichus cyanogriseusWH1-2216-6.3 Caerulomy-
cins were found to have strong antifungal, antiamoebic,
and antitumor activities, and mild antibacterial activities.3,4

Caerulomycin A (1) was also demonstrated to have novel
bioactivity with remarkable promise in immunosuppres-
sion.5 The unique structure of caerulomycins and their
significant bioactivities attracted many synthetic efforts,
with accomplishments of the total synthesis of caerulomy-
cinsA-CandE.6Thebiosynthetic studies of1were limited to
earlier feedingexperimentswith labeledputativeprecursors,7

revealing the origin of the first pyridine ring from lysine
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via picolinic acid as an intermediate.7 However, the origin
and mechanism for the second pyridine ring formation
remained elusive. Herein we reported the cloning and
characterization of the 1 biosynthetic gene cluster from
A. cyanogriseusWH1-2216-6 and the heterologous expres-
sion of the 1 gene cluster in Streptomyces coelicor.
The initiation of the first pyridine ring formation in 1

was proposed to be catalyzed by L-lysine 2-aminotransfer-
ase, similar to NikC in the nikkomycin pathway and VisA
in the virginiamycin S pathway.8 Using a pair of degen-
erate primers nikC-F and nikC-R (Table S1, Supporting
Information), which were designed to target on conserved
regions of NikC and its analogues (Figure S1, Supporting
Information), we successfully identified seven positive
cosmids from 1920 clones of a SuperCos1-based genomic
library of A. cyanogriseus WH1-2216-6 (Table S2, Sup-
porting Information). After restriction analyses and
end-sequencing (Figure S2, Supporting Information), the
cosmid pCSG2016 was chosen for entire sequencing by
a shot-gun approach, to give a 44,640 bp of contiguous

DNA sequence (GenBank accession no. JF419316). Bio-
informatic analysis revealed the presence of 24 orfs
(Figure 1A), 20 of which were proposed to be involved in
1 biosynthesis (Table S3, Supporting Information).
Three genes, crmCDE, are proposed to be responsible

for the formation of the first pyridine ring in 1. CrmC, an
aminotransferase like NikC,9 may convert L-lysine to the
corresponding R-keto derivative, which spontaneously
cyclizes and dehydrates to yield piperidine-2-carboxylic
acid. Next, the flavoenzyme CrmD, likely catalyzes a
4-electron oxidation of piperidine-2-carboxylic acid to
picolinic acid, by analogy to its closest homologue NikD,
a biochemically and structurally well studied amino acid
oxidase.10 To verify the involvement of crmD in 1 biosyn-
thesis, the crmD gene was disrupted by utilizing a genetic
manipulation system previously established for A cyano-
griseusWH1-2216-6 (Figure S3, Supporting Information).11

Figure 1. Biosynthesis of 1 in A. cyanogriseusWH1-2216-6. (A) Genetic organization of the 1 biosynthetic gene cluster. (B) Proposed
biosynthetic pathway for 1. The pathway starts from L-lysine, and the bracketed steps are hypothetical. Abbreviations: ACP, acyl-
carrier protein; KS, ketosynthase; AT, acyltransferase; C, condensation; A, adenylation; T, thiolation; TE, thioestrase; taut, tautomerization.
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The resultingΔcrmDmutant CRM02 abolished 1 produc-
tion, which could be chemically rescued by feeding pico-
linic acid (Figure S4, Supporting Information), confirming
CrmD as a picolinic acid synthase. Subsequently, CrmE
activates picolinic acid to its CoA form, in an ATP-
dependent manner similar to its biochemically verified
homologues, NikE and SanJ.12 Notably, careful bioinfor-
matic analysis revealed an ACP domain embedding at the
N-terminus of CrmE (Figure S5, Supporting Information).
Four genes, crmABIJ, are probably involved in forming

andmodifying the second pyridine ring. CrmA is predicted
as a hybrid polyketide synthase (PKS)/nonribosomal pep-
tide synthetase (NRPS) protein, containing typical do-
mains of ketosynthase (KS), acyltransferase (AT), acyl-
carrier protein (ACP), condensation (C), adenylation (A),
and thiolation (T). CrmB contains C-A-T domains typical
for a NRPS protein. Bioinformatic analyses of character-
istic features of active site motifs predicted specificities of
AT domain of CrmA for malonyl-CoA (QQGHSL-
GRFHTHV), A domain of CrmA for cysteine (DLFNM-
SLIWK) and A domain of CrmB for threonine (DYWS-
FGLVVK).13 CrmI exhibits the highest similarity to a
putative acyl-CoA dehydrogenase from S. roseosporus
NRRL 11379 and CrmJ is a predicted thioesterase (TE)
involved in nonribosomal peptide biosynthesis with the
highest identity to the thioesterase GrsT from Moorea
producta.14 Most intriguingly, there are together two
NRPSmodules in CrmA and CrmB, theoretically capable
of adding two amino acids during 1 biosynthesis, which is
highly contradicted to the chemical structure of 1. Our
subsequent gene knockout experiments revealed that all four
mutants, including CRM06 (ΔcrmA), CRM09 (ΔcrmB),
CRM10 (ΔcrmI), and CRM12 (ΔcrmJ) lost the ability to
produce 1 (Figure 2A�C, Figure S6AB, Supporting
Information), proving their essentiality for 1 biosynthesis.
Seven genes, crmFGHMLNO, are putatively involved in

post-PKS/NRPS modifications. CrmN and CrmO resem-
ble GirC- andGriD-like dehydrogenase components, respec-
tively.Theymay function together to reduce a carboxyl group
into its aldehyde derivative, as demonstrated for carboxylic
acid reductase pairs GriC and GriD in grixazone biosyn-
thesis.15CrmGispredicted tobeadiaminobutyrate�pyruvate
aminotransferase,whichmaybe responsible for incorporation
of the amino group at C-7 in 1. CrmF shows the highest
similarity to a putative FAD-bindingmono-oxygenase Oant_
4393 from Ochrobactrum anthropi.16 CrmH distantly resem-
bles the N-hydroxylase VlmH (30% identity) in valanimycin

biosynthesis.17 InactivationofcrmFdidnotaffect1production
(Figure S6C, Supporting Information), while the ΔcrmH
mutant failed to produce 1 (Figure S6D, Supporting Infor-
mation), indicating thatCrmF is not essential for1biosynth-
esis and CrmH is possibly functional to add theN-hydroxyl
group in 1. CrmMshows above 40% identity to a number of
O-methyltransferases involved in natural product biosynth-
esis, such as AzicL for azicemicin18 and CalO6 for caliche-
amicin.19 It may methylate the hydroxyl group at C-4 in 1.
CrmL is predicted to be a metallo-dependent amidohy-

drolase (Figure S7, Supporting Information), displaying the
highest identity (58%) to SSGG_05706 from S. roseosporus
NRRL 15998. Interestingly, the ΔcrmL mutant CRM04
could still produce 1, but also accumulated another meta-

bolite (Figure 2D), which was isolated and identified as
a new compound caerulomycin L (2, Figure 1B) by 1H, 13C
NMR and HRESIMS (Figure S8, Table S4, Supporting
Information). Caerulomycin L (2) was assigned a molecu-
lar formula of C17H19N3O4 on the basis of HRESIMS,
requiring 10 degrees of unsaturation. The 1H NMR

spectrum also displayed the characteristic signals of a
2-disubstituted pyridine ring system at δ 8.66, 8.48, 7.92,
and 7.43anda2,4,6-trisubstitutedpyridine ring systematδ
7.92 (s) and 7.46 (s), indicating that 2 is a 4,6-disubstituted
2,20-bipyridine alkaloid. HMBC correlations fromH-40 to
C-20/C-60, H-60 to C-20/C-50, H-3 to C-5/C-4/C-2, and from

H-5 to C-6/C-7 further identified a 4-hydroxy-2,20-bipyri-
dine-6-carboxy structure. The alkyl signals at δH/C 0.88/22.9
(CH3), 0.91/23.7 (CH3), 1.68/25.3 (CH2), 1.68/42.6 (CH2)
and 4.31/52.9 (CH), and a carboxyl signal at δC 175.7 in 2
suggested the presence of a leucine fragment that was further
supported by 1H�1H COSY (Figure S9, Table S4, Support-

ing Information).Theacidhydrolysis of2yielded leucine and
4-hydroxy-2,20-bipyridine-6-carboxylic acid (3, Figure 1B)
which was identified by 1H, 13C NMR and HRESIMS
(Figure S10, Table S4, Supporting Information). The
absolute configuration of leucine was determined as L- by

Marfey’s method (Figure S11, Supporting Information).20

The incomplete orf(-3) gene, orf(-2), and orf(-1) genes
encode functions not relevant to 1 biosynthesis, and the
crmK and orf1 genes both encode flavoenzymes (Table S3,
Supporting Information). TheΔcrmKmutantCRM11 still
produced 1, excluding its essential role for 1 biosynthesis
(Figure S6E, Supporting Information). There are three
putative transporter genes crmT1�T3 and two putative
regulator genes crmR1-R2, they may be responsible for
transportation, resistance, and biosynthetic regulation of 1.
To confirm that we have cloned the entire 1 gene cluster,

the recombinant cosmid pCSG2307 harboring our whole
sequenced DNA region (Table S2, Supporting Informa-
tion) was introduced into Streptomyces coelicolorYF11,21

successfully leading to the heterologus production of 1
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(Figure 2E),whichwas absent in the control strain (Figure 2F).
Unlike the ΔcrmL mutant CRM04, S. coelicolor YF11/
pCSG2308, in which the crmL gene was disrupted (Table S2,
Supporting Information), exclusively produced 2 but
not 1 (Figure 2G).These observations indicated thatCrmL
specifically removed L-leucine from 2 and the existence of
another enzyme outside of 1 gene cluster inA. cyanogriseus,
performing a similar function as CrmL.
No soluble CrmL could be detected in E. coli, and only

weak expression of crmL was achieved in S. coelicolor
YF11/pCSG2220 (Figure S12, Supporting Information).
Fortunately, 2 was indeed converted to 3 in in vitro assays
using cell free extracts of YF11/pCSG2220 and the con-
version ratio was increased with longer incubation time
(Figure 2H-L, Figure S13, Supporting Information), while
2 remained unchanged in control assays either using cell
free extracts of YF11/pPWW50A (Figure 2M) or using
boiled crude extracts of YF11/pCSG2220 (Figure 2N).
This experiment demonstrated that CrmLwas responsible
for removing the terminal L-leucine of 2 to provide 3.
Combining our experimental data and bioinformatic ana-

lysis, we proposed a biosynthetic pathway for 1 (Figure 1B).
Picolinic acid (5) was formed by CrmC and CrmD from
L-lysine via piperidine-2-carboxylic acid (4). CrmE was
probably a dual functional enzyme capable of both acti-
vating 5 to 6, and loading 6 to its N-terminal ACP, by
analogy to its homologue NikE, similar dual function of

whichwas recently demonstrated.12bThe resulting product
then entered into the PKS module in CrmA to form the
putative intermediate 7. Next, the A domain in CrmA
might activate cysteine based on its predicted specificity. It
is highly hypothetical that CrmI might convert CrmA
T-domain-tethered cysteine to dehydroalanine (Dha) via
an oxidative β-elimination. The conversion of cysteine
into Dha was precedent in post-translational modification
of proteins.22 Subsequently, the enamine may serve as a
nucleophile to attack 7 (Figure 1B), resulting in an inter-
mediate 8, which would sequentially undergo tautomer-
ization (8f9), intramolecular cyclization (9f10), and a
second tautomerization to afford 11 (Figure 1B). After
condensation of 11 with L-leucine tethered to the CrmB
T-domain, caerulomycinL (2)mightbe released fromCrmB
by the thioesterase CrmJ, and is converted to 3 by CrmL.
The dehydrogenation by CrmN/CrmO would generate 12,
and the transamination of 12 by CrmG yielded 13. CrmH
probably catalyzed theN-hydroxylation of 13 to provide 14,
mechanistically analogous to P450 enzyme NocL in nocar-
dicin A biosynthesis.23 Finally, the 1 biosynthesis would be
completed by the CrmM-catalyzed O-methylation of 14.
In summary, we have cloned and characterized the

biosynthetic gene cluster for 1 from A. cyanogriseus
WH1-2216-6, the identity of which was confirmed by
heterologous expression. Functional elucidation of the
amidohydrolase CrmL indicated a process of extension/
removal of a redundant amino acid in 1 biosynthesis,
similar to the protection/deprotection strategy recently
demonstrated in the biosynthesis of macrolactam vice-
nistatin and the antibiotic xenocoumacin in which similar
peptidases tailored a hybrid PKS/NRPS assembly line.24

The collismycin biosynthetic gene cluster was also recently
elucidated to share a similar organization as the 1 gene
cluster (Table S5, Supporting Information),25 suggesting a
common mechanism for 2,20-bipyridyl ring formation.
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Figure 2. HPLC analyses of metabolite profiles and crude
enzyme assays. (A) A. cyanogriseus WH1-2216-6 wild type; (B)
ΔcrmA mutant CRM06; (C) ΔcrmB mutant CRM09; (D)
ΔcrmL mutant CRM04; (E) S. coelicolor YF11/pCSG2307;
(F) YF11/pSET152; (G) YF11/pCSG2308; (H) and (I) 2 and 3
standards, (J�L) Incubation of 2 with crude extracts of YF11/
pCSG2220 for 1 h (J), 4 h (K) and 8 h (L); control assays by
incubation of 2 with YF11/pPWW50A (M) or bioled crude
extracts of YF11/pCSG2220 (N) for 8 h. UV detection at 254
nm. The HPLCmobile phases were acetonitrile for traces A�G
and methanol for traces H�N.
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