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Caprazamycins are potent anti-mycobacterial liponucleoside
antibiotics isolated from Streptomyces sp. MK730-62F2 and
belong to the translocase I inhibitor family. Their complex
structure is derived from 5’-(f3-O-aminoribosyl)-glycyluridine
and comprises a unique N-methyldiazepanone ring. The biosyn-
thetic gene cluster has been identified, cloned, and sequenced,
representing the first gene cluster of a translocase I inhibitor.
Sequence analysis revealed the presence of 23 open reading
frames putatively involved in export, resistance, regulation, and
biosynthesis of the caprazamycins. Heterologous expression of
the gene cluster in Streptomyces coelicolor M512 led to the pro-
duction of non-glycosylated bioactive caprazamycin derivatives.
A set of gene deletions validated the boundaries of the cluster
and inactivation of cpz21 resulted in the accumulation of novel
simplified liponucleoside antibiotics that lack the 3-methylglu-
taryl moiety. Therefore, Cpz21 is assigned to act as an acyltrans-
ferase in caprazamycin biosynthesis. In vivo and in silico analysis
of the caprazamycin biosynthetic gene cluster allows a first pro-
posal of the biosynthetic pathway and provides insights into the
biosynthesis of related uridyl-antibiotics.

Caprazamycins (CPZs)? (Fig. 1, 1) are liponucleoside antibi-
otics isolated from a fermentation broth of Streptomyces sp.
MK730-62F2 (1, 2). They show excellent activity in vitro against
Gram-positive bacteria, in particular against the genus Myco-
bacterium including Mycobacterium intracellulare, Mycobac-
terium avium, and Mycobacterium tuberculosis (3). In a pulmo-
nary mouse model with M. tuberculosis H37Rv, administration
of caprazamycin B exhibited a therapeutic effect but no signif-
icant toxicity (4). Structural elucidation (2) revealed a complex
and unique composition of elements the CPZs share only with
the closely related liposidomycins (LPMs, 2) (5). The core skel-
eton is the (+)-caprazol (5) composed of an N-alkylated 5'-(3-
O-aminoribosyl)-glycyluridine, also known from FR-900493
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(6) (6) and the muraymycins (7) (7), which is cyclized to form a
rare diazepanone ring. Attached to the 3”-OH are B-hydroxy
fatty acids of different chain length resulting in CPZs A-G (1).
They differ from the LPMs in the absence of a sulfate group at
the 2"-position of the aminoribose and the presence of a perm-
ethylated L-rhamnose B-glycosidically linked to the 3-methyl-
glutaryl (3-MG) moiety.

The LPMs have been shown to inhibit biosynthesis of the
bacterial cell wall by targeting the formation of lipid I (8). The
CPZs are expected to act in the same way and are assigned to
the growing number of translocase I inhibitors that include
other nucleoside antibiotics, like the tunicamycins and mure-
idomycins (9). During peptidoglycan formation, translocase I
catalyzes the transfer of UDP-MurNAc-pentapeptide to the
undecaprenyl phosphate carrier to generate lipid I (10). This
reaction is considered an unexploited and promising target for
new anti-infective drugs (11).

Recent investigations indicate that the 3”-OH group (12), the
amino group of the aminoribosyl-glycyluridine, and an intact
uracil moiety (13) are essential for the inhibition of the Esche-
richia coli translocase I MraY. The chemical synthesis of the
(+)-caprazol (5) was recently accomplished (14), however, this
compound only shows weak antibacterial activity. In contrast,
the acylated compounds 3 and 4 exhibit strong growth inhibi-
tion of mycobacteria, suggesting a potential role of the fatty acid
side chain in penetration of the bacterial cell (15, 16). Appar-
ently, the acyl-caprazols (4) represent the most simplified anti-
biotically active liponucleosides and a good starting point for
further optimization of this class of potential therapeutics.

Although chemical synthesis and biological activity of CPZs
and LPMs has been studied in some detalil, their biosynthesis
remains speculative and only few data exists about the forma-
tion of other translocase I inhibitors (17, 18). Nevertheless, we
assume that the CPZ biosynthetic pathway is partially similar to
that of LPMs, FR-90043 (6), and muraymycins (7) and presents
a model for the comprehension and manipulation of lipo-
nucleoside formation. Considering the unique structural fea-
tures of the CPZs we also expect some unusual biotransforma-
tions to be involved in the formation of, e.g. the (+)-caprazol.

Here we report the identification and analysis of the CPZ
gene cluster, the first cluster of a translocase I inhibitor. A set of
gene disruption experiments provide insights into the biosyn-
thetic origin of the CPZs and moreover, heterologous expres-
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FIGURE 1. Nucleoside antibiotics of the translocase | inhibitor family.

sion of the gene cluster allows the generation of novel bioactive
derivatives by pathway engineering.

EXPERIMENTAL PROCEDURES

Bacterial Strains and General Methods—Chemicals, micro-
biological, and molecular biological agents were purchased
from standard commercial sources. Streptomyces sp. MK730-
62F2 and Streptomyces coelicolor M512 (SCP1~, SCP27,
Aactllorf4, AredD) and their respective derivatives were main-
tained and grown on either MS agar (2% soy flour, 2% man-
nitol, 2% agar; components purchased from Carl Roth,
Karlsruhe, Germany) or TSB medium (BD Biosciences).
E. coli strains were cultivated in LB medium (components
purchased from Carl Roth) supplemented with appropriate
antibiotics. Mycobacterium phlei was cultured in nutrient
agar (BD Biosciences) and used as an indicator strain in agar
diffusion assays for the detection of bioactivity in culture
extracts of Streptomyces sp. MK730-62F2, S. coelicolor
M512, and their derivatives. DNA isolation and manipula-
tions were carried out according to standard methods for
E. coli (19) and Streptomyces (20).

Production, Extraction, and Detection of Caprazamycin
Derivatives—50 ml of TSB media was inoculated with spore
suspension of Streptomyces sp. MK730-62F2, S. coelicolor
M512, or a derivative thereof. The cultures were incubated for 2
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days at 30 °C and 200 rpm. For the production of CPZs, 1 ml of
the pre-cultures were inoculated into 100 ml of a medium con-
taining 1% soytone, 1% soluble starch, and 2% b-maltose
adjusted to pH 6.7 (components purchased from BD Bio-
sciences). The cultures were incubated for 7 days at 30 °C and
200 rpm. For rapid identification of CPZs, cells were harvested
and extracted with ice-cold methanol. The extract was directly
applied to LC-MS and agar diffusion assay. Partial purification
of CPZs was achieved by the adjustment of the culture super-
natant to pH 4 and its subsequent extraction with an equal
volume of butanol. The organic phase was evaporated and
extracts were resolved in 500 ul of methanol. LC-MS/MS anal-
ysis was performed on a Surveyor HPLC system equipped with
a Reprosil-Pur Basic C18 (5 wm, 250 X 2 mm) column (Dr.
Maisch, Ammerbuch, Germany) coupled to a Thermo Finnigan
TSQ Quantum triple quadrupole mass spectrometer (heated
capillary temperature, 320 °C; sheath gas, nitrogen). For sample
separation, a linear gradient from 2 to 40% acetonitrile in aque-
ous formic acid (0.1%) over 4 min followed by a linear gradient
from 40 to 100% acetonitrile in aqueous formic acid (0.1%) over
31 min was used; the flow rate was 0.2 liters min~" and detec-
tion at 262 nm. Positive electrospray ionization ((+)-ESI) was
performed with electrospray voltage of 3.8 kV and collision-
induced dissociation spectra were recorded with collision
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energy of 35 eV. Accordant parameters in negative mode ((—)-
ESI) were 4.0 kV and 25 eV, respectively.

Bioactivity of culture extracts was monitored using M. phlei
as an indicator strain. 50 ul of a glycerol culture of M. phlei was
spread out on a nutrient agar plate. 5 ul of the butanolic culture
extracts were applied to filter paper discs (5 mm) and placed on
the top of the agar. The assay was incubated at 30 °C for 48 h.

Generation and Screening of a Cosmid Library—A Strepto-
myces sp. MK730-62F2 genomic cosmid library was con-
structed. Chromosomal DNA was partially digested with
Bsp1431 (Fermentas, Vilnius, Lithuania), dephosphorylated,
and ligated with BamHI/Xbal-digested SuperCos1 vector. The
ligation products were packed (Gigapack III XL, Stratagene,
Heidelberg, Germany) and transferred into E. coli SURE®. A
0.45-kb fragment of cpz28 was amplified from genomic DNA
using primer omt1CH_fw, CCGTCCGCTACGGCTCNSMN-
AARTGG and omt1CH_rv, GCGGTCCACAGGTCCTCNA-
YNACRTA. Perfect matching primers omt7218_fw, GGCTG-
CACTGGTTCACGGG and omt7218_rv, CCAGAGGTCCT-
CGATCACG amplifying a 0.39-kb fragment of cpz28 were
applied in a PCR screening of the cosmid library.

DNA Sequencing and Computer-assisted Sequence Analysis—
Double-stranded sequencing of the entire cosmid clone 31C2
(42,300-bp insert) was performed by GenoTech (Baejeon,
Korea) by using a shotgun library with DNA fragments of
~0.5-1.0 kb in length. The DNASIS software package (Hitachi
Software Engineering, Tokyo, Japan) and Artemis (Wellcome
Trust Genome Campus, Cambridge, UK) were used for
sequence analysis and annotation. Data base comparisons were
carried out in the GenBank™ data base by using the BLAST
program (21). Alignment and comparison of sequences were
performed using the ClustalX algorithm (22) and GeneDoc
alignment editor.

Heterologous Expression of the Caprazamycin Gene Cluster—
An integration cassette from pIJ787 was introduced into the bla
sequence of cosmid 31C2 as described previously (23) generat-
ing cosmid cpzLK09. cpzLK09 was verified by restriction anal-
ysis and non-methylated DNA was used for protoplast trans-
formation into S. coelicolor. In brief, for the preparation of
protoplasts, S. coelicolor M512 was cultivated in 100 ml of
S-YEME broth (34% sucrose, 1% glucose, 0.5% peptone, 0.3%
yeast extract, 0.3% malt extract, 5 mm MgCl,; components pur-
chased from Carl Roth) for 48 h at 30 °C. Cells were harvested
and washed with an aqueous solution of 10.3% sucrose. The
degradation of the cell wall was performed at 30 °C in P-buffer
(10.3% sucrose, 0.025% K,SO,, 0.202% MgCl,-6H,0, 0.005%
KH,PO,, 0.368% CaCl,-2H,0, and 0.573% TES) supplemented
with 4 mg/ml lysozyme (Serva, Heidelberg, Germany) and
monitored by microscopy. Subsequent polyethylene glycol-me-
diated protoplast transformation was performed as described
by Kieser et al. (20). Kanamycin resistance mutants were
selected and designated as S. coelicolor M512/cpzLK09(1-3).

Generation of Acpzl—4, Acpz1-5, Acpzl-6, Acpz33—34, and
Acpz32-34 in S. coelicolor M512—An apramycin resistance
(aac(3)IV) cassette was amplified from plasmid pIJ773 (24)
using primer pairs B4 _rv/B5_fw (Acpzl-4), B4_rv/B6_fw
(Acpz1-5), B4_rv/B7_fw (AcpzI-6), Bl_rv/Bl_fw (Acpz33—
34), and B1_rv/B2_fw (Acpz32-34) (supplemental Table S1).
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The genes were replaced in E. coli BW25113/pIJ790/cpzLK09
by using the PCR targeting system (24). Resulting cosmids were
confirmed by restriction analysis. Excision of the cassette was
performed in E. coli BT340 taking advantage of the FLP/FRT
recognition sites adjacent to the resistance cassette (25). Posi-
tive cosmids were screened for their apramycin sensitivity and
verified by restriction analysis and PCR using primers
B1_test_rv, Bl test_fw, B2 test_fw, B4 test fw, B5 test_rv,
B6_test_rv, and B7_test_rv (supplemental Table S1). Cosmids
cpzWP01 (Acpz33-34), cpzWP02 (Acpz32-34), cpzWP05
(Acpzl-4), czWP06 (AcpzI-5), and cpzWP07 (Acpzl-6) were
transferred into E. coli ET12567 (26) and introduced into
S. coelicolor M512 by triparental intergeneric conjugation with
the help of E. coli ET12567/pUB307 (27). Kanamycin resistance
clones were selected, confirmed by PCR, and designated as S. coeli-
color M512/cpzWP01(1-3), S. coelicolor M512/cpzWP02(1-3), S.
coelicolor M512/cpzWP05(1-3), S. coelicolor M512/cpzWP06(1—
3), and S. coelicolor M512/cpzWP07(1-3).

Generation of Acpz21 and Acpz23 Mutants in S. coelicolor
MS512—Deletion mutants were generated in accordance with
the generation of the mutants for the detection of the cluster
boundaries. Primer pairs cpz21_rv/cpz21_fw and cpz23_rv/
cpz23_fw were used to amplify the apramycin resistance cas-
sette (supplemental Table S1). The resulting mutants were
designated S. coelicolor M512/cpzLL06(1-3) (Acpz2I) and
S. coelicolor M512/cpzLL07(1-3) (Acpz23).

To generate the expression plasmids for mutant comple-
mentation, ¢pz2l and cpz23 were amplified from cosmid
cpzLKO09 using primer pairs cpz21Eco_fw/cpz21Hind_rv and
cpz23Eco_fw/cpz23Hind_rv and cloned into the vector
pGEM®-T (Promega). The genes were subcloned into the
EcoRI/Spel sites of expression vector pUWL201 (28) under the
control of the ermE* promoter. This resulted in plasmids pLL06
(cpz21) and pLLO7 (cpz23), respectively. DNA sequencing of
these plasmids confirmed the correct sequence of all con-
structs. For protoplast transformation, the two plasmids
were transferred into the non-methylating E. coli strain
ET12567 and DNA was isolated by standard procedures.
Transformation of the S. coelicolor mutant strains by poly-
ethylene glycol-mediated protoplast transformation (20)
finally generated strains S. coelicolor M512/cpzLL06/pLL06
and S. coelicolor M512/cpzLL07/pLL07.

RESULTS AND DISCUSSION

Identification and Cloning of the Caprazamycin Gene Cluster—
The unusual structure of CPZs and the lack of information
about the biosynthetic origin make it difficult to select genetic
probes for the identification of the gene cluster. However, the
formation of the permethylated L-rhamnose moiety is known
from other antibiotics like elloramycin (29) and spinosyn (30).
Oligonucleotides deduced from a multiple sequence alignment
based on the elloramycin methyltransferase elmM1I led to the
amplification of a partial sequence of cpz28 with high similarity
to sugar O-methyltransferases. Primer walking revealed two
adjacent genes cpz29 and cpz30 to be homologous to other
O-methyltransferases suggesting the presence of the CPZ gene
cluster. To our knowledge, this is the first study demonstrating
the successful application of degenerated primers for O-meth-
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FIGURE 2. Organization of the caprazamycin gene cluster. The putative assignment of the genes to different steps in the biosynthesis is indicated. Bars above
the cluster mark the gene deletions performed in this study. — indicates that the deletion of the respective region led to an abolishment of CPZ production. +
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yltransferases for probe development. Commonly, methyl-
transferases are considered to be too diverse on the nucleotide
sequence level and too widely distributed in bacterial metabo-
lism to be useful in the identification of a specific gene cluster.

Perfect matching primers were applied to a genomic library
of Streptomyces sp. MK730-62F2 constructed in a SuperCosl
vector. Eight positive cosmids of 3000 could be identified and
proven to contain overlapping DNA by restriction mapping.
Cosmid 31C2 was finally selected for complete shotgun
sequencing (nucleotide sequence of the gene cluster has been
deposited at GenBank, accession number FJ490409).

Sequence Analysis of the Caprazamycin Gene Cluster—A
contiguous 42.3-kb region could be assembled with an average
GC content of 70.2%, a typical value for Streptomyces DNA. In
silico sequence analysis guided by BLAST homology searches
(21), conserved protein domain searches (31), and the GC
frame plot method (32) revealed 34 candidate genes. A total of
23 open reading frames, designated cpz9-31, were assigned to
the CPZ gene cluster putatively encoding for biosynthesis,
resistance, transport, and regulatory functions (Fig. 2). Table 1
summarizes the orthologous and proposed functions of the
annotated genes. Notably, most of the putative gene products
did not show homology to proteins found previously in other
secondary metabolite gene clusters that reflects the unusual
structure of the CPZs.

As proposed, the CPZ gene cluster would start with ¢pz9,
which encodes for a putative regulator of the AraC family. Most
members of this family are positive transcriptional activators
containing a helix-turn-helix motif. They are known from sugar
degradation and other pathways but are rarely found in gene
clusters of secondary metabolism (33). The predicted gene
product of ¢pz22 shows homology to ABC-transporters. Simi-
lar proteins can be found in many antibiotic gene clusters
and are usually involved in self-resistance and export (34).
cpzl2 and cpz27 are two putative sugar kinase genes similar
to tunicamycin resistance proteins, e.g. TmrD from Deino-
coccus radiodurans, which structure has been reported
recently (35). The 2'-, 3'-, and 5’-hydroxy groups of the uri-
dine have been suggested as potential targets for phospho-
rylation by TmrD, resulting in inactivation of the nucleoside
antibiotic tunicamycin.

Cpzl0 exhibits similarity to the Fe(II)/2-oxoglutarate-
dependent oxygenase family (36). Cpz11 and Cpz26 are two
putative methyltransferases that contain conserved S-adeno-
sylmethionine-binding domains (cd02440) but share low over-
all homology to each other (10% identity/18% similarity). Inter-
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estingly, both genes are translationally coupled to possible
resistance genes cpzI2 and cpz27 by overlap of start and stop
codons. c¢pzl3 shows weak homology to aminotransferase
genes and is most likely translationally coupled to the predicted
serine hydroxymethyltransferase gene cpzI4.

The genes cpz15-23 seem to be co-translated as indicated by
the overlap of start and stop codons. This subcluster would
encode for Cpz15, another hypothetical Fe(II)/2-oxoglutarate-
dependent oxygenase, a putative nucleotidyltransferase Cpz16
and Cpz17, which shows similarity to the glycosyltransferases.
Cpz18 seems to belong to the class III aminotransferases,
whereas Cpz19 resembles pyrimidine-nucleoside phosphory-
lases. Cpz20 and Cpz21 are similar to a putative acyl-CoA syn-
thase (TMCL4) and a carboxyesterase (TMCL1) from the tau-
tomycetin gene cluster (37). Another possible esterase is
encoded by cpz23 the last gene in the proposed subcluster. The
deduced gene product of ¢pz25 is a hypothetical alcohol
dehydrogenase.

cpz28, cpz29, cpz30, and cpz31 apparently constitute an
operon for the attachment and methylation of a deoxysugar as
indicated by probable translational coupling of these genes.
They show strong similarity to O-methyltransferases and gly-
cosyltransferases from known antibiotic gene clusters in partic-
ular to proteins participating in the formation of elloramycin
(29, 38) and spinosyn (39). Both compounds contain the same
permethylated L-rhamnose moiety as found in the CPZs.

Interestingly, we could not identify genes for the dTDP-L-
rhamnose biosynthesis on the cosmid. This was initially sur-
prising, because all genes for the production of a bacterial sec-
ondary metabolite are usually clustered. However, neither the
gene cluster of elloramycin (40) nor of spinosyn (41), steffimy-
cin (42), or arranciamycin (43) contain genes for dTDP-L-rh-
amnose formation. We therefore suggest the genes for the
CPZs deoxysugar biosynthesis to be located elsewhere on the
genome of the natural producer.

Heterologous Expression of the Caprazamycin Gene Cluster—
To investigate whether the genes found on cosmid 31C2 were
sufficient for biosynthesis of CPZs we intended to express the
cosmid heterologously. For this purpose, the betalactamase
(bla) gene on the backbone of 31C2 was replaced with an inte-
gration cassette of pIJ787 (23, 44) containing the attP attach-
ment site and the integrase gene (int) of phage ®C31, a tetra-
cycline resistance gene (fet) and an origin of transfer (oriT)
using A-Red recombination. The generated cosmid c¢pzLK09
was introduced into S. coelicolor M512 by polyethylene glycol-
mediated protoplast transformation (20) and three kanamycin
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TABLE 1

Deduced functions of genes in the caprazamycin gene cluster
Gene AA Protein homolog Accession number Identity/similarity” Proposed function
cpzl 477* SchA30, Streptomyces sp. SCC 2136 CAH10130 84/90 Feruloyl-CoA synthase
cpz2 151 SSEG_02365, Streptomyces sviceus ATCC 29083 YP002207296 90/95 Acyl dehydratase
cpz3 278 SchA31, Streptomyces sp. SCC 2136 CAH10131 76/84 Transcriptional regulator
cpzd 513 SACE_7046, Saccharopolyspora erythraea CAMO06207 44/58 Hypothetical protein
cpz5 419 hmgs, Streptomyces sp. CL190 BABO07795 70/79 HMG-CoA synthase
cpz6 349 SaRppA, Streptomyces antibioticus BAD89289 30/46 Type III polyketide synthase
cpz7 260 SACE_3529, S. erythraea YP001105278 57/65 PAPS 3'-phosphatase
cpz8 212 SACE_5947, S. erythraea YP001108055 43/60 Hypothetical protein
cpz9 348 SSEG_03332, S. sviceus ATCC 29083 YP002206529 27/41 Transcriptional regulator
cpzl10 182 RSK20926_04892, Roseobacter sp. SK209-2-6 ZP01755256 25/40 B-Hydroxylase
cpzll 210 SCO_1731, S. coelicolor A3(2) NP626004 29/40 Methyltransferase
cpzl12 189 SSEG_10045, S. sviceus ATCC 29083 YP002202959 23/34 Kinase
cpzl3 441 SACE_4299, S. erythraea YP001106493 16/30 Aminotransferase
cpzl4 424 Orf-4, Streptomyces atroolivaceus AANS85510 36/53 Hydroxymethyltransferase
cpzl5 274 Xccb100_2413, Xanthomonas campestris YP001903823 26/40 Dioxygenase
cpzl6 233 Smed_4814, Sinorhizobium medicae YP001313540 20/30 Nucleotidyltransferase
cpzl?7 377 AprG2, Streptomyces tenebrarius AANO06006 19/30 Glycosyltransferase
cpzl8 424 CetH, Actinomyces sp. LU 9419 ACHB85568 34/49 Aminotransferase
cpz19 460 GK_2312, Geobacillus kaustophilus YP148165 39/54 Pyrimidine phosphorylase
cpz20 354 TMCLA4, Streptomyces sp. CK 4412 ABI94375 44/58 Acyl-CoA synthase
cpz21 500 TMCLLI, Streptomyces sp. CK 4412 ABI94378 35/46 Carboxyesterase
cpz22 1238 SAV_5299, Streptomyces avermitilis MA 4680 NP826476 36/53 ABC transporter
cpz23 344 AviX9, Streptomyces viridochromogenes AAKS83171 31/46 Lipase
cpz24 598 Cja_1569, Cellvibrio japonicus YP001982049 26/40 Hypothetical protein
cpz25 341 SAV_2980, S. avermitilis MA 4680 NP824156 45/63 Dehydrogenase
cpz26 417 SSDG_05270, S. pristinaespiralis ATCC 25486 YP002195839 15/24 Methyltransferase
cpz27 192 SSEG_10045, S. sviceus ATCC 29083 YP002202959 39/54 Kinase
cpz28 396 spnkK, Saccharopolyspora spinosa AAG23272 50/66 O-Methyltransferase
cpz29 265 elmM3, Streptomyces olivaceus CAD57141 46/60 O-Methyltransferase
cpz30 419 elmM1, S. olivaceus CAD57139 43/53 O-Methyltransferase
cpz31 396 elmGT, S. olivaceus CAC16413 40/53 Deoxysugar transferase
cpz32 543 Tfu_2432, Thermobifida fusca YP290488 22/28 Nucleotidyltransferase
cpz33 556 SchA32, Streptomyces sp. SCC 2136 CAH10132 81/88 Hypothetical protein
cpz34 544 SchA33, Streptomyces sp. SCC 2136 CAH10133 85/93 Metallophosphoesterase

“ Overall homology (%).

? Gene lacks an appropriate stop codon and is considered to be uncomplete on cosmid 31C2 cpz. Bold genes are proposed to be essential for caprazamycin production.

¢ PAPS, adenosine 3'-phosphate,5’-phosphosulfate.

resistance clones were selected, referred to as S. coelicolor
M512/cpzLK09(1), -(2), and -(3). Extracts of cultures of the
wild-type and mutant strains were applied to HPLC and ESI-
MS/MS. In the wild-type strain the known CPZs A-G, whose
different fatty acid side chains result in three different masses
were detected readily as depicted in the selected ion monitoring
chromatograms of Fig. 34 (m/z 1119 [M + H] " for CPZ E and
FatRt =21.28 min, m/z 1133 [M + H] " for CPZ C, D, and G at
Rt = 22.39 min, and m/z 1147 [M + H]" for CPZ A and B at
Rt = 24.37 min). Characteristic MS/MS fragmentation patterns
were observed by collision-induced dissociation of the methy-
lated rhamnosyl group, aminoribose, uracil, and fatty acid
groups. Similar fragmentations have been reported for
liposidomycins in fast atom bombardment mass spectroscopy
(45). For all CPZs, product ions of m/z 189, 320, 427, and 558
could be found correlating with the deacyl-components (Fig. 3
and supplemental Fig. S1). For the parent ion m/z 1133 [M +
H]* fragments of m/z 1002, 945, 814, 701, and 569 were
detected. Corresponding fragments with a mass shift of —14 Da
and +14 Da were observed for the parent ions m/z 1119 [M +
H]* and m/z 1147 [M + H]¥, respectively (supplemental Fig.
S1). Additional evidence was obtained by product ion scans in
negative mode using the same extracts (supplemental Fig. S2).

Although the masses for the CPZs could only be detected in
the natural producer Streptomyces sp. MK730-62F2 (Fig. 3A
and supplemental Fig. S4), prominent mass peaks for the CPZ
aglyca were observed in S. coelicolor M512/cpzLKO09 (selected
ion monitoring chromatograms in Fig. 3B; for the CPZE and F

SN
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aglyca m/z 931 [M + H]* at Rt = 18.34 min; for CPZ C, D, and
G aglyca m/z 945 [M + H]* at Rt = 19.51 min; and for CPZ A
and B aglyca m/z 959 [M + H]* at Rt = 20.98 min). Displaying
the more hydrophilic character of the free carboxylic acid
group, the aglyca elute 3 min earlier from the reversed phase
HPLC column than the corresponding intact CPZs. Positive
ESI-collision-induced dissociation fragmentation of the new
compounds was identical to CPZs except for the absence of the
L-rhamnose moiety. Fragments of m/z 814, 701, and 569 were
obtained from the parent ion m/z 945 [M + H]" (Fig. 3B).
Analogous fragments with a mass shift of —14 Da and +14 Da
resulted from m/z 931 [M + H]™ and m/z 959 [M + H]" rep-
resenting the CPZ derivatives with fatty acids of different chain
length (supplemental Fig. S1). Molecular ions of m/z 558, 427,
and 315, assigned to components of the caprazol structure,
were found in all three spectra. S. coelicolor M512 without the
gene cluster did not produce any of these new substances (sup-
plemental Figs. S3 and S4). The analytical data strongly impli-
cates the production of non-glycosylated CPZs, which are sim-
ilar to the type-(IlI) LPMs (Fig. 1, 3) isolated previously (46).
These compounds have been reported to show excellent activ-
ity against Mycobacteria. Thus, culture extracts from the het-
erologous producer were applied to an agar diffusion assay
against M. phlei (Fig. 4). An inhibition zone of similar size could
be observed with extracts from the wild-type and mutant
strains, whereas extracts from S. coelicolor M512 without the
gene cluster showed no bioactivity in this assay.
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FIGURE 3.Identification of caprazamycin derivatives produced by wild-type and recombinant strains. Selected ion monitoring chromatograms obtained
from LC-ESI-MS mass scans in positive mode. n-Butanolic culture extracts from A, wild-type Streptomyces sp. MK730-62F2 with m/z 1119 (CPZ E/F), 1133 (CPZ
C/D/G), and 1147 (CPZ A/B); B, S. coelicolor M512/cpzLK09 with m/z 931 (CPZ E/F aglyca), 945 (CPZ C/D/G aglyca), and 959 (CPZ A/B aglyca); C, S. coelicolor
M512/cpzLL06 with m/z 803 (hydroxyacylcaprazol E/F), 817 (hydroxyacylcaprazol C/D/G), and 831 (hydroxyacylcaprazol A/B). Mass spectrometric fragmenta-
tion pattern in the collision-induced dissociation experiment are shown for CPZ C/D/G from A, for CPZ C/D/G aglyca from B, and for hydroxyacylcaprazol C/D/G
from C. The suggested fragmentation schemes are depicted for CPZ D (A), CPZ D aglycone (B), and hydroxyacylcaprazol D (C).

FIGURE 4. Bioactivity of culture extracts against M. phlei. Butanolic culture
extracts of: A, Streptomyces sp. MK730-62F2; B, S. coelicolor M512/cpzLK09;
G, S. coelicolor M512/cpzLL06; and D, S. coelicolor M512 were applied to an
agar diffusion assay against M. phlei.

The production of the non-glycosylated CPZ derivatives cor-
relates with the absence of genes for the dTDP-L-rhamnose
biosynthesis on the cosmid. Apparently, S. coelicolor M512 is
unable to provide the dTDP-L-rhamnose in compensation as
the corresponding enzymes are not encoded on the genome.
Both, analytical and biological data verify that the genes identi-
fied on cosmid 31C2 indeed represent the CPZ biosynthetic
gene cluster.

Validation of the Cluster Boundaries—A set of gene disrup-
tion experiments was carried out to determine the cluster
boundaries. Sequence analysis of overlapping cosmids sug-
gested the CPZ gene cluster to be inserted into a genomic
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region apparently conserved in several Streptomyces strains.
¢pz1 and cpz3 at the one end of the cluster and ¢pz33 and cpz34
at the other are almost identical with a continuous part of
sequence from Streptomyces sp. SCC 2136 (47). Primer walking
and terminal sequencing of overlapping cosmids showed that
this similarity extends further upstream of cpz1.

Although ¢pz4 encodes for a hypothetical protein with
unknown function, ¢pz5 showed homology to 3-hydroxymeth-
ylglutaryl (HMG)-CoA synthases. 3-Hydroxymethylglutaryl-
CoA synthases catalyze the aldol addition of acetyl-CoA onto
acetoacetyl-CoA and usually participate in the mevalonate
pathway (48). A biosynthetic route to the uncommon 3-MG
moiety was proposed involving a 3-hydroxymethylglutaryl-
CoA synthase, a dehydratase, and a hydrogenase. No function
in CPZ formation could be assigned to a putative type III
polyketide synthase encoded by cpz6 and the possibly co-tran-
scribed genes cpz7 and cpz8.

To validate the left border of the cluster cpzi, cpz2, cpz3, and
cpz4 were deleted in cpzLKO09 to generate cosmid cpzWP05 and
cpz5 was additionally deleted to generate cpzWPO06. By inacti-
vation of the suggested biosynthetic pathway to 3-MG in
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FIGURE 5. A hypothetical pathway for caprazamycin biosynthesis.

cpzWP06 we hoped to produce compounds similar to the
highly bioactive type (IV) LPMs (Fig. 1, 4). cpz6 was inactivated
in addition to ¢pzI-cpzS in cosmid cpzWPO7. At the right end
of the cluster ¢pz33 and cpz34 encoding for a hypothetical pro-
tein and a metallophosphoesterase were deleted in cosmid
cpzWPO1. A possible nucleotidyltransferases encoded by cpz32
was additionally deleted in cosmid cpzWP02.

After introducing the modified cosmids into S. coelicolor
M512, positive candidates were selected by their kanamycin
resistance and verified by PCR. Cultivation and analysis by
HPLC and ESI-MS/MS revealed production of CPZ aglyca in all
mutants (data not shown). In addition, bioassays of the culture
extracts against M. phlei did not show any difference in inhibi-
tory activity compared with S. coelicolor M512/cpzLK09 con-
taining the intact gene cluster. In the case of Acpz4, Acpz5, and
Acpz32 complementation by host genes seems unlikely as the
S. coelicolor genome contains no homologues. Therefore we
concluded cpzI-6 and cpz32-34 to be non-essential in CPZ
biosynthesis. Given that cpz6 is most likely co-transcribed with
its downstream positioned genes, a functional knock-out of
cpz7 and c¢pz8 can be assumed in cosmid cpzWP07. Conse-
quently, the biosynthetic gene cluster for CPZs is predicted to
span from ¢pz9 to cpz31 (Fig. 2).

Deletion of cpz21 and cpz23 and Production of Hydroxy-
acylcaprazols—Because cpz5 seems not to be required for CPZ
formation and the corresponding mutant S. coelicolor M512/
cpzWP06 did not accumulate the desired 3-hydroxyacylcapra-
zols (Fig. 5, 4), we searched for possible acyltransferases within
the gene cluster. Two acyl moieties, the 3-MG and B-hydroxy
fatty acids have to be attached during CPZ biosynthesis and the
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two putative hydrolases Cpz21 and Cpz23 could be considered
for these transfer reactions. Cpz21 is predicted to contain a
typical a/B-hydrolase fold, the catalytic triad Ser**®*-Glu***—
His**®, and a GXSXG motif (49). The overall homology of
Cpz21 is strongest with TMCLL1 from Streptomyces sp. CK4412
(37). TMCL1, also named TmcC, is assigned to the esterifica-
tion of a dialkymaleic anhydrid moiety to the linear polyketide
during tautomycetin formation.

The amino acid sequence deduced from cpz23 shows highest
overall homology to several hypothetical proteins from Strep-
tomyces including AviX9 of the avilamycin gene cluster from
Streptomyces viridochromogenes (50). According to the con-
served protein domain search the C terminus of Cpz23 is sim-
ilar to SGNH-hydrolases, a diverse family of lipases and car-
boxyesterases (51).

Both genes were individually deleted from cosmid cpzLK09
using A-Red-mediated recombination. To create in-frame dele-
tions, the disruption cassette from pIJ773 was subsequently
removed by the use of FLP-recombinase (25) generating cos-
mids cpzLL06 (Acpz21) and cpzLL07 (Acpz23). After introduc-
tion of the cosmids in S. coelicolor M512 kanamycin-resistant
mutants were cultivated and extracts were analyzed by LC-MS/
MS. Production of the CPZ aglyca was abolished in S. coelicolor
M512/cpzLL06 and S. coelicolor M512/cpzLL07 (data not
shown). This proves that both Cpz21 and Cpz23 play an essen-
tial role in CPZ biosynthesis. Metabolites were only identified
in extracts of S. coelicolor M512/cpzLL06 (Acpz21) with m/z
803 [M + H]" at Rt = 16.10 min; m/z 817 [M + H]" at Rt =
17.20 min; and m/z 831 [M + H]* at Rt = 18.56 min by LC-
ESI-MS mass scan in positive mode (selected ion monitoring
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chromatograms in Figs. 3C and supplemental S4, and UV chro-
matograms in supplemental Fig. S3). Collision-induced frag-
mentation corresponds to the CPZ aglyca by sequential loss of
the aminoribose (—131 Da), uracil (—111 Da), and ribose
(—132 Da) but m/z values of product ions indicate the absence
of the 3-methylglutarate (129 Da) (see also supplemental Fig.
S1). Overall, fragments matched exactly the predicted charac-
teristics of B-hydroxyacylcaprazols, structurally minimized
liponucleosides antibiotics. In a bioassay against M. phlei (Fig.
4) extracts of a S. coelicolor M512/cpzLKO09 and S. coelicolor
M512/cpzLL06 (Acpz21) cultivation broths showed both simi-
lar inhibiting activities, whereas no growth inhibition could be
observed with S. coelicolor M512 and S. coelicolor M512/cp-
zL.L07 (data not shown) extracts. Co-expression of intact copies
of the deleted genes under the constitutive ermE* promotor in
the respective mutants restored the production of CPZ aglyca
(data not shown).

Although similar to the type (IV) LPMs (4) the B-hydroxya-
cylcaprazols are expected to be slightly more hydrophilic due to
the additional OH-group at the 3a-C position. Thus, they rep-
resent interesting novel compounds for further investigations,
e.g in structure/activity relationships. Moreover, the data indi-
cated that Cpz21 is most likely involved in attachment of the
3-MG moiety. Beside Cpz21 two other enzymes with homology
to para-nitrobenzyl esterases are known from bacterial second-
ary metabolism. Both of these enzymes, TmcC and TtmK from
the tautomycin gene cluster (52), were proposed to catalyze the
attachment of an acyl group. However, inactivation of the cor-
responding genes in the gene cluster did not lead to the identi-
fication of an accumulated intermediate. Therefore the data
presented here provides the first functional evidence that these
family of enzymes indeed act as acyltransferases.

A Model for Caprazamycin Biosynthesis—Sequence analysis
of the gene cluster combined with analytical data from heterol-
ogous expression and gene inactivation experiments may allow
a first proposal of the CPZ biosynthetic pathway (Fig. 5)
although many of the suggested reactions remain speculative at
present.

A key question in the biosynthesis of CPZs and translocase I
inhibitors of the same class is the origin of the glycyluridine
(Fig. 5,9). Metabolic labeling studies have shown that uridine is
incorporated directly into related uridyl antibiotics such as
tunicamycins (53). A pathway to the tunicamycins has been
proposed to start with the oxidation of uridine to form uridine
5'-aldehyde (8) (17). We suggest a similar reaction for CPZ
biosynthesis, which may be catalyzed by the putative alcohol
dehydrogenase Cpz25. The resulting product (8) could
undergo a subsequent aldol addition with a pyridoxal phos-
phate-glycine adduct to generate 9. This mechanism would be
very similar to that of the well studied serine hydroxymethyl-
transferases, which are known to produce -hydroxy a-amino
acids from glycine and various aldehydes (54). Cpz14, with sig-
nificant sequence similarity to serine hydroxymethyltrans-
ferases, is an obvious candidate for the catalysis of this reaction.
The next step would be the transfer of a 3-amino-3-car-
boxypropyl group to the 5”-amino group of 9 to form 10. A
corresponding reaction occurs in the nocardicin biosynthesis
(55). In this pathway, the gene product Nat utilizes S-adenosyl-
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methionine to transfer the 3-amino-3-carboxypropyl moiety to
a nucleophilic acceptor (56). Nat shows conserved domains of
S-adenosylmethionine-dependent methyltransferases, which
are also found in Cpz11 and Cpz26, but overall sequence simi-
larity is low with 16% to Cpz26 and 15% to Cpz11. Hence, both
genes may be candidates for a 3-amino-3-carboxypropyl trans-
fer in CPZ biosynthesis, although we rather consider them to be
involved in the two N-methylation steps discussed below. We
further speculate that 10 could be a common intermediate in
the caprazamycin (1), liposidomycin (2), FR900493 (6), and the
muraymycin (7) biosynthesis. 3-Hydroxylation of the 3-amino-
3-carboxypropyl group of 10 would lead to 11 and could be
catalyzed by either Cpzl0 or Cpzl5. Both proteins show
homology to oxygenases.

Subsequent biosynthetic steps, including formation and
transfer of the aminoribose, cyclization, and N-methylation of
the diazepanone ring and attachment of the fatty acid would
finally lead to 4 (Fig. 5). Compounds of this structure were
accumulated in the Acpz2l mutant strain and are probable
intermediates of the CPZ pathway. Reasonable candidate genes
for these biosynthetic steps can be found in the cluster. How-
ever, the sequence of these reactions, described in the following
paragraphs, is speculative at present.

Cyclization of 11 by amide bond formation between the car-
boxyl group and the secondary amino group would immedi-
ately result in the characteristic diazepanone ring. For this reac-
tion, a previous activation of the carboxyl group, e.g. in the form
of an acyl adenylate, a coenzyme A ester, or an acyl phosphate
would be required. The hypothetical acyl-CoA synthase Cpz20
or the putative kinases Cpz12 and Cpz27 may be involved in
this reaction.

Interestingly, a contiguous set of genes, cpz16 —19, was found
in the CPZ cluster, which can be assigned to all steps required
for the generation and attachment of the aminoribosyl moiety.
This reaction sequence may start from a second molecule of 8,
derived from uridine by a Cpz25-mediated oxidation as
described above. Subsequently, the 5-aldehyde group could
undergo an aminotransfer reaction, yielding a 5-aminated
nucleoside possibly catalyzed by the hypothetical aminotrans-
ferase Cpz18. CetH, an orthologoue of Cpz18, has recently been
assigned to the aminotransfer reaction in biosynthesis of the
aminocyclitol cetoniacytone (57). 5-Amino-ribose-1-phos-
phate and uracil would be generated from the aminated nucle-
oside by Cpz19, a putative pyrimidine-nucleoside phosphoryl-
ase. A similar reaction has been shown in fluorothreonine
biosynthesis where a 1-phosphoribosyl derivative is formed
under catalysis of the pyrimidine phosphorylase FIB (58). Sub-
sequently, the potential nucleotidyltransferase Cpz16 may con-
vert the 5-amino-ribose-1-phosphate to ANDP-5-aminoribose.
Then, the putative glycosyltransferase Cpz17 could transfer the
aminoribose moiety forming a glycosidic bond.

Generally, ribosyl moieties are attached by phosphoribosyl-
transferases (59) using 5-phosphoribosyl-1-diphosphate as a
donor to generate a 5’-phosphoribosylated product. Then, the
5'-phospho group is removed by a phosphatase. Similar reac-
tions have recently been shown to lead to the ribosyl moiety in
butirosin biosynthesis involving BtrL and BtrP (60). However,
no orthologoues to BtrL and BtrP were found in the CPZ gene
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cluster, making the pathway described above a more likely
alternative.

The fatty acid moieties of LPMs and CPZs are probably
derived from primary metabolism, as feeding studies with
labeled palmitic acid in Streptomyces griseosporeus showed the
direct incorporation into LPMs (61). Hydroxylation of the fatty
acids could either occur within primary metabolism or by oxy-
genases Cpz10 or Cpz15. Cpz23 may be involved in the attach-
ment of the hydroxy fatty acids, due to its homology to lipases.

In the diazepanone ring, both nitrogens are methylated. The
N-methylation reactions are likely to be catalyzed by Cpzll
and/or Cpz26. Notably, Cpz11 shows sequence similarity (55%)
to one of the few characterized N-methyltransferases AtM1
from the gene cluster of AT2433 (62).

The biosynthetic origin of the 3-MG moiety remains elusive.
By our inactivation experiments we could exclude an involve-
ment of the putative 3-hydroxymethylglutaryl-CoA synthase
Cpz5. Therefore, this moiety is likely generated by enzymes
encoded outside the cluster, probably in the form of a coenzyme
A ester. We assign the catalysis of the subsequent acyltransfer
to Cpz21 as indicated by functional investigations in this study.

Analogous to the biosynthesis of elloramycin, L-rhamnose
would be synthesized from enzymes encoded elsewhere on the
genome (40). The ANDP-L-rhamnose probably constitutes the
substrate for a transfer reaction to the CPZ aglycon catalyzed by
the putative rhamnosyltransferase Cpz31. Sequential methyla-
tion of the deoxysugar moiety is likely catalyzed by the hypo-
thetical sugar O-methyltransferases Cpz28, Cpz29, and Cpz30.

The identification and analysis of the caprazamycin gene
cluster provides the first molecular basis for the proposal of a
translocase I inhibitor biosynthetic pathway. Because the for-
mation of intermediate 10 can be speculated to be similar for
other structurally related compounds, this work may help in the
development of probes for the discovery of gene clusters of
other uridyl antibiotics. As proposed, several biosynthetic steps
to the caprazamycins seem to be distinctive and unique in bac-
terial secondary metabolism. Apparently they represent
intriguing subjects for further functional investigations. A
detailed understanding of the caprazamycins biosynthetic
pathway combined with the successful establishment of a het-
erologous expression system sets the basis for genetic and met-
abolic engineering toward the production of new liponucleo-
side antibiotics with improved properties.
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