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Azicemicins (1) are aromatic polyketides isolated from Kibde-
losporangium sp. MJ126-NF4 (formerly known as Amycolatopsis
sp. MJ126-NF4) that have antimicrobial activity against Gram-
positive bacteria, yet show little signs of toxicity to mice.'”?
Azicemicins consist of an angucycline core structure (2) and a
unique aziridine moiety (3) at the C-3 position. Only a few aziridine-
containing natural products are known. These include mitomycin
(4), ficellomycin (5),* azinomycin (6),> and miraziridine (7).°
Studies on the mode of action of mitomycins’ and azinomycins®
showed that the aziridine moiety plays an important role in the
observed antitumor/antimicrobial activities of these compounds. The
biosynthetic gene clusters for mitomycin® (4) and azinomycin'®
(6) have been cloned. Comparison of these two gene clusters
revealed that mitomycin and azinomycin employ disparate strategies
to generate the aziridine unit. In fact, isotope-tracer experiments
indicated that glucosamine is the precursor of the aziridine moiety
in the biosynthesis of mitomycin (4),'" whereas either ornithine'?
or a glutamate'? derivative is the aziridine precursor for azinomycin
(6). However, the details of the aziridine formation remain obscure
in both cases. Clearly, studies of the biosynthesis of aziridine will
provide new insight into novel enzyme chemistry as this relatively
uncharted research area is explored. In this paper, we report isotope-
tracer experiments and cloning of the azicemicin biosynthetic gene
cluster to begin the elucidation of the pathway and mechanism of
aziridine formation in azicemicin.
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First, feeding experiments using [1-'*C]- and [1,2-'3C,]acetate
were carried out. As expected, the labeling pattern revealed that
the angucycline skeleton of 1 is constructed in a standard manner
involving the assembly of 10 acetate units (Table S1).'* An intact
acetate unit was found to be incorporated into C-1" to C-3, and the
C-2’ is enriched as a singlet in experiment with [1,2-13C,]acetate
(Scheme 1). Interestingly, '*C enrichment at C-2” is not observed
when [1-"*CJacetate was fed to the producing strain. Thus, the C-2’
of azicemicin A must be derived from C-2 of acetate, and the C—C
bond in the corresponding acetate unit is cleaved via decarboxy-
lation. These results suggested that the starter unit of azicemicin is
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likely an amino acid derived from acetate and may be an aziridine
carboxylate (16) equivalent.

Since biosynthesis of angucycline-type polyketides is typically
catalyzed by type II polyketide synthases (PKSs), the azicemicin
biosynthetic gene cluster should contain a set of type II PKS genes.
To identify the azicemicin gene cluster, we employed a PCR-based
screening method to locate KSou (ketosynthase a subunit) genes,
one of the type II PKS genes, in the genome of the producing strain.
This approach is based on the fact that KSa is highly conserved in
actinomycetes and can be used as a probe for cloning of the
biosynthetic gene clusters containing type II PKS genes.'> To
achieve this goal, a cosmid library harboring 2000 unique clones
was constructed from the genomic DNA of Kibdelosporangium,
packaged into phage, and used to transfect E. coli XL-1 Blue MRF
cells. This cosmid library represents ~10-fold coverage of the
genome. Screening of the cosmid library by PCR amplification of
the imbedded KSo genes using degenerate primers gave three
independent cosmids encoding type II KSo genes.

Two of these cosmids (Y36J1 and Y18C1) contain angucycline-
type PKS genes, and the third contains type II PKS for a longer
chain polyketide product, as determined by phylogenetic analysis
of the KSa. sequences.'® Subsequent spot sequencing showed that
cosmid Y18CI1 actually encodes production of a glycosylated
angucycline-type compound, since it also harbors genes involved
in aminosugar biosynthesis. Thus, cosmid Y36J1 was selected for
further studies. To ensure the complete coverage of the azicemicin
cluster, a second round of cosmid library screening was carried
out using probes derived from the sequenced portions of Y36J1,
and cosmid Y41B1 was obtained. Both strands of Y36J1 and Y41B1
were sequenced, covering ~50 kb of contiguous DNA. The
nucleotide sequence has been deposited in GenBank under the
accession number GU134622. As shown in Figure 1, a total of 45
ORFs were identified and designated as the azic cluster. Among
those, a few genes are likely involved in aziridine formation, based
on sequence comparison with other known genes in the databank.

. 10 kbp X
R2 R o1 2 u w o2 ™m ¥ XUl R} O4 A B CDOE OS5 F G

(R ST T
R N e g

HO8 OF U4 US UB | UTRER4 KJUB L U9 M NPO S TUID V w

* Polyketide Biosynthesis . Starter Biosynthesis
> Regulatory and Resi e [ > Not Pathway-related / Unk

Figure 1. Azicemicin biosynthetic gene cluster of Kibdelosporangium sp.
MJ126-NF4 showing the location and arrangement of all ORFs.

A BLAST database search indicated that AzicM and AzicV may
be involved in the activation of amino acids, because both ORFs
show sequence homology to the adenylation domains of nonribo-
somal peptide synthetases (NRPSs). Given that an amino acid has
been implicated as the precursor of the aziridine moiety by the
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isotope-tracer experiments, one of these two adenylation enzymes
is expected to catalyze the adenylation of this amino acid precursor
in the biosynthesis of azicemicins. AzicP exhibits modest sequence
identity to several carrier proteins from the PKS/NRPS hybrid
systems, including LnmP (41% identity)'” from the leinamycin
pathway and VinL (38% identity)'® from the vicenistatin pathway.
AzicP may accept the adenylated amino acid from AzicM or AzicV
for aziridine formation. AzicT shows moderate sequence homology
to several phosphopantetheinyl transferases, which catalyze activa-
tion of carrier proteins by attaching the phosphopantetheine group
to a conserved serine residue of the carrier protein. AzicT may
play a similar role in the activation of the carrier protein, AzicP, in
azicemicin biosynthesis.

AzicN shares significant sequence identity to VinO (38%
identity)'® from the vicenistatin pathway and BtrK (30% identity)"®
of the butirosin pathway and is likely a decarboxylase. BtrK is a
PLP-dependent decarboxylase,”® which removes the a-carboxyl
group of a glutamic acid residue tethered via its y-carboxylate group
to Btrl, the acyl carrier protein in the butirosin biosynthetic pathway.
AzicN may play a similar role in the construction of the aziridine
carboxylate starter unit (16), and its substrate is expected to be an
AzicP-linked amino acid derivative.

The azic cluster contains three oxygenase genes (azicOl, azicO2,
and azicO6) in addition to the four oxygenase genes (azicO3,
azicO4, azicO5, and azicO7) involved in the oxidation/hydroxy-
lation of the angucycline core. AzicOl is likely a flavin-dependent
oxygenase with high sequence identity to StfE (57% identity)*'
from the steffimycin pathway and SpnJ (54% identity)** of the
spinosyn pathway. AzicO2 shows sequence homology to various
cytochrome P450 enzymes, such as NocL (46% identity)** from
the nocardicin A pathway and LmnA (43% identity)'” from the
leinamycin pathway. The sequence of AzicO6 is similar to the
coenzyme Fy-dependent N°,N'*-methylene-tetrahydromethanop-
terin reductases and various flavin-dependent oxidoreductases.
These proteins may play a role in the biosynthesis of the aziridine
carboxylate starter unit (16). Unfortunately, the Kibdelosporangium
sp. strain is recalcitrant to genetic manipulations, including proto-
plast transformation, conjugation, and electroporation. We were
therefore unable to verify the functions of the genes in azicemicin
biosynthesis by common genetic methods, and instead had to rely
on further isotope tracing analysis and biochemical experiments to
study the biosynthetic pathway.

Since an acetate unit (8) can be converted to aspartate (10)
through the TCA cycle, as illustrated in Scheme 1, and alanine,
cysteine, and serine can also be derived from acetate,>* the
utilization of any of these amino acids to make the aziridine moiety
can explain the labeling patterns observed in the isotope-tracer
studies using labeled acetate. To discriminate among these pos-
sibilities, feeding experiments using deuterium-labeled amino acids
(L-Ala, p,L-Ser, and D,L-Asp) were carried out. When L-[3,3,3-
’Hj]alanine was used, no deuterium incorporation was detected.
Thus, alanine is clearly not a precursor of the starter unit in the
azicemicin pathway. When D,L-[2,3,3->H;]serine was used in the
feeding experiment, incorporation of deuterium was noted, but only
into the O- and N-methyl groups of azicemicin A (Figure S1). This
outcome is not surprising because the deuteria at the 3-C of the
labeled serine can be relayed through 5,10-methylene tetrahydro-
folate (THF, 12) to the S-methyl group of SAM (13), which is then
used as a methyl donor for the corresponding SAM-dependent
methyltransferases in azicemicin biosynthesis. This result also
excludes cysteine as a precursor, since serine can be converted to
cysteine via acetylserine or cystathionine.?®

Scheme 1
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However when D,L-[2,3,3-*Hj]aspartic acid (10) was used,
deuterium was found to be incorporated into H-1’, as well as the
O- and N-methyl groups of azicemicin A (Scheme 1). Labeling of
the three methyl groups is expected and can be rationalized by the
conversion of 10 to glycine (11), which should have a deuterium
at the o-position. The deuterium in glycine is then transferred to
12 and is further incorporated into the N- and O-methyl group of
1 via 13. The finding of deuterium incorporation into C-1” is most
significant, providing strong evidence that aspartate is the precursor
of aziridine (3) in azicemicins (1).

Interestingly, no incorporation of deuterium into C-2" was
observed, revealing that two of the three deuteria in 10 were washed
out during the construction of the aziridine moiety. Two possible
scenarios can account for such deuterium loss (see Scheme 1).
The deuterium at C-1" of azicemicin could be derived from the
[-deuterium of 10, and the loss of the a-deuterium is due to the
interconversion of L- and D-aspartate (racemization) and of L-
aspartate and oxaloacetate (9) (transamination). In this case,
decarboxylation of the o-carboxylate group takes place (14 — 15)
to generate the aziridine starter unit (16). Alternatively, the
deuterium at C-1" of azicemicin could be derived from the
a-deuterium of 10, and the [-deuterium labels are lost due to
oxidation at the fB-carbon (10 — 17). Decarboxylation of the
p-carboxylate group (17 — 18) is required in this case to form the
aziridine starter unit (16). Overall, these results have shed light on
the biosynthesis of the aziridine moiety in 1.

A notable feature of the azic cluster is the existence of two
discrete A-domain homologues, AzicM and AzicV. The function
of adenylation enzymes is to convert a cognate amino acid to the
corresponding aminoacyl adenylate mixed anhydride at the expense
of ATP and then transfer the acyl group onto the associated peptidyl
carrier protein.’® Recent progress in the study of adenylation
enzymes enables one to predict which amino acid is activated by
comparing the sequence with many known adenylation enzymes.?’
However, alignment of AzicM and AzicV with other known
adenylation enzymes failed to predict their preferred amino acid
substrate. This suggests that AzicM and AzicV may be used to
activate less common amino acids in azicemicin biosynthesis. To
investigate the substrate specificity of AzicM and AzicV and
to determine whether one or both are involved in azicemicin
biosynthesis, the azicM and azicV genes were each expressed in E.
coli, and the desired proteins were purified. Enzyme activities were
assayed using various amino acid substrates in the presence of
magnesium ion and ATP by monitoring pyrophosphate production
using the Nichol’s method.?® Low levels (<1 mM) of ATP and
orthophosphate contamination do not interfere with the pyrophos-
phate quantification.
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As shown in Figure 2, AzicM demonstrates a clear preference
for both L- and D-aspartate (10), indicating that both enantiomers
are substrates of AzicM. Neither isomer of aziridine carboxylate
(16) is a substrate of AzicM. These findings, in conjunction with
the results of the isotope-tracer experiments, strongly indicate that
AzicM loads (D and/or L)-aspartate onto AzicP prior to decarboxy-
lation. Because the sequence of AzicM does not align well with
those of the regular aspartate-activating enzymes, which catalyze
the adenylation of the o-carboxylate group of aspartate, AzicM may
activate the f-carboxylate group of either D- or L-aspartate as an
adenylate. An analogous mode of activation is also required for
microcystin biosynthesis, in which the y-carboxyl group of the
L-glutamate precursor and the f-carboxyl group of the 3-methyl-
aspartate precursor are proposed to be activated and then transferred
to the carrier protein.?® Examination of Figure 2 also shows that
L-cysteine is the preferred substrate of AzicV. However, according
to the feeding experiments, cysteine is not a precursor of azicemicin.
Thus, AzicV is unlikely involved in the biosynthesis of azicemicin.
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Figure 2. Substrate specificity of AzicM and AzicV from the azicemicin
biosynthetic gene cluster (S-AC, (S)-aziridine-2-carboxylic acid; R-AC, (R)-
aziridine-2-carboxylic acid).

On the basis of the isotope labeling patterns, the genetic analysis,
and the enzymatic studies, a reasonable biosynthetic pathway for
the formation of the aziridine carboxylate starter unit can now be
formulated (Scheme 2). The reaction is initiated by AzicM-catalyzed
activation of the f-carboxylate group of either D- or L-aspartate
(10) as an adenylate, which then serves as the aminoacyl donor for
the carrier protein AzicP. The AzicP-linked aspartate (21), with a
free o-carboxylate group, is the substrate for the PLP-dependent
decarboxylase, AzicN. After decarboxylation, the resulting AzicP-
tethered S-alanine (22) is oxidized by a P450 (AzicO2) or flavin-
dependent (AzicO1 or O6) monooxygenase to the AzicP-tethered
isoserine (23). Cyclization of the resulting isoserine, which has a
SB-aminoalcohol moiety, may occur through an intramolecular Sy2
reaction leading to the displacement of the hydroxyl group by the
amino group to generate the aziridine carboxyl starter unit (24).
However, the identity of the enzyme catalyzing the last cyclization
step is not immediately apparent. An alternative route (see Scheme
1) involving the activation of the o-carboxylate of aspartate is less
likely, as AzicN would be required to catalyze the decarboxylation
of a ff-carboxylate.

Overall, we have cloned and sequenced the biosynthetic gene
cluster of azicemicin from Kibdelosporangium sp. MJ126-NF4 and
have clearly demonstrated that aspartate is the precursor of the
aziridine moiety in azicemicin by isotope-tracer experiments. This
conclusion is supported by the fact that one of the two adenylyl-
transferases, AzicM, was characterized as an aspartate-activating
enzyme. Although the enzyme(s) responsible for aziridine ring
formation remains obscure, this work has laid the foundation for
further biochemical and mechanistic studies of aziridine formation
in azicemicin biosynthesis. Since the aziridine moiety holds promise
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to serve as a versatile functional entity in the design and construction
of bioactive agents, an understanding of the mechanism of its
formation may facilitate biosynthetic pathway re-engineering to
prepare new aziridine-containing secondary metabolites.
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