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The genes encoding the polyketide synthase (PKS) portion of the niddamycin biosynthetic pathway were
isolated from a library of Streptomyces caelestis NRRL-2821 chromosomal DNA. Analysis of 40 kb of DNA
revealed the presence of five large open reading frames (ORFs) encoding the seven modular sets of enzymatic
activities required for the synthesis of a 16-membered lactone ring. The enzymatic motifs identified within each
module were consistent with those predicted from the structure of niddamycin. Disruption of the second ORF
of the PKS coding region eliminated niddamycin production, demonstrating that the cloned genes are involved
in the biosynthesis of this compound.

Niddamycin is a macrolide antibiotic which is able to bind
50S ribosomal subunits to inhibit protein synthesis. The com-
pound was first discovered as a secondary metabolite of Strep-
tomyces djakartensis (16) and was later found to be produced by
Streptomyces caelestis NRRL-2821 (11a). The structure of nid-
damycin (Fig. 1) suggests that the polyketide backbone of the
macrolide ring is formed through the ordered condensation of
carboxylic acid residues derived from acetate, propionate, bu-
tyrate, and perhaps glycolate (24). The disaccharide, mycam-
inose-isobutyrylmycarose, is attached to the macrolide ring at
C-5.

Macrolides belong to a class of molecules referred to as
complex polyketides, which are synthesized on large, multi-
functional enzymes called polyketide synthases (PKSs). The
synthesis of polyketides is mechanistically similar to that of
fatty acids; however, a greater variety of starter and extender
carboxylic acid residues are incorporated into the growing
polyketide chain, and the b-keto groups formed after each
condensation step undergo various degrees of reduction (15,
20).

PKSs, in general, contain all of the enzymatic activities nec-
essary for the sequential condensation of acyl thioesters (b-
ketoacyl acyl carrier protein synthases [KS]), acyltransferases
[AT], and acyl carrier proteins [ACP]), the subsequent reduc-
tion of the b-keto groups (dehydratases [DH], enoylreductases
[ER], and ketoreductases [KR]), and the release of the com-
pleted chain from the PKS (thioesterases [TE]). Analysis of the
erythromycin PKS genes revealed that these enzymatic do-
mains are organized into modules, each of which is responsible
for one round of condensation and reduction (5, 7, 9, 10). As
a result, there is a direct correlation between the number of
modules contained within the erythromycin PKS and the
length of the polyketide chain. In addition, the genetic order of
the erythromycin PKS modules was found to be colinear with
the order of biochemical reactions, allowing directed genetic
alterations which produce predicted novel erythromycin deriv-
atives (9, 11).

The polyketide portion of the 16-membered macrolide nid-
damycin is predicted to be synthesized by a complex (type 1)
PKS (15) comprising seven modules, each catalyzing one con-

densation reaction. It had previously been suggested that the
choice of the extender coenzyme A (CoA)-thioester is deter-
mined by the AT domain contained in each module (9). Se-
quence comparisons of AT domains for fatty acid and
polyketide synthases have revealed specific sequence motifs for
malonyl- and methylmalonyl-ATs (m- and mmATs) (13). The
chemical structure of niddamycin (Fig. 1) suggests that the
PKS should contain ATs specific not only for malonyl-CoA
(modules 1, 2, 3, and 7) and methylmalonyl-CoA (module 4)
but also for the more rarely encountered ethylmalonyl-CoA
(module 5) and for an as yet undetermined CoA derivative
which results in the insertion of hydroxymalonate into the
growing chain (module 6). In addition, the structure predicts
the enzymatic motifs which should be present in each module
to give the corresponding reduction state of the b-carbonyl
group formed after each condensation.

This study describes the isolation and characterization of the
PKS genes responsible for niddamycin biosynthesis, including
those AT sequences which may result in the introduction of
unusual side chains to the macrolide ring.

MATERIALS AND METHODS

Media and reagents. SeaKem-agarose was obtained from FMC BioProducts,
Rockland, Maine. Bacto Soytone, soluble starch, yeast extract, Bacto Agar, and
Antibiotic Medium 11 (AM11) were obtained from Difco Laboratories, Detroit,
Mich. SGGP medium (34) and AS-1 medium (4) have been described previously.
SCM medium contains (per liter) the following: Bacto Soytone, 20 g; soluble
starch, 15 g; morpholinepropanesulfonic acid 10.5 g; yeast extract, 1.5 g; and
CaCl2, 0.1 g. R3M plates consist of (per liter) the following: sucrose, 103 g;
K2SO4, 0.25 g; yeast extract, 4 g; Casamino Acids, 4 g; tryptone, 4 g; agar, 22 g;
and H2O, 830 ml. After sterilization, 20 ml of a 2.5 M solution of MgCl2, 20 ml
of a 50% glucose solution, 20 ml of a 2.5 M solution of CaCl2, 12.5 ml of a 2 M
solution of Tris-HCl (pH 7.0), 0.2 ml of a 5,0003 concentrated trace element
solution (14), 2.5 ml of a 1 M solution of NaOH, and 0.37 ml of a 0.5 M solution
of KH2PO4 were added.

Strains, bacteriophage, and plasmids. Escherichia coli DH5a cells and E. coli
XL1-Blue MR cells were purchased from BRL/Life Technologies, Gaithersburg,
Md., and Stratagene Cloning Systems, La Jolla, Calif., respectively. E. coli S17-1
was obtained from Philippe Mazodier, Institut Pasteur, Paris, France. Bacterio-
phage T7 was obtained from Phil Youngman, University of Georgia, Athens.
Plasmid pGEM-3Zf was purchased from Promega Corporation, Madison, Wis.
Plasmids pUC19 (35), pKC1139 (6), and pNJ1 (31) have been described previ-
ously.

Nucleic acid isolation and manipulation. Plasmid isolation from E. coli was
performed by using a Qiagen Midi kit and Qiaprep Spin Plasmid kit (Qiagen
GmbH, Hilden, Germany). DNA cloning and manipulations were performed by
using standard procedures (27). Restriction enzymes, T4 DNA ligase, calf intes-
tinal alkaline phosphatase (CIAP), and the Klenow fragment of DNA polymer-
ase I were purchased from BRL/Life Technologies. Hybond-N membranes were
obtained from Amersham Corporation, Arlington Heights, Ill.
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Construction of a Streptomyces caelestis genomic library. S. caelestis DNA was
prepared by partially digesting 5 mg of DNA with SauIIIA and size selecting
fragments of around 40 kb by electrophoresis through a 0.4% agarose gel.
Cosmid pNJ1 arms were prepared by digestion of the vector with EcoRI, de-
phosphorylation with CIAP, and then digestion with BglII to generate one arm
and digestion of the cosmid with HindIII, dephosphorylation with CIAP, and
then digestion with BglII to generate the other. Ligation of 1 mg of cosmid arms
to 1 mg of the size-selected S. caelestis DNA was in a 20-ml volume. Two
microliters of this ligation mix was packaged by using GigapackII XL (Strat-
agene) as instructed by the manufacturer, and E. coli XL1-Blue MR cells were
hosts for infection. Individual colonies were transferred to 30 96-well plates
(Costar, Cambridge, Mass.).

S. caelestis PKS probe. A PKS-specific probe was generated by PCR amplifi-
cation of S. caelestis genomic DNA, with degenerate primers designed from KS
and AT sequences in the GenBank/EMBL database. The KS-specific oligonu-
cleotide (59-CGGTSAAGTCSAACATCGG-39) and the AT-specific oligonucle-
otide (59-GCRATCTCRCCCTGCGARTG-39) were used in a PCR mixture
containing ThermoPol reaction buffer (New England Biolabs, Beverly, Mass.),
0.2 mM deoxynucleoside triphosphate mixture, 0.5 mg of genomic DNA, and 100
pmol of the primers in a volume of 98 ml. After incubation at 96°C for 2 min, 2
U of Vent DNA polymerase (New England Biolabs) was added, and the mixture
was cycled 25 times in a Perkin-Elmer Cetus 9600 thermocycler at 96°C for 30 s,
50°C for 2 min, and 72°C for 4 min, followed by a final incubation at 72°C for 15
min. The reaction generated a 900-bp DNA fragment which was gel purified
from a 1% agarose gel by using a Prep-A-Gene kit (Bio-Rad Laboratories,
Hercules, Calif.).

Hybridization of the PKS probe. The S. caelestis library was transferred from
96-well plates to Hybond-N membranes for hybridization. The membranes were
soaked in prehybridization solution (27) for at least 2 h at 65°C. About 50 ng of
the KS/AT probe was labeled with [a-33P]dCTP (DuPont, NEN Research Prod-
ucts), using the Megaprime DNA labeling system (Amersham) as instructed by
the manufacturer. The radiolabeled probe was added to the prehybridization
solution and incubated at 65°C for 16 to 20 h. The membranes were then washed
twice in 13 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1%
sodium dodecyl sulfate at room temperature and once in 0.13 SSC–0.1% sodium
dodecyl sulfate at 65°C for 20 min. The membranes were dried and placed on 35-
by 43-cm phosphor screens (Molecular Dynamics, Sunnyvale, Calif.) for 2 to 4 h.
Imaging of the screens was on a Molecular Dynamics PhosphorImager 425.

DNA sequencing. Cosmids that hybridized to the KS/AT probe were digested
with SstI, and the resulting fragments were subcloned into vector pGEM-3Zf or
pUC19. SstI fragments that were larger than 8 kb were further digested with
SmaI and subcloned to generate plasmids that would be more suitable for
sequencing. Two methods were used for DNA sequencing. One method used
[a-33P]dCTP (DuPont, NEN Research Products) and the fmole DNA cycle
sequencing system (Promega). Samples were run on 6% polyacrylamide–8 M
urea gels, using a Sequi-Gen II sequencing apparatus (Bio-Rad). The second
method used an ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction
kit (Perkin-Elmer Corporation), and the samples were run on 4.75% polyacryl-
amide–8.3 M urea gels on an Applied Biosystems 373 sequencer. All subclones
were sequenced on both strands by using multicloning site primers to initiate the
sequences and internal primers to extend the sequences.

DNA sequence data was analyzed by using the Wisconsin sequence analysis
package programs (Genetics Computer Group, Madison, Wis.) (8). Database
searches to identify homologs to the deduced amino acid sequences were per-
formed with BLAST (1).

Conjugation. S. caelestis recipient cells were prepared by inoculating 30 ml of
SGGP with 25 ml of spores and incubating the culture overnight at 30°C on a
rotary shaker. The culture was then centrifuged at a relative centrifugal force of
2,190 for 15 min. The pelleted cells were washed once in SGGP, recentrifuged,
and resuspended in 2 ml of SGGP. E. coli donor cells, S17-1 and S17-
1(pSK7595), were prepared by growing overnight cultures in 2 ml of LB (with
apramycin [50 mg/ml] where appropriate) at 37°C on a rotary shaker. Two
hundred microliters of the E. coli cultures was inoculated into 30 ml of fresh
medium and grown for about 3 h (to mid-log phase) at 37°C. The cells were
pelleted by centrifugation for 20 min and washed once in the same medium.
After a final centrifugation, the pellets were resuspended in 300 ml of LB.
Nucleopore membranes (25 mm, 0.2 mm; VWR) were placed onto an AS-1 agar
plate and spotted with 50 ml each of donor and recipient cells. The plates were
incubated at 30°C for 3 h, and then each membrane was placed into a 50-ml
conical tube containing 5 ml of SGGP and vortexed for 30 s to dislodge the cells.
The cells were centrifuged for 20 min, and the pellets were resuspended in 100
ml of SGGP. Cells were then plated onto AS-1 plates and incubated overnight at
30°C. The next day, the plates were overlaid with 2 ml of distilled H2O containing
30 ml of a 50-mg/ml solution of apramycin and 150 ml of T7 bacteriophage ('1010

PFU) and returned to 30°C until transconjugants appeared (about 7 days).
Metabolite analysis. Culture supernatants of cells grown for 3 days at 30°C in

SCM medium were adjusted to pH 9.0 with NH4OH and extracted two times
with equal volumes of ethyl acetate. The organic phases were pooled and con-
centrated. Extracts were evaluated on silica gel thin-layer chromatography
(TLC) plates (60F-254; Merck), which were developed with isopropyl ether-
methanol-NH4OH (75:35:2). Compounds were visualized by spraying the plates
with anisaldehyde-sulfuric acid-ethanol (1:1:9) and heating the plates with a hot
air gun until color developed. Biological activity was assessed by placing un-
stained TLC plates onto AM11 agar plates seeded with Staphylococcus aureus as
the indicator strain and incubating the plates overnight at 37°C to develop zones
of inhibition.

Nucleotide sequence accession number. The GenBank accession number for
the niddamycin PKS and portions of two flanking genes is AF016585.

RESULTS

Cloning and sequencing of the niddamycin PKS cluster in S.
caelestis. A strategy was devised to isolate the PKS genes of the
niddamycin biosynthetic pathway by using sequence conserva-
tion in the KS and AT regions encoded by previously se-
quenced PKS genes (5, 10). A pair of degenerate primers
spanning conserved regions was designed from sequences de-
posited in GenBank (see Materials and Methods) with the
expectation of amplifying, from S. caelestis chromosomal
DNA, most or all of the genes for the seven KS/AT regions
predicted to be found in the niddamycin PKS. The product of
the PCR ran as a 900-bp fragment on an agarose gel (data not
shown) and was subsequently cloned into M13 for sequencing.
Seven clones were analyzed, and all contained the same se-
quence, which was later found to correspond to the KS/AT
region in module 5 of the niddamycin cluster (see below). This
PCR product was used to probe chromosomal DNA to deter-
mine whether it had sufficient homology to hybridize to the
remaining KS/AT domains of the niddamycin biosynthetic
cluster and therefore could be used to identify cosmids in a
library of S. caelestis DNA which encoded the remainder of the
pathway. When DNA from S. caelestis was digested with SstI
and probed with the PCR fragment, at least seven hybridizing
bands were visible (data not shown). A second Southern hy-
bridization, but with a 1.45-kb SstI-MscI fragment (coordinates
10793 to 12244; GenBank accession number M63677) encod-
ing part of the KS domain from module 5 of the erythromycin
PKS, gave the same banding pattern, suggesting that these
bands may represent all of the type 1 PKS genes present in S.
caelestis.

To construct the S. caelestis library, a partial SauIIIA digest
of genomic DNA which had been size selected for 30-kb frag-
ments was ligated to cosmid pNJ1 arms and propagated in E.
coli XL-1 Blue MR cells. The library of 2,880 clones was
screened by colony blotting with the S. caelestis KS/AT probe
described above. Nineteen clones gave a strong hybridization
signal, and restriction digests of the positive clones were ana-

FIG. 1. Structure of niddamycin. The atoms of the macrolide ring are num-
bered. The thick lines indicate carbon atoms contributed by the indicated mod-
ules (Mod).
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lyzed by Southern hybridization. Banding patterns of SstI-di-
gested cosmid DNAs probed with the same DNA indicated
that 16 of the 19 clones which were positive in colony blots
were also positive by Southern analysis and that 15 of these
clones contained overlapping inserts (Fig. 2). Three of the
clones contained six hybridizing bands, while the other 12
overlapping clones contained from two to five of the same
hybridizing bands. Clone pCEL18h5, with six hybridizing
bands, was chosen for sequence analysis. Two other clones,
pCEL13f5 and pCEL13e12, not only shared a large hybridizing
fragment (.10 kb) with pCEL18h5 but also contained a
unique 2.4-kb fragment, indicating that these cosmids could
contain PKS sequences not present in pCEL18h5. Another
related clone, pCEL10a11, contained the 2.4-kb fragment but
not the larger fragment, and so it was not analyzed further. The

large SstI fragment was isolated from clones pCEL13f5 and
pCEL18h5 and further digested with SmaI for Southern anal-
ysis. Probing indicated that both clones contained hybridizing
bands of 2.1, 2.2, and 3.2 kb, but clone pCEL13f5 also con-
tained a 1.9-kb hybridizing band not found in clone pCEL18h5.
This was further evidence that clone pCEL13f5 shared DNA
regions with clone pCEL18h5 but also contained neighboring
PKS sequences. For this reason, clone pCEL13f5 was also
analyzed along with clone pCEL18h5.

Restriction fragments from cosmids pCEL18h5 and
pCEL13f5 (Fig. 3) were subcloned into pUC19 or pGEM-3Zf
and sequenced as described in Materials and Methods. Orien-
tation of the subcloned fragments was determined by using the
parent cosmid as the template for primers that annealed to the
59 and 39 ends of each insert, generating upstream and down-
stream sequences. These could then be aligned with sequences
of the individual subclones to order them within the cosmid.
Each cosmid was found to contain approximately 30 kb of
insert DNA, with around 10 kb of overlapping sequence. In all,
41.1 kb of DNA was sequenced.

Organization of the niddamycin gene cluster. DNA se-
quence data obtained from cosmids pCEL18h5 and pCEL13f5
were analyzed for open reading frames (ORFs) by using a
Streptomyces codon usage table (33). Five large ORFs (ORFs
1 to 5) spanning 40,012 bp of DNA were revealed (see below).
These large ORFs were bounded by smaller, partially se-
quenced ORFs (ORFs 6 and 7) located at the 59 and 39 ends of
ORFs 1 to 5, respectively (Fig. 3). The deduced N-terminal
132-amino-acid sequence encoded by ORF 6 was found, by
BLAST search, to have 61% identity to the N-terminal region
of the product of the tylI gene, which encodes a cytochrome
P450 hydroxylase in the biosynthetic pathway of the 16-mem-
bered macrolide tylosin (19). Like the gene containing ORF 6,
tylI in Streptomyces fradiae is also located immediately 59 to,
and reads in the opposite direction from, the genes encoding
the PKS for tylosin production. The deduced N-terminal se-
quence encoded by ORF 7 (157 amino acids) was found to

FIG. 2. Southern analysis of positively hybridizing cosmids. Nineteen cos-
mids that hybridized with the KS/AT probe were digested with SstI and analyzed
by Southern hybridization using a KS/AT probe generated from S. caelestis DNA.
Three of the cosmids did not cross-react (i.e., were false positives). Lanes con-
taining cosmid DNA specifically referred to in the text are labeled.

FIG. 3. Organization of the niddamycin PKS genes. Cosmids pCEL18h5 and pCEL13f5 were isolated from a genomic library of S. caelestis DNA. DNA sequence
was obtained from subcloned restriction fragments indicated by narrow lines and from cosmid DNA to link the restriction fragments. ORFs, enzymatic domains, and
modules were identified from DNA sequence analysis. Domains labeled with asterisks are probably inactive.
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have 68% identity to the product of ORF 3*, an N-methyl-
transferase of the tylM1-encoded region of the tylosin biosyn-
thetic cluster (12). Like ORF 7, ORF 3* is downstream of and
reads in the same direction as the genes encoding PKS; how-
ever, it is not immediately adjacent to the genes encoding PKS.
Based on sequence alignments and distance from potential
ribosome binding sites (RBSs) (30), ORFs 6 and 7 appear to
use ATG as the start codon (Table 1), with the putative RBSs
being GGAGA and GGAGG, respectively. In addition, ORF 7
may be translationally coupled to ORF 5, since the putative
ATG start codon of ORF 7 begins 11 bases upstream of the
TGA stop codon of ORF 5.

The larger ORFs (ORFs 1 to 5) were found to encode a PKS
comprising proteins with molecular masses of 458, 194, 379,

167, and 198 kDa, respectively. The genes corresponding to
these ORFs were designated nidA1 through nidA5, respec-
tively. nidA1, nidA2, and nidA5 appear to begin with ATG
codons (Table 1) and have the putative RBSs GGAGG,
GGGGG, and GGAG, respectively. nidA3 and nidA4 appear
to begin with GTG codons, with the RBSs being GGAGA and
GGAAG, respectively. The enzymatic motifs encoded by these
genes (i.e., KS, AT, DH, ER, KR, and ACP) were delineated
by BLAST searches which identified homology to other PKS
genes deposited in the EMBL, GenBank, and Swissprot data-
bases. As is characteristic of type I PKSs, the motifs within
each ORF product are organized into modules. Seven mod-
ules, corresponding to the seven condensation reactions pre-
dicted to be required for niddamycin biosynthesis, were found
in the PKS; NidA1 and NidA3 contain two modules each,
whereas NidA2, NidA4, and NidA5 each contain one module
(Fig. 3). In addition, the sets of motifs contained within each
module were also consistent with the extent of b-carbon pro-
cessing at the corresponding positions of the niddamycin ring
(Fig. 1 and 3). Besides the KS, AT, and ACP domains found in
all modules, modules 2 and 3 have the KR and DH domains
required for the formation of the double bonds found between
carbons 12 and 13 and carbons 10 and 11, respectively. Module
5 has a full complement of domains (KS, AT, DH, ER, KR,
and ACP) to produce the methylene group at C-7. Modules 4,
6, and 7 each have KR domains which would result in hydroxyl
groups at C-9, C-5, and C-3, respectively. However, sequence
analysis of the KR in module 4 indicates that it is inactive (see
below), resulting in the keto group at C-9. A TE domain with
the conserved GxSxG and GdH motifs (10) was found at the
carboxy-terminal end of NidG5 (module 7), identifying the end
of the PKS cluster.

In contrast to the erythromycin PKS, where the N-terminal
enzymatic motifs are a loading AT and ACP, the loading AT
and ACP of the niddamycin PKS follow a KS domain which is
not predicted to be necessary for the initiation of polyketide
synthesis. Homology of this motif with the other KS domains in
the cluster ranges from only 45 to 47% identity, whereas ho-
mologies among the KS domains of modules 1 to 7 range from
70 to 92% identity. More importantly, sequence analysis indi-
cates that this KS is enzymatically nonfunctional, as a critical
cysteine residue in the motif TVDTGCSSSLV, which is highly
conserved among KS domains (3, 10), is replaced by a glu-
tamine residue at position 173, forming a KSQ domain (Fig. 4).
Interestingly, it has recently been reported that KSQ domains
are also found at the N termini of the PKSs which synthesize
the other 16-membered macrolides, carbomycin, spiramycin,
and tylosin (17). The function of this motif, if any, remains to
be determined.

All of the remaining seven KS domains of this cluster retain
the conserved active-site cysteine residue. In addition, two
highly conserved His308/347 residues (3, 11) are present in all of
the niddamycin KS domains, including the unusual starter KS
(Fig. 4).

The niddamycin AT domains show more sequence variabil-
ity than the KS domains. For example, AT2 and AT6 only have
30% amino acid identity, whereas AT2 and AT3 have 95%
amino acid identity. It has been demonstrated that mATs and
mmATs fall into distinct families based on amino acid se-
quence and can be distinguished by conserved motifs (28). As
a result, it may be possible to predict AT substrate specificity
on the basis of primary sequence. A PILEUP/DENDRO
GRAM analysis comparing the niddamycin ATs with those
from the rapamycin and erythromycin PKS clusters is shown in
Fig. 5. This analysis demonstrates that the loading AT, as well
as those of modules 1, 2, 3, and 7, fall into the group of ATs

TABLE 1. Niddamycin PKS sequence coordinates

ORF
no.

Nucleotide
coordinates

No. of
amino acids Homology

6 1–396 132 P450 (N-terminal portion)
1 627–13646 4340 PKS (loading domain, modules 1

and 2)
690–1904 405 KS* (inactive)

2235–3242 336 ATs
3312–3572 87 ACPs
3645–4916 424 KS
5214–6215 334 AT
6900–7442 181 KR
7695–7955 87 ACP
8025–9296 424 KS
9594–10595 334 AT

10650–11225 192 DH
12219–12770 184 KR
13068–13325 86 ACP

2 13693–19209 1839 PKS (module 3)
13795–15066 424 KS
15379–16380 334 AT
16423–16992 190 DH
17839–18393 185 KR
18676–18933 86 ACP

3 19269–30230 3654 PKS (modules 4 and 5)
19374–20645 424 KS
20973–22007 345 AT
22530–23057 176 KR* (inactive)
23322–23579 86 ACP
23646–24926 427 KS
25293–26315 341 AT
26355–26909 185 DH
27789–28835 349 ER
28842–29393 184 KR
29679–29936 86 ACP

4 30294–35000 1569 PKS (module 6)
30423–31691 423 KS
32013–33038 342 AT
33786–34337 184 KR
34593–34853 87 ACP

5 35000–40636 1879 PKS (module 7, TE)
35120–36388 423 KS
36692–37723 344 AT
38633–39184 184 KR
39455–39712 86 ACP
39824–40636 271 TE

7 40626–41097 157 N-Methyltransferase (N-terminal
portion)
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that use malonyl-CoA as the substrate. Based on the structure
of niddamycin (Fig. 1), the acetate-derived methyl group at
C-15 and the lack of methyl groups at C-14, C-12, C-10, and
C-2 are consistent with those ATs being malonyl-CoA specific.
On the other hand, the ATs of modules 4, 5, and 6 fall into the
methylmalonyl-specific group. The methyl group at C-8 is con-
sistent with AT4 being an mmAT. AT5, however, presumably
uses ethylmalonyl-CoA as a substrate, resulting in the ethyl
side chain at C-6. The fact that it does not segregate into a
unique group in the dendrogram indicates that methylmalonyl
and ethylmalonyl ATs may be relatively similar. The AT do-
main in module 6 also falls into the methylmalonyl family, but
its activity results in a hydroxyl or perhaps a methoxy group at
C-4. The biosynthesis of leucomycin, a 16-membered macro-
lide which contains a methoxy group at C-4, was examined by
feeding the producing organism, Streptoverticillium kitasatoen-
sis, 2-13C-labeled precursors (23, 24). Labeled malonate was
not incorporated at carbons 3 and 4, indicating that malonyl-
CoA was not a substrate for the corresponding AT. Labeled
glycerol, however, was incorporated at C-4, suggesting that
glycolate may be the substrate for the AT of the module cor-
responding to the C-4 position of leucomycin. It is conceivable

that the AT in module 6 of the niddamycin pathway uses the
same or a similar substrate.

A closer examination of the amino acid sequence (Fig. 6) of
the niddamycin ATs shows that the active-site residues Gln6,
Ser91 (of the GHSXG motif where Ser is involved in the for-
mation of the acyl-enzyme intermediate), Arg116, and His192

FIG. 4. Conserved active sites of the niddamycin PKS domains. Deduced
protein sequences were aligned by using the PILEUP/PRETTY program. Only
the regions containing the proposed active sites are shown. The numbers corre-
spond to the amino acid position from the first residue in the first motif listed.
The boldfaced amino acids are conserved residues or motifs important for the
function of each domain. Active-site residues are marked with asterisks. Motifs
important for functioning of the KR and ER domains are underlined. For
comparative purposes, the erythromycin ER from module 4 and the erythromy-
cin TE are included.

FIG. 5. Dendrogram analysis of AT domains. The dendrogram shows the
sequence similarity of AT domains from the niddamycin, erythromycin, and
rapamycin PKS clusters. The niddamycin AT domains are boldfaced. The ATs
are grouped according to the substrate specificities of the rapamycin and eryth-
romycin ATs (malonyl-CoA or methylmalonyl-CoA).

FIG. 6. Alignment of the sequences of conserved motifs found in AT do-
mains. Sequences were aligned by using the PILEUP/PRETTY program. Bold-
faced amino acids are conserved residues or motifs important for the function of
AT domains. Active-site residues are marked with asterisks. Proposed consensus
sequences for motifs of ATs specific for acetate and propionate (13) are indi-
cated.
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are present in all mATs and mmATs (3, 10). In addition, motifs
which have been proposed to distinguish mATs from mmATs
(13) seem to be more divergent in the niddamycin cluster (Fig.
6, residues 58 to 77); however, these same stretches of amino
acids, though they have different sequences, still seem to be
specific for mATs and mmATs within the niddamycin se-
quence.

KR domains were found in all seven modules. Homologies
between the KR domains ranged from 31% amino acid identity
between KR4 and KR6 to 99% amino acid identity between
KR6 and KR7. It has been observed that modules correspond-
ing to unreduced b-carbonyls in the polyketide chains of eryth-
romycin (9), rapamycin (3), and spiramycin (17) still contain
KR motifs with, in most cases, obvious inactivating mutations.
An inactive KR in module 4 would be consistent with the
presence of the keto group at C-9 of niddamycin and would be
another example of this type of organization. The consensus
NADP(H) binding site of a KR is GxGxxGxxxA (29). The
corresponding region of the KR4 domain of the niddamycin
cluster is DxTxxPxxxL (Fig. 4), indicating that the KR is non-
functional. All of the other KR domains in the cluster contain
the expected NADP(H) binding motif with the exception of
KR2. This KR is predicted to be active; however, a Cys residue
is present at the first position of the NADP(H) binding site
rather than a Gly. How this amino acid change would affect KR
activity is uncertain.

DH domains were identified in modules 2, 3, and 5. Hy-
droxyl groups formed by KRs at C-13 and C-11 are reduced by
DHs to form the double bonds between carbons 12 and 13 and
carbons 10 and 11, corresponding to modules 2 and 3, respec-
tively. Formation of the methylene group at C-7 (correspond-
ing to module 5) also requires DH activity. DH2 and DH3 have
39% amino acid identity, DH2 and DH5 have 45% identity,
and DH3 and DH5 have 38% identity. The highly conserved
residues His45, Gly49, and Pro54 (5, 10) were present in DH2
and DH5, but, surprisingly, in DH3 there is an Asp in place of
the Gly residue (Fig. 4). Based on the niddamycin structure,
this DH domain should be active, and so this divergence from
consensus may not adversely affect the activity of the enzyme.

The only ER domain present in the PKS cluster is in module
5. An amino acid sequence comparison of ER5 with ER do-
mains from the products of the erythromycin and rapamycin
PKS genes (Fig. 4) reveals the presence of the putative
NADP(H) binding motif LxHxg(a)xGGVG (2, 29, 32).

ACP domains were identified in each of the modules and
after the loading AT, as expected. Homologies between the
ACP domains range from 32 to 67% amino acid identity. The
pantotheine-binding Ser46 residue (10) in the GFDSL motif
was present in all of the ACP domains (Fig. 4).

Gene disruption of the niddamycin PKS cluster. A gene
disruption experiment was performed with S. caelestis to dem-
onstrate that the PKS genes isolated from the genomic library
were involved in niddamycin biosynthesis. A 1.5-kb SstI frag-
ment containing AT- and DH-encoding sequences from the
coding regions for module 3 (Fig. 2) was isolated from cosmid
pCEL18h5, treated with Klenow fragment, and cloned into the
EcoRV site of pKC1139 to generate pSK7595 (Fig. 7). This
plasmid contains an apramycin resistance gene for selection,
oriT for conjugal transfer, and both E. coli and Streptomyces
origins of replication. The Streptomyces origin of replication from
Streptomyces ghanaensis (21) functions only at temperatures
below 34°C, and so under selective pressure at a nonpermissive
temperature, the plasmid must integrate into the chromosome
through homologous recombination to be maintained. Plasmid
pSK7595 was first transformed into E. coli S17-1, the donor
strain carrying the conjugation locus RP4. To transfer the

plasmid to the niddamycin-producing strain, S17-1 transfor-
mants were incubated with S. caelestis cells as described in
Materials and Methods. As a negative control, S17-1 cells with-
out plasmid were also incubated with S. caelestis cells. The
cultures were challenged with apramycin to eliminate non-
plasmid-containing S. caelestis cells. Nalidixic acid (50 mg/ml) is
routinely used in Streptomyces-E. coli conjugation experiments
to eliminate the E. coli donor cells; however, S. caelestis was
found to be sensitive to this antibiotic. Therefore, the conju-
gation cultures were challenged with bacteriophage T7 in or-
der to remove the E. coli cells. Cultures were incubated for 7
days at 30°C, and in each of two separate experiments, only one
S. caelestis colony was recovered.

One putative transconjugant, S. caelestis(pSK7595), was
grown at 37°C in apramycin-containing medium to force inte-
gration of the temperature-sensitive plasmid. Southern analy-
sis of genomic DNA indicated that the plasmid was present
and had integrated into the appropriate location in the chro-
mosome (Fig. 8). This strain was designated S. caelestis nid::
SK7595. Surprisingly, the original transconjugant isolated at
30°C and never grown at a nonpermissive temperature also
showed the pattern expected for integrated plasmid, indicating
that this plasmid was not replicating at the permissive temper-
ature in S. caelestis. This may also explain the extremely low

FIG. 7. Construction of pSK7595. The vector pKC1139 was used to construct
the conjugation vector pSK7595. The oriT gene allows for conjugal transfer from
E. coli strains containing the RP4 locus. The apramycin resistance gene (Apr)
allows for selection of the plasmid. The temperature-sensitive Streptomyces ori-
gin of replication (repts) and the E. coli origin of replication (reppUC) are shown.
The 1.5-kb SstI fragment containing AT- and DH-encoding sequences was
cloned into the EcoRV site of pKC1139 (black bar).
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frequency of conjugation since transconjugants could be se-
lected only if a rare integration event took place before the
plasmid was lost.

Spores of S. caelestis nid::SK7595 were plated onto R3M
medium containing apramycin to generate single colonies.
Three of the isolates were examined for the production of
niddamycin. Cells were grown in apramycin-containing me-
dium at 30°C (data not shown) and 37°C for 4 days, and
supernatants were examined by TLC and TLC-bioautography
(Fig. 9). None of the S. caelestis nid::SK7595 isolates, grown at
either temperature, produced a spot on the TLC plate at the Rf
of niddamycin. In addition, no bioactivity was observed in the

TLC-bioautography assay, indicating that the niddamycin PKS
cluster had been disrupted and that the cloned genes were
from the niddamycin pathway.

DISCUSSION

We have reported the isolation and characterization of the
PKS genes involved in the biosynthesis of the macrolide anti-
biotic niddamycin. The initial approach to the isolation of this
cluster was to PCR amplify AT regions based on amino acid
sequences which are found to be highly conserved among
PKSs. We generated primers corresponding to regions in the
KS and AT domains with the expectation of amplifying DNA
corresponding to portions of all seven domains hypothesized to
be present in the cluster. (The subsequent discovery that a KSQ

domain preceding the loading AT brings the number of po-
tentially amplifiable regions to 8.) The PCR resulted in the
coding region for only one AT, that from module 5, being
amplified. On reexamination of the homology of the niddamy-
cin nucleotide sequences to the primers, it was found that there
was only one mismatch near the 59 end of the KS primer
among the eight niddamycin KS nucleotide sequences but a
much higher frequency of mismatches at the 39 end of the AT
primer. For example, there were six mismatches each for five
of the niddamycin AT nucleotide sequences, three mismatches
for one and one for another. The coding region for module 5,
which was successfully amplified, had no mismatches. There-
fore, this PCR approach proved fruitful for generating a nid-
damycin-specific probe to isolate the remaining coding regions
of the cluster but not for simultaneously amplifying the coding
regions for multiple domains.

Probing the S. caelestis genome with either the PCR-gener-
ated probe or a probe from a conserved region of the eryth-
romycin PKS generated the same hybridization patterns, indi-
cating that these were the only type 1 PKS sequences present
in the strain. It has been observed that some strains of Strep-
tomyces, such as Streptomyces hygroscopicus 29253, contain
multiple PKS clusters (18, 26), which can complicate isolation
of a particular cluster by hybridization. This does not appear to
be the case in S. caelestis. When the PCR-generated probe was
used for Southern analysis of SstI-digested S. caelestis DNA,
we identified seven cross-hybridizing bands which corre-
sponded to seven of the SstI fragments encoding the niddamy-
cin PKS.

Sequence analysis of the isolated DNA fragments revealed a
PKS cluster comprising seven modules as expected for synthe-
sis of niddamycin. The modules are encoded by five ORFs,
with two modules each encoded by ORFs 1 and 3 and one each
encoded by ORFs 2, 4, and 5. The organization of the enzy-
matic domains contained within each module is also consistent
with what would be expected for synthesis of the macrolide
ring of niddamycin. An unexpected KS domain (KSQ) with a
glutamine replacing a conserved cysteine residue was found at
the amino terminus of the PKS. The function of this domain, if
any, remains unclear. Platenolide A is the polyketide backbone
of the macrolide antibiotic spiramycin and is identical in struc-
ture to the polyketide backbone of niddamycin. A genetic map
of the spiramycin PKS was recently published (17), and the
organization and domain content of the modules, including the
unusual KSQ, are the same as those found in this study for the
niddamycin cluster. The degree of genetic relatedness of these
clusters awaits the release of the spiramycin PKS nucleotide
sequence.

Previous work has suggested that AT sequences cluster into
families based on substrate specificity (13, 28). As predicted
from the structure of niddamycin, the AT domains of modules

FIG. 8. Disruption of the niddamycin PKS locus. (A) Diagrammatic repre-
sentation of the integration of pSK7595 into the S. caelestis chromosome. The
region of homology between the plasmid and chromosome is represented by an
open box. pKC1139 DNA is represented by a heavy line. SstI sites are indicated.
(B) Southern analysis of SstI-digested genomic DNA probed with vector
pKC1139. Lane 1, S. caelestis NRRL-2821 (wild type); lane 2, S. caeles-
tis(pSK7595). DNA fragment sizes based on migration of a 1-kb ladder (BRL) on
the same gel are indicated at the right.

FIG. 9. Niddamycin production in S. caelestis(pSK7595). (A) TLC analysis of
ethyl acetate extractions of culture supernatants. Lanes: wt (wild type), S. cae-
lestis NRRL-2821; 1 to 3, isolates of S. caelestis(pSK7595). nid std (niddamycin
standard), 10 mg of niddamycin. The Rf of niddamycin (nid) is indicated by the
arrow. (B) TLC-bioautography analysis of ethyl acetate extractions of culture
supernatants. The lane assignments and niddamycin location are identified as in
panel A. Dark spots are zones of inhibition of S. aureus due to the presence of
niddamycin.
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1, 2, 3, and 7 and the loading AT fall into the class of ATs
which utilize malonate. The remaining ATs fall into the meth-
ylmalonate class. The methyl group at C-8 is consistent with
AT4 being an mmAT. AT5 and AT6, however, are predicted to
utilize, respectively, ethylmalonyl-CoA and a CoA derivative of
unknown structure which would result, perhaps by further
modification, in the methoxy group at C-4. It should also be
noted that the loading AT for the erythromycin PKS also falls
within the methylmalonate class even though the substrate for
this AT is propionyl-CoA. Thus, it seems that the methylma-
lonyl grouping may encompass ATs which recognize a broader
range of substrates than previously predicted. As a result, it
may be difficult to assign substrate specificity to ATs not as-
signed to known PKS clusters or to those whose modular
positions have not been determined within a known cluster
solely on the basis of its homology with other members of the
methylmalonyl class.

Domain replacements within the erythromycin PKS have
been shown to result in the production of novel bioactive
compounds (11, 22, 25). The ethylmalonyl AT domain (AT5)
and the methoxy AT domain (AT6) of the niddamycin cluster
could conceivably be used to replace the mmAT domains in
the erythromycin PKS to generate erythromycin derivatives
with novel polyketide backbone structures that would be dif-
ficult to produce by chemical methods.
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