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The Streptomyces venezuelae pikD gene from the pikromycin biosynthetic cluster was analyzed, and its
deduced product (PikD) was found to have amino acid sequence homology with a small family of bacterial
regulatory proteins. Database comparisons revealed two hypothetical domains, including an N-terminal
triphosphate-binding domain and a C-terminal helix-turn-helix DNA-binding motif. Analysis of PikD was
initiated by deletion of the corresponding gene (pikD) from the chromosome of S. venezuelae, resulting in
complete loss of antibiotic production. Complementation by a plasmid carrying pikD restored macrolide
biosynthesis, demonstrating that PikD is a positive regulator. Mutations were made in the predicted nucleotide
triphosphate-binding domain, confirming the active-site amino acid residues of the Walker A and B motifs.
Feeding of macrolide intermediates was carried out to gauge the points of operon control by PikD. Although
the pikD mutant strain was unable to convert macrolactones (10-deoxymethynolide and narbonolide) to
glycosylated products, macrolide intermediates (YC-17 and narbomycin) were hydroxylated with high effi-
ciency. To study further the control of biosynthesis, presumed promoter regions from pik cluster loci were
linked to the xylE reporter and placed in S. venezuelae wild-type and pikD mutant strains. This analysis
demonstrated that PikD-mediated transcriptional regulation occurs at promoters controlling expression of
pikRII, pikAI, and desI but not those controlling pikRI or pikC.

The soil bacteria belonging to the genus Streptomyces have
been of great interest due to their well-known capacity to
produce a diverse range of antibiotics and other secondary
metabolites (4, 24). Production typically occurs according to a
growth phase-dependent profile (11, 12) and is often accom-
panied by the development of spore-bearing aerial mycelia (9).

The regulatory elements involved in generating antibiotics
are of significant interest. An entire family of regulatory genes
called SARPs (Streptomyces antibiotic regulatory proteins) has
been identified based on sequence and motif homology, as well
as by complementation studies (2, 8). Sequence analysis links
the SARP family together by the presence of OmpR-like
DNA-binding domains (25). Members of this family include
the positive regulators ActII-ORF4 of the actinorhodin bio-
synthetic cluster (2), RedD of the undecylprodigiosin gene
cluster (26, 36), DnrI of the daunorubicin biosynthetic system
(33, 36), and CcaR, which regulates both the cephamycin and
clavulanic acid pathways (28, 36). Other genes have been iden-
tified that encode transcriptional activators of specific SARPs.
These include redZ and dnrN, which activate redD and dnrI,
respectively (15, 35).

A general network or system of regulatory elements involved
in the control of secondary metabolite pathways has not yet
emerged. For example, the srmR gene of Streptomyces ambo-
faciens, which regulates spiramycin production, shows no se-
quence homology to other regulatory proteins (16). The tylosin
biosynthetic pathway of Streptomyces fradiae contains putative

regulatory genes from several different families (3). These
genes include tylR, whose product is a global regulator of
tylosin production, and the putative regulators encoded by tylT,
tylS (both belonging to the SARP family), and tylP, whose
product is a g-butyrolactone receptor. In other notable cases,
as with the polyketide-producing erythromycin pathway, no
regulatory genes have been found in the region of the biosyn-
thetic cluster (14).

Significantly, recent characterization of several other mac-
rolide antibiotic pathways has led to the identification of a set
of novel transcriptional regulators. This new family is based on
recent observations (13) involving a unique group of putative
regulators with several shared traits, including a relatively large
size (872 to 1,159 amino acids [a.a.]) compared to the SARP
family (typically between 277 and 665 a.a.), an N-terminal
ATP-binding domain represented by discernable Walker A
and B motifs (34), and a C-terminal LuxR type DNA-binding
domain (17) (Fig. 1). The name given to this group is large
ATP-binding regulators of the LuxR family (LAL), and the
prototype member is the Escherichia coli MalT protein, in-
volved in the uptake and catabolism of maltodextrins (29).
Currently, three regulators from modular polyketide synthase
(PKS) biosynthetic pathways appear to fall into this group,
including RapH from the rapamycin cluster of Streptomyces
hygroscopicus (1, 32), Orf6 from a second PKS cluster (whose
product remains unknown) found in S. hygroscopicus (30), and
PikD from the multi-drug producing pikromycin pathway (39,
41). The role of these LALs in regulation of polyketide bio-
synthesis has not been reported previously, and providing in-
sight into their function motivated the current study.

In this report we provide a detailed characterization of the
PikD regulator from the pikromycin biosynthetic system.
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Through chromosomal gene deletion, plasmid complementa-
tion, and site-directed mutagenesis, its role as a pathway-spe-
cific positive regulator and the location of its nucleotide
triphosphate-binding site residues have been verified. In addi-
tion, we describe the level of control exerted by PikD through
conversion of pathway intermediates and promoter probing
using the xylE reporter system.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. E. coli DH5a was used as a cloning
host and grown on Luria-Bertani (LB) liquid or solid medium. S. venezuelae
ATCC 15439 is the pikromycin-producing strain used throughout this study. S.
venezuelae mutants AX906 (40), AX916 (Y. Xue, unpublished), and LZ3001 (41)
were used for precursor feeding experiments. Liquid SGGP (22) was employed
for vegetative growth. Solid R2YE (21) was used for transformation and selec-
tion of S. venezuelae, while liquid SCM (22) was used for antibiotic production.
pUC119 (42) was used for general DNA cloning. The pikD gene disruption
construct pDHS2062 was derived from pKC1139 (6) (see Table 2), which is an E.
coli-Streptomyces conjugative shuttle plasmid. pDHS618 (37), also an E. coli-
Streptomyces shuttle plasmid containing the pikA promoter, was the vector used
to create the pikD complementation construct pDHS2063. pDHS702 (38), a
shuttle vector containing the pikA promoter coupled with pikAV, was used to
create the promoter-probing plasmids pDHS2100 to pDHS2112. For a complete
list of strains and plasmids, see Tables 1 and 2.

DNA sequencing and analysis. pikD was sequenced as part of the pikCD
operon as previously described (39, 40). DNA and deduced protein sequence
analyses were performed using MacVector or GCG sequence analysis packages
(Oxford Molecular Group) employing the program default-specific parameters.

Gene disruption. Deletion of pikD was accomplished by gene replacement via
homologous recombination. For this purpose, two regions were amplified by
PCR. The first region began 1.5 kb upstream of pikD and terminated short of its
ribosome-binding site (RBS). HindIII and BamHI sites were engineered into the
upstream and downstream primers, respectively (primers GGTCTGGAGTTCA
AGCTTCGCCGTACCCAGCAGGGAACG and CTGGATCCCTCTAACCA
GGTCTTGTTACGGCG). This first fragment was cloned into HindIII- and
BamHI-digested pUC-NEO, a version of pUC119 containing a neomycin-kana-
mycin resistance gene and promoter cloned into the SmaI site of the multiple
cloning site (MCS). The second PCR-amplified region extended 1.2 kb down-
stream of the pikD stop codon. The upstream and downstream primers contained
KpnI and EcoRI, respectively (primers TGAGGTACCCCCGGTGTCCCCGT
GCGACGACC and GCGAATTCGACGAGGACGGCAATCAGCTCGCC).
Cloning the second fragment into KpnI- and EcoRI-digested pUC-NEO con-
taining the first fragment created pDHS2061, an intermediate containing the
necessary insert for deletion of pikD. pDHS2061 was subsequently digested with
HindIII and EcoRI, and the 3.7-kb insert was ligated into pKC1139, creating
pDHS2062.

pDHS2062 was transformed into S. venezuelae by previously described meth-
ods (21). Taking advantage of the instability of pKC1139 in the absence of
thiostrepton, transformants were plated alternately on medium containing thio-
strepton and kanamycin and medium containing only kanamycin. The cells were
inoculated into liquid SGGP, and serial dilutions were plated onto R2YE con-
taining kanamycin. These plates yielded over 90% kanamycin-resistant, thio-
strepton-sensitive colonies. The genotype was checked in all colonies selected by
Southern blot analysis (data not shown), which confirmed construction of the
pikD replacement strain DW900.

Complementation of pikD deletion mutant. Beginning with its RBS, pikD was
PCR amplified using primers designed to incorporate EcoRI and XbaI sites into
the upstream and downstream regions, respectively (primers AAAGAATTCG

FIG. 1. General structure and amino acid alignment of hypothetical LAL proteins, including PikD. Shaded regions encompass putative and
confirmed NTP- and DNA-binding motifs, corresponding to arrows on the schematic drawing of PikD. Asterisks denote amino acid residues in
PikD that were mutated in this study.
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AGGGGGGACTTCCGCGATGA and TTTTCTAGAGGTGGCTCAGGCCG
TGACGG). The gene was ligated into the EcoRI and XbaI sites of pDHS618, an
E. coli-Streptomyces shuttle vector carrying the PpikA region, which drives tran-
scription of the PKS genes. Genes placed under PpikA have previously been
shown to be expressed in S. venezuelae (10, 38). Incorporation of pikD into
pDHS618 created the complementation vector pDHS2063 (Table 2), which was
transformed into DW900, and colonies were selected for resistance to kanamycin
and apramycin. The presence of the plasmid was confirmed by plasmid extraction
before metabolite fermentation analysis was performed.

Site-directed mutagenesis of pikD. The QuickChange site-directed mutagen-
esis kit (Stratagene) was used to create point mutations in the active-site residues
of the Walker A and B motifs (Fig. 1). To this end pikD was cloned into pUC119
to reduce the overall size needed for amplification. Four pairs of complementary
primers were designed to mutate three residues. K38 was changed to either an R
or A to confirm the position of the Walker A motif (primers CCGGCAGCGG
GGCGACGGAGCTGC and GCAGCTCCGTCGCCCCGCTGCCGG and
primers CCGGCAGCGGGAGGACGGAGCTGC and GCAGCTCCGTCCTC
CCGCTGCCGG, respectively). Both aspartic acid residues 138 and 139 were
mutated to asparagine residues to elucidate which was the terminal amino acid
of the Walker B motif (primers CTCGTCGCCGTCAACGACCTGACCC and
GGGTCAGGTCGTTGACGGCGACGAG and primers GTCGCCGTCGACA

ACCTGACCCACG and CGTGGGTCAGGTTGTCGACGGCGAC, respec-
tively). The mutations were confirmed through sequencing and cloned back into
pDHS618 to give pDHS2070 (K38R), pDHS2071 (K38A), pDHS2072 (D138N),
and pDHS2073 (D139N) (Table 2). The plasmids were transformed into DW900
and tested for antibiotic production.

Antibiotic production, isolation, and analysis. The antibiotics methymycin and
neomethymycin were considered representative of the ability of S. venezuelae to
produce all pik cluster antibiotics (37). Therefore, production of antibiotics was
performed using solely SCM medium, incubated at 30°C for 72 h. Methymycin
and neomethymycin were extracted following published procedures (7). Thin-
layer chromatography (TLC) comparison with wild-type S. venezuelae was used
to confirm the presence or absence of antibiotics. The solvent system employed
for TLC was chloroform–methanol–25% ammonium hydroxide (90:10:1) fol-
lowed by vanillin staining (0.75% vanillin and 1.5% H2SO4 in methanol) and
development by heating.

Biosynthetic intermediate feeding experiments. Macrolactone and macrolide
intermediates suspended in ethanol were added to fresh SCM medium in the
ratio of 150 ml per 50 ml. This inoculum contained half of the extract from one
50-ml culture from either AX906 or LZ3001. The pikD deletion mutant was
added to the broth containing either nonhydroxylated macrolides (YC-17 or
narbonolide) or 10-deoxymethonolide. AX916, an in-frame fusion mutant be-

TABLE 1. Plasmidsa

Plasmid Promoter region amplified Forward primer Reverse primer

pDHS2100 None (control) AAATTAATTAAGAGGAATTCATCGAGGGG AAAAGATCTCACTTGCCCGCCCCCTCGATG
pDHS2101 pikAI AAATTAATTAACCCCTCCCTGGATGCCGTGGTCA AAAAGATCTCACTTGCCCGCCCCCTCGATG
pDHS2102 pikAIV AAATTAATTAACGACCTGGACGCCGAGGCCCTGAT AAAAGATCTCATCGGGTGTGGTCTTCCG
pDHS2103 desI-I AAATTAATTAACACGGAGAACTCCAGACCG AAAAGATCTCACGGATGTTCCCTCCGGGCC
pDHS2104 pikC AAATTAATTAACACGGATGTTCCCTCCGGG AAAAGATCTCACGGAGAACTCCAGACCGG
pDHS2105 pikRI AAATTAATTAACCGGCTCCGTCTCCGGAAG AAAAGATCTCATGAACGATCCCCTCCCTG
pDHS2106 pikRII AAATTAATTAATGACCTCGGCCGATGCCCC AAAAGATCTCATGAGTCTGCTCCGCGAAA
pDHS2107 pikD AAATTAATTAATGAACCCGCACGTCACCCA AAAAGATCTCATCGCGGAAGTCCCCCCTCG
pDHS2108 None (control) AAATTAATTAACGCCGGCCAGGGCCATCAC AAAGAATTCGCACAGCCTCGGCGCCTCCG
pDHS2109 None (control) AAATTAATTAAGTCCAAGAGTGAGTCCGAG AAAGAATTCGGCGCCGGGCACCCGGCAGG
pDHS2110 desI-II AAATTAATTAATCGCGGAAGTCCCCCCTCG AAAAGATCTCACGGATGTTCCCTCCGGGCC
pDHS2111 desVIII (full length) AAATTAATTAAGATCCGGCGCTTCCACCCC AAAGGATCCCACCGTGGGTTCTGCCATCTC
pDHS2112 desVIII (100 bp) AAATTAATTAATGCCTCCGGGCGTACTCCG AAAGGATCCCACCGTGGGTTCTGCCATCTC

a The primers used to amplify the desired promoter region are shown with the engineered restriction sites in bold type.

TABLE 2. Strains and plasmids used

Strain or plasmids Relevant characteristicsa Source or reference

S. venezuelae
ATCC 15439 Wild-type pikromycin, methymycin, and neomethymycin producer ATCCb

AX906 pikC insertion mutant of ATCC 15439 34
AX916 In-frame fusion of pikAI module 1 and pikAIII module 5 Y. Xue, unpublished
DW900 pikD replacement by aphII in ATCC 15439 This study
LZ3001 desVI replacement by aphII in ATCC 15439 41

Plasmids
pUC119 Ap lacZa MCS, E. coli cloning vector 36
pKC1139 Am lacZa MCS oriT repts 4
pDHS618 Am PpikA, containing pikAV and pikC 42
pDHS702 Ap Ts PpikA, containing pikAV 29
pDHS2100–pDHS2112 pDHS702 containing a T7 terminator upstream of various S. venezuelae

putative promoter sequences fused to the reporter xy1E
This study

pDHS2061 pUC119 containing 1.5 kb upstream and 1.2 kb downstream of pikD
flanking a Kan gene

This study

pDHS2062 pKC1139 containing replacement deletion cassette excised from pDHS2061 This study
pDHS2063 pDHS618 containing wild-type pikD This study
pDHS2070 pDHS618 containing pikD K38A mutation This study
pDHS2071 pDHS618 containing pikD K38R mutation This study
pDHS2072 pDHS618 containing pikD D138N mutation This study
pDHS2073 pDHS618 containing pikD D139N mutation This study

a Am, apramycin resistance; Ap, ampicillin resistance; Kan, kanamycin resistance; Ts, thiostrepton resistance. pikAV was removed from all constructs using pDHS702
prior to use. All constructs using pDHS618 were digested with EcoRI and XbaI to remove pikAV and pikC before further manipulation.

b ATCC, American Type Culture Collection.
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tween pikAI module 1 and pikAIII module 5, which contains intact des and pikCD
loci, was used as a control.

Promoter probe assays. Each plasmid (Table 1) contained a specific hypothet-
ical promoter region followed by the original start codon of the downstream gene
coupled to the xylE start codon by a BglII site. The pikAI promoter was an
exception, as it was fused to pikAV as previously described (38). The fusion was
made at the native EcoRI site 216 bp into the coding region of pikAI and an
engineered EcoRI site 23 bp upstream of the pikAV start codon. Promoter
regions were PCR amplified with a PacI site in the upstream primer and a BglII
site in the downstream primer directly following the native start codon. The xylE
gene was amplified to include a BglII site in the upstream primer directly
preceding its start codon and an NsiI site in the downstream primer.

Three control plasmids were created to test the stringency of the XylE assay.
The first control (pDHS2100) was amplified from pDHS2101. The control region
placed a PacI site 3 bp upstream of the native EcoRI site and a BglII site directly
following the pikAV start codon, which was ligated into PacI-BglII-digested
pDHS2101. The other two controls (pDHS2108 and pDHS2109) were created by
amplifying regions of pik DNA (within known coding regions) that contained no
promoter. These regions were amplified with an upstream PacI site and a down-
stream EcoRI site. The fragments were ligated into pDHS2101 digested with
PacI and EcoRI, which resulted in a plasmid that contained the control DNA
sequence while retaining the active RBS and start codon of pikAV. pDHS2108
includes a 300-bp fragment starting 236 bp upstream of the pikAV stop codon
and ending at the serine active-site residue. The fragment is in the opposite
orientation relative to pikAV. pDHS2109 contains the 20-bp region starting at the
second hypothetical pikAI start site and ending at the native EcoRI site. A T7
terminator was incorporated upstream of the promoter region of each plasmid
inserted between the NdeI and PacI sites.

For promoter-probe analysis, each vector was transformed into either the S.
venezuelae wild-type strain or DW900. To determine XylE activity, transformants
were inoculated into 50 ml of SCM medium in 250-ml baffled flasks. Cultures
were harvested after 67 h and processed as previously described (20). Cells were
washed in 5 ml of 20 mM potassium phosphate (pH 7.5) and suspended in a final
volume of 3 ml of sample buffer (100 mM potassium phosphate [pH 7.5], 20 mM
EDTA, 10% acetone [vol/vol]). Cells were lysed by sonication for 1 min, and 30
ml of 10% Triton X-100 was added. Cell debris was removed by centrifugation for
30 min at 4°C in a Beckman JA-10 rotor at 17,000 rpm. Catechol dioxygenase
activities were determined using a spectrophotometer as previously described
(20). One milliliter of reaction buffer (100 mM potassium phosphate [pH 7.5], 0.2
mM catechol) was incubated for 1 min at 37°C prior to the addition of 20 mg of
total protein. The optical density at 375 nm was measured over 1 min. Catechol
dioxygenase activity was calculated as the rate of change in optical density per
minute per milligram of protein used and converted to milliunits per milligram
(31). Protein concentration was determined using the Bradford protein assay
(Bio-Rad).

RESULTS AND DISCUSSION

Sequence characteristics of pikD. The entire PKS cluster
responsible for methymycin, neomethymycin, narbomycin, and
pikromycin biosynthesis (pik) in S. venezuelae was character-
ized by nucleotide sequence analysis (39, 41). It begins with a
resistance locus that includes the divergently transcribed genes
pikRI and pikRII. It continues through three biosynthetic loci:
pikA, PKS genes responsible for the macrolide backbone; des,
the desosamine biosynthesis and transfer genes; and pikC, the
sole P450 hydroxylase gene. Finally, at the presumed terminus
of the pik cluster, upstream of several primary metabolite
genes, lies pikD (Fig. 2), whose protein product (PikD) is a
deduced polypeptide of 929 a.a. (predicted molecular mass,
101 kDa).

Initial analysis of PikD was performed using SwissProt pro-
tein motif identification software. Query returns revealed a
hypothetical N terminus nucleotide triphosphate (NTP)-bind-
ing domain or Walker A motif GXXXGKT (34) (a.a. 32-39), as
well as a possible C-terminus helix-turn-helix (HTH) DNA-
binding domain (a.a. 880 to 907) belonging to the LuxR family
(17) (Fig. 1). A BlastP sequence homology search identified

several regulatory and putative regulatory proteins with signif-
icant similarity profiles. A number of the proteins were rela-
tively large (800 to 1,200 a.a.) and contained an N-terminal
NTP-binding motif in addition to a C-terminal HTH DNA-
binding domain. The proteins showing the greatest homology
to PikD were putative positive regulators, such as ORF6 of an
uncharacterized type I PKS found in the rapamycin-producing
strain S. hygroscopicus (30), and the well-defined maltotriose
and ATP-requiring activator MalT of the maltose system in E.
coli (29). This group was previously assigned to the LALs (11).
Members of this family were proposed to operate by a similar
biochemical mechanism. The less conserved middle region of
the protein is proposed to be the possible site for inducer
interaction, such as those found in MalT and AcoK, which
require the coinducers maltotriose and acetoin, respectively
(27, 29).

Along with PikD, RapH, and S. hygroscopicus ORF6, se-
quence homology searches showed that AveR of the avermec-
tin cluster from Streptomyces avermitilis (18, 19) could be added
to the list of hypothetical LAL proteins. Currently, of these
four regulatory genes, no direct analysis has been reported
other than the transposon mutagenesis of aveR, which elimi-
nated avermectin production (19).

Functional characterization of PikD. In order to begin prob-
ing its function, the pikD gene was deleted from the chromo-
some using a kanamycin resistance gene (aphII) replacement
cassette. After transformation of S. venezuelae by pDHS2062,
clones selected for the kanamycin resistance phenotype were
genotypically confirmed by Southern blotting (data not
shown). The pikD deletion mutant strain DW900 had growth
and morphological characteristics identical to those of wild-
type S. venezuelae when grown on solid media, indicating that
pikD plays no role in bacterial growth and differentiation.
Moreover, no trace of methymycin, pikromycin, or pathway
intermediates was observed in the DW900 mutant, indicating
that PikD plays a key role as a positive regulator in antibiotic
production. The absence of YC-17 and narbomycin indicates
that PikD exhibits control in the early part of polyketide bio-
synthesis, supporting the hypothesis that it acts on the initia-
tion of macrolide production by positively regulating expres-
sion of at least the pikA-encoded PKS (e.g., some or all of
pikAI to pikAV) genes.

To confirm that deletion of pikD was the sole reason for loss
of antibiotic production in S. venezuelae DW900, the gene was
reintroduced into the mutant strain on the pDHS618-based
expression plasmid (37) pDHS2063. The recombinant strain S.
venezuelae DW900/pDHS2063 was cultured under macrolide
production conditions and found to produce antibiotics at lev-
els comparable to those of wild-type S. venezuelae (data not
shown). This result was not surprising, since pikD was ex-
pressed under the control of a strong heterologous promoter
(PpikAI) that would result in more PikD in the recombinant
strain than in wild-type S. venezuelae.

Dissection of PikD through mutagenesis. In an effort to
confirm the presence of functional domains within PikD, mu-
tations were made in the putative Walker A and B motifs (Fig.
1). Point mutations were introduced into pikD (borne on a
plasmid), and subsequent analysis was performed in the
DW900 (pikD deletion mutant) strain. The binding-site lysine
residue (K38) of the Walker A motif was mutated to both
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alanine (pDHS2070) and arginine (pDHS2071). The binding-
site residues of the Walker B motif include one of two different
aspartic acid residues (D138 and D139). To elucidate which
one serves as the active-site residue, each was individually
mutated to asparagine (pDHS2072 and pDHS2073). DW900
was transformed with each plasmid and checked for produc-
tion of macrolide antibiotics (Table 3). Both pDHS2070
(K38A) and pDHS2071 (K38R) failed to complement DW900,
indicating that the binding-site lysine had been correctly rec-
ognized. Likewise, pDHS2072 (D138N) failed to complement
DW900. In contrast, the plasmid carrying the D139N mutation
(pDHS2073) fully complemented the pikD deletion strain (Ta-
ble 3). These results provide strong evidence that PikD con-
tains an active NTP-binding domain. MalT requires ATP both
to form the open complex and to bind DNA (29) and thus,
perhaps PikD utilizes an NTP in the same manner.

Mapping PikD site of action by biosynthetic intermediate
feeding experiments. The lack of macrolactone production in
DW900 indicates that PikD is necessary for transcription of the
pikA-encoded modular PKS genes. In order to assess which
other pikromycin biosynthetic genes were transcribed in the
absence of pikD, a precursor feeding regimen was devised. S.
venezuelae mutants (41) blocked in either pikC (strain AX906,
accumulates YC-17) or des (LZ3001, accumulates 10-deoxym-
ethynolide) were cultured, and their products were extracted.
The extracts derived from the corresponding mutant strains
containing the desired precursor metabolites were then used
for biosynthetic intermediate feeding studies with DW900 or
AX916, a mutant containing deleted pikA genes but possessing
functional des and pikC genes.

The results demonstrate that 10-deoxymethynolide and the
nonhydroxylated macrolides YC-17 and narbomycin freely
cross the S. venezuelae cell membrane, where their cognate
biosynthesis enzymes efficiently convert them to final products.
Thus, as positive control AX916 (containing a nonfunctional
Pik PKS but functional Des and PikCD) converted 10-deoxym-
ethynolide to methymycin and neomethymycin and narbonol-
ide to narbomycin and pikromycin. Similarly, AX916 con-
verted YC-17 to methymycin and neomethymycin and
narbomycin to pikromycin. In contrast, recovery of metabolites
from the pikD deletion mutant (DW900) revealed no detect-
able conversion of the aglycones (10-deoxymethynolide and
narbonolide), but quantitative conversion of YC-17 and nar-
bomycin to their hydroxylated products (Fig. 2). The lack of
conversion of 10-deoxymethynolide by DW900 shows that the
des genes are also directly or indirectly under pikD control and

not regulated solely by substrate concentration. At the same
time, these results suggest that pikC is regulated independently
of pikD.

Quantitative analysis of PikD activity by promoter probing.
To examine points of PikD control in greater detail, a series of
promoter-probe constructs linked to the xylE reporter gene
were engineered (Table 1). The sites were initially chosen at
intergenic regions between divergently transcribed genes. This
was the basis for selection of the promoter regions within
pikRI, pikRII (resistance genes), pikAI (PKS genes), desI (des-
osamine genes), and pikC (P450 gene) (Fig. 2). Recently, a
small region between pikAIII and pikAIV showed possible pro-
moter activity, so this region was also examined (Y. Xue, un-
published). In addition, a sequence within pikAV has recently
been reported to have promoter-like activity (10). In the latter
report, two constructs of different lengths, both containing the
C-terminal region of pikAV, were engineered. Promoter-probe
plasmids that include both fragments were cloned, with the
full-length version comprising the entire pikAV gene. The in-
tergenic region between pikC and pikD was also included for
experimental completeness.

The regions used to construct the promoter-probe plasmids
are depicted in Fig. 2. Each putative promoter region followed
by the original start codon of the downstream gene was cou-
pled to the xylE start codon by a BglII site (see Materials and
Methods). This maintained the wild-type configuration of each
promoter with its native RBS. The pikA promoter (PpikAI) was
an exception and was derived from pDHS702 (38), which uses
the pikAV start site in place of its native site.

Three control promoter-probe plasmids devoid of promoter
sequences were engineered to determine background levels of
XylE. The first one (pDHS2100) included 18 bp between the
T7 terminator region and the RBS. pDHS2108 added 317 bp
to this region (from pikAV) in the opposite orientation relative
to the native gene sequence. pDHS2109 added 19 bp to give a
total of 37 bp between the T7 terminator and the RBS. The
sequence cloned for construction of pDHS2109 was taken
from within the coding region of pikAI. For subsequent anal-
ysis, the data derived from the controls were averaged and
subtracted from subsequent pik promoter-probe experiments
to give the corresponding weighted data.

pDHS2102, pDHS2103, pDHS2111, and pDHS2112 (Table
1) containing putative promoters PpikAIV, PdesI (the first con-
struct restricted to the intergenic region between pikC and
desI), and PdesVIII (the full-length construct and 100 bp con-
structs), respectively, failed to produce XylE above back-
ground levels and were judged to be devoid of significant
promoter activity. The remaining constructs and their activities
are displayed in Fig. 3.

Promoter-probe analysis of PpikAI, PpikC, and PpikD. Con-
sistent with the deletion and complementation experiments,
PpikAI is about 14 times more active in wild-type S. venezuelae
than in the DW900 pikD deletion mutant strain. There is still
a low level of promoter activity in DW900, which is probably
insufficient to drive transcription of the pikA operon. In accor-
dance with the biosynthetic intermediate feeding experiments,
pDHS2104 (PpikC) showed equivalent promoter activity in the
wild-type and DW900 strains, providing further corroboration
that PikD does not regulate PpikC. Interestingly, the 135-bp
intergenic region separating pikC and pikD containing a pre-

TABLE 3. Antibiotic productiona

Construct Walker A Walker B Antibiotic
production

Wild type GPAGSG*KT LVAV *D *D 1
pDHS2070 GPAGSGAT LVAVDD 2
pDHS2071 GPAGSGRT LVAVDD 2
pDHS2072 GPAGSGKT LVAVND 2
pDHS2073 GPAGSGKT LVAVDN 1

a Antibiotic production phenotype was determined in S. venezuelae strains that
contain mutations in the Walker A and B sequence motifs. Asterisks denote
amino acid residues that were mutated in this study. The complete Walker A
motif is shown, while the Walker B motif contains an extra amino acid corre-
sponding to two possible aspartic acid residues at the C terminus of the domain.
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sumed PpikD (pDHS2107) also drove xylE expression in both
DW900 and wild-type S. venezuelae (Fig. 3). Although both
promoters showed the same activity in wild-type S. venezuelae,
PpikD expressed xylE at lower levels than PpikC in DW900
(47% less). These results could indicate that the pikC promoter
drives expression of both genes initially and that the pikD
promoter (upon accumulation of PikD) increases production
of the regulator to promote high-level pikAI expression. Alter-
natively, pikD expression might be completely independent of
PpikC and expressed at low levels until enough gene product is
accumulated to increase its own expression and subsequently
induce expression of pikAI.

Analysis of desosamine subcluster promoter PdesI. Two desI
promoter constructs were designed to evaluate their depen-
dence on the PikD regulator. The first, pDHS2103, is limited to
the intergenic region between pikC and desI (Fig. 2). The
second, pDHS2110, begins at the pikD start codon and pro-
ceeds to the start codon of desI. pDHS2110 was constructed
after initial studies showed that pDHS2103 had almost no
promoter activity in either wild-type S. venezuelae or DW900.
In contrast, pDHS2110 shows a 12-fold increase in activity in
DW900 compared to the wild-type strain. This result implies
that PikD directly or indirectly represses pPikB in the wild-type
S. venezuelae host. In concert with this observation, growth of
wild-type S. venezuelae often produces significant levels of ag-
lycone intermediates (e.g., 10-deoxymethynolide and narbono-
lide) along with glycosylated products (Y. Xue, unpublished).
It seems reasonable that PikD (or some other regulatory factor
dependent on PikD) represses the des genes, causing macro-
lactone intermediates to remain unglycosylated. It has also
been observed that ermE* upregulation of the desVIII to desR
genes does not alter the levels of macrolactone glycosylation
(10). This is consistent with desI to desV being the primary
point of control for sugar pathway gene expression.

Analysis of PpikRI and PpikRII resistance gene promoters.
An important question regarding antibiotic production in mi-
croorganisms is the mechanism of cellular self-protection. In S.
venezuelae, colocalized with the pikromycin biosynthetic genes
lay pikRI and pikRII, which code for two putative N-methyl-
transferases of the macrolide-lincosamide-streptogramin B
family, as determined by BlastP sequence analysis. To explore
the role of PikD in regulating resistance, the pikRI and pikRII
intergenic regions were cloned to give pDHS2105 and
pDHS2106, respectively. Both constructs showed higher levels
of XylE activity in wild-type S. venezuelae than in DW900.
Interestingly, pDHS2105 displayed a high level of promoter
activity in DW900, which increased 1.6-fold when expressed in
the wild-type strain. In contrast, PpikRII (pDHS2106) ex-
pressed high levels of XylE in wild-type S. venezuelae, but no
activity was observed in the DW900 mutant (Fig. 3). These
results are consistent with the notion that the presence of two
resistance genes provides an additional level of cellular self-
protection. Specifically, pikRI is constitutively expressed to
maintain a constant level of antibiotic resistance, whereas
pikRII is not expressed until antibiotic production occurs with
onset of pikD expression. These results demonstrate that in
wild-type S. venezuelae, when PikD and macrolide antibiotics
are present, the expression of pikRI is elevated and pikRII is
strongly activated.

As a pathway-specific activator, PikD is the likely regulator
for the additional level of control of pikRI/pikRII gene expres-
sion. Interestingly, no regulatory gene has been identified in
the erythromycin biosynthetic gene cluster from Saccharopoly-
spora erythraea (14). In accordance with the finding that eryth-
romycin is produced throughout the S. erythraea growth cycle
(albeit at low levels) (23), the erythromycin resistance protein
ErmE (which shows significant homology to PikRI and PikRII
[30 and 28%, respectively, using Clustal W]) is constitutively
expressed (5).

The discovery of PikD as a novel regulatory element for
macrolide production has significant implications. Relatively
few regulators have been identified or analyzed in detail from
type I polyketide pathways, and little is known about their
precise mechanisms of genetic control. The pik cluster repre-
sents an attractive system for the study of gene regulation in a
complex antibiotic pathway. The architecture of the pik cluster
is linear and includes resistance genes followed by four PKS
genes, a subcluster of sugar biosynthetic genes (including two
divergent transcripts), a unique P450 hydroxylase gene, and
finally a single positive regulatory gene.

PikD is currently one of only four proteins found within
polyketide biosynthetic pathways that share the three charac-
teristics of size, NTP-binding domain, and HTH motif. As
such, it may offer insights into a new method for macrolide
biosynthetic pathway control. PikD is also one of only a few
proteins overall in prokaryotes identified with these traits and
assigned to a possible subfamily. If the recent classification of
LAL proteins (13) is correct, the study of PikD might be
greatly aided by comparisons with similar, well-studied pro-
teins such as MalT. At the same time, further analysis of PikD
might help refine this new classification of regulators found
within the eubacteria.

The characterization of PikD may also prove useful for fu-
ture applications to control and improve expression of genes

FIG. 3. Comparison of XylE activities obtained from promoter-
probe analysis in wild-type (WT) and DW900 strains of S. venezuelae.
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involved in secondary metabolism. For example, it may be
possible to upregulate the entire pikromycin antibiotic pathway
to increase the production of known metabolites. Moreover,
the ability to increase levels of metabolic flux could facilitate
the detection of new compounds resulting from engineered
pathways in which antibiotic biosynthesis may be inherently
less efficient.
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