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Six putative regulatory genes are located at the flank of the nystatin biosynthetic gene cluster in Streptomyces
noursei ATCC 11455. Gene inactivation and complementation experiments revealed that nysRI, nysRII, nysRIII,
and nysRIV are necessary for efficient nystatin production, whereas no significant roles could be demonstrated
for the other two regulatory genes. To determine the in vivo targets for the NysR regulators, chromosomal
integration vectors with the xy/E reporter gene under the control of seven putative promoter regions upstream
of the nystatin structural and regulatory genes were constructed. Expression analyses of the resulting vectors
in the S. noursei wild-type strain and regulatory mutants revealed that the four regulators differentially affect
certain promoters. According to these analyses, genes responsible for initiation of nystatin biosynthesis and
antibiotic transport were the major targets for regulation. Data from cross-complementation experiments
showed that nysR genes could in some cases substitute for each other, suggesting a functional hierarchy of the
regulators and implying a cascade-like mechanism of regulation of nystatin biosynthesis.

Antibiotic production by Streptomyces bacteria has received
much attention in recent years due to the problems associated
with a constantly increasing incidence of multiresistant micro-
bial pathogens. Considerable efforts are directed toward un-
derstanding the antibiotic biosynthetic pathways in Streptomy-
ces spp. and manipulating the corresponding gene clusters in
order to produce novel compounds with improved properties
(17). In addition, remarkable progress is being made in dis-
secting the functions of the genes that regulate antibiotic pro-
duction in streptomycetes (11). Coupling these two fields of
research is of great importance both for a fundamental under-
standing of the antibiotic biosynthesis processes and for the
rational engineering of novel antibiotic producers.

Biosynthesis of secondary metabolites, and in particular an-
tibiotics, by Streptomyces bacteria is a complex process involv-
ing several levels of regulation. Many pleiotropic regulatory
genes have been isolated from streptomycetes; in most cases,
these genes affect antibiotic biosynthesis by influencing the
expression of the pathway-specific regulatory genes (reviewed
in reference 11). The latter genes are usually found physically
linked to the structural antibiotic biosynthesis genes on the
chromosomes of streptomycetes. Both positive and negative
regulators directly affecting the expression of structural genes
via binding to their promoter regions have been identified in
antibiotic biosynthetic gene clusters. In some cases, it has been
shown that expression of the pathway-specific regulatory genes
is controlled by signaling molecules, such as A-factor, through
the action of other regulators encoded by genes located out-
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side of the biosynthetic gene clusters (22). Since antibiotic
biosynthesis in Streptomyces spp. is linked to the process of cell
differentiation (10), it is likely that expression of most of the
pathway-specific regulators depends on some sort of signal
transmitted via a complex network. Analysis of the regulatory
genes in the antibiotic biosynthetic gene clusters is crucial for
understanding the mechanisms of regulation, as well as for
designing strategies for the construction of strains with en-
hanced antibiotic production.

Most of the detailed analyses of pathway-specific regulators
described in the literature are concerned with the biosynthesis
of nonmacrolide antibiotics such as actinorhodin, undecylpro-
digiosin, and daunorubicin (1, 32, 39). However, several studies
where regulatory genes for macrolide antibiotic biosynthesis
were analyzed have also been reported. At least some of these
regulators must be rather special, since they control the ex-
pression of very large polyketide synthase (PKS)-encoding
genes, which implies synthesis of unusually long mRNAs. The
transcriptional activator SrmR encoded within the spiramycin
biosynthetic gene cluster of Streptomyces ambofaciens has been
shown to be required for the transcription of at least one of the
PKS genes involved in assembly of the spiramycin macrolac-
tone ring (14). The acyB2-encoded regulator of Streptomyces
thermotolerans has been shown to activate the expression of the
acyltransferase gene involved in biosynthesis of the macrolide
antibiotic carbomycin (2). Five regulatory genes associated
with the tylosin biosynthetic gene cluster of Streptomyces fra-
diae have been found (3). Gene inactivation experiments have
confirmed differential roles for two regulators of the SARP
(Streptomyces antibiotic regulatory protein) family, TylS and
TylT, in controlling tylosin production (4). TylS was shown to
control the expression of a global regulator (TylR) for the
tylosin cluster, while TylT appeared not to be essential for
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antibiotic biosynthesis. In a separate report, the transcriptional
repressor TylQ was found to play a central role in controlling
tylosin biosynthesis in S. fradiae (31).

A detailed genetic analysis of PikD, the positive regulator
for the pikromycin biosynthetic gene cluster in Streptomyces
venezuelae, has recently been reported (40). PikD belongs to a
LAL family of transcriptional regulators containing nucleotide
triphosphate (NTP) binding motifs and a C-terminally located
helix-turn-helix (HTH) motif of the LuxR type (12). Presum-
ably, these functional features are responsible for the ability of
LAL regulators to bind DNA and activate the transcription of
target genes upon NTP hydrolysis. It was shown that PikD is
required for pikromycin biosynthesis, and the ability of this
protein to act as a transcriptional activator depends on the
presence of functional NTP binding motifs.

The polyene macrolide antibiotic nystatin produced by
Streptomyces noursei ATCC 11455 is widely used in treatments
of fungal infections. Brautaset et al. have previously cloned and
sequenced the entire nystatin biosynthetic gene cluster and
located six putative regulatory genes within its flanking region
(7). In the present work, we describe a comprehensive in vivo
analysis of these genes by means of their inactivation in S.
noursei, determination of targets by use of the xy/[E reporter
system, and cross-complementation experiments.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Bacterial strains, plasmids,
and recombinant phages used in this study are listed in Table 1. Some of the
plasmids are described below. S. noursei strains were maintained on ISP2 agar
medium (Difco, Detroit, Mich.) and grown in liquid Trypticase soy broth (TSB)
medium (Oxoid) for DNA isolation. Escherichia coli strains were handled by
standard techniques (26). Conjugation from E. coli ET12567(pUZ8002) to S.
noursei and gene replacement were performed as described previously (13, 28).
Nystatin production was assessed by high-performance liquid chromatography
(25) of the dimethylformamide extracts of cultures from 500-ml shake flask
fermentations in 100 ml of semidefined SAO-23 medium (28).

DNA manipulation and sequence analysis. General techniques for DNA ma-
nipulation were used as described elsewhere (16, 26). DNA fragments were
isolated from agarose gels with the QIAEX kit (QIAGEN, Hilden, Germany).
Southern blot analysis was performed with a DIG High Prime labeling kit
(Roche Biochemicals, Mannheim, Germany) according to the manufacturer’s
manual. Oligonucleotide primers were purchased from Amersham Pharmacia
Biotech (Little Chalfont, Buckinghamshire, United Kingdom). Analyses of the
amino acid sequences were performed by using the PSORT Prediction (http:
/[psort.nibb.ac.jp/form.html), MEME  (http://meme.sdsc.edu/meme/website
/meme.html), Pfam (http://www.sanger.ac.uk/Software/Pfam/search.shtml), and
MOTIF (http://motif.genome.ad.jp/) search engines.

Construction of plasmids for gene inactivation. (i) nysRI in-frame deletion
vector. A 1.37-kb DNA fragment designated SR1, encompassing the region
upstream of nysRI and some of its coding region, was amplified from the phage
N58 template by using primers SOS1 (5'-GCAATGAATTCCGTGGCTCG-3")
and SOS2 (5'-GGCTCTAGAGTCAG TAAGCCGGAAGAAC-3") (restriction
enzyme sites are underlined). A 1.50-kb DNA fragment designated SR2, encom-
passing the 3’ end of nysRI and the downstream region, was amplified from the
N58 template by using primers SOS3 (5'-GCCTCTAGAGACCAGGACCGCC
ACCTCC-3') and SOS4 (5'-GACAAGCTTCGGTGCTG CGGACGAGTTC-
3"). The SR1 and SR2 PCR products were digested with the EcoRI/Xbal and
Xbal/HindIII endonucleases, respectively, and ligated together with the 3.0-kb
EcoRI-HindIII fragment from pSOK201, yielding the nysRI replacement vector
pSR12. The in-frame deletion affecting the nysRI gene within the pSR12 plasmid
eliminated the coding sequence for amino acids (aa) 13 to 943 in the NysRI
protein, thus affecting all functional features predicted for this polypeptide.

(ii) nysRII in-frame deletion vector. A 1.43-kb DNA fragment designated SR3,
encompassing the region upstream of nysRII and some of its coding region, was
amplified from the phage N58 template by using primers SOS5 (5'-GCAGAA
TTCGAGTCCGTGCTGCTCATCG-3") and SOS6 (5'-GCACTGCAGGTGGT
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CGGTTGGTTCC-3"). A 1.52-kb DNA fragment designated SR4, encompassing
the 3’ end of nysRII and the downstream region, was amplified from the N58
template by using primers SOS7 (5'-GGCCTGCAGAGCTGTACCTGCTCCT
GG-3') and SOS8 (5'-GACAAGCTTCCTGCCGCACCAACTCGAC-3"). The
SR3 and SR4 PCR products were digested with the EcoRI/PstI and PstI/HindIII
endonucleases, respectively, and ligated together with the 3.0-kb EcoRI-HindIII
fragment from pSOK201, yielding the nysRII replacement vector pSR34. The
in-frame deletion affecting the nysRII gene within the pSR34 construct elimi-
nated the coding sequence for aa 14 to 936 in the NysRII protein, thus affecting
most of this polypeptide, including the C-terminal HTH domain.

(iii) nysRIII in-frame deletion vector. A 1.42-kb DNA fragment designated
SRS5, encompassing the region upstream of nysRIII and some of its coding region,
was amplified from the phage N58 template by using primers SOS9 (5'-GACG
AATTCAACTGGTCGCGCTGTTCTG-3') and SOS10 (5'-GACCTGCAGTC
AGGAGGAGCGAGGAGTC-3"). A 1.50-kb DNA fragment designated SR6,
encompassing the 3’ end of nysRIII and the downstream region, was amplified
from the N58 template by using primers SOS11 (5'-GCACTGCAGTGGAGA
AGCACCTCACCAG-3") and SOS12 (5'-GAGAAGCTTGAGTATTCGGAG
GCCGCTC-3"). The SR5 and SR6 PCR products were digested with the EcoR1/
PstI and Pst1/HindIIl endonucleases, respectively, and ligated together with the
3.0-kb EcoRI-HindIII fragment from pSOK201, yielding the nysRIII replacement
vector pSR56. The in-frame deletion affecting the nysRIII gene within the pSR56
construct eliminated the coding sequence for aa 29 to 899 in the NysRIII protein,
thus affecting all functional features predicted for this polypeptide.

(iv) nysRIV and orf2 insertional inactivation. The plasmids constructed for
insertional inactivation of nysRIV and orf2 were designated pNR4K and
PLRDO6K, respectively (see Table 1 for details).

(v) orf3 “frameshift” deletion. A 1.3-kb DNA fragment from the S. noursei
genome encompassing the 3’ ends of orf3 and orf2 was amplified by PCR with
primers NR5D1 (5'-GCGAGCGGCCGCTTCACCCCGCAACTCA-3") and
NRSD2 (5'-CGCGAAGCTTGGCCGACTGCTCGACGTC-3"). The PCR
product was digested with Notl and HindIIl and then ligated with a 1.7-kb
EcoRI-NotI DNA fragment from phage N58 (encompassing nysRIV and the
N-terminal part of orf3) and a 3.0-kb EcoRI-HindIII fragment from pSOK201.
The resulting plasmid, pNR5D, contained the S. noursei DNA fragment with a
43-bp deletion in the coding region of orf3. This deletion creates a frameshift
mutation within the ORF3 coding region, subsequently leading to truncation of
its product. As a result of this truncation, 165 C-terminal amino acid residues of
orf3 were eliminated and replaced with 14 aa encoded by another reading frame
(and thus unrelated to orf3).

Construction of plasmids for expression of regulatory genes from the ermExp
promoter. (i) nysRI expression vector. A 0.6-kb DNA fragment representing a
promoterless 5’ end of nysRI was PCR amplified from the phage N1 template by
using primers NR1.1 (5'-CGCCGCATGCTGTTCTCACCCCACGT-3") and
NR1.2 (5'-GGCGCGACCGGTTCGGCCT-3"). The PCR product was digested
with Sphl/Agel and then ligated together with a 2.8-kb AgeI-EcoRI DNA frag-
ment from phage N1 into the pGEM7Zf(—) vector digested with Sphl/EcoRI.
From the resulting construct, a 3.4-kb Sphl-HindlIII fragment was isolated and
ligated together with a 0.3-kb EcoRI-Sphl fragment from pGEM7ZfErmExli,
containing the ermE+p promoter, into the EcoRI/HindIII-digested pSOK804
vector (for details, see Results, Table 1, and Fig. 2), resulting in the pNRE2
construct.

(ii) nysRII expression vector. A 2.2-kb Sall-Bcll fragment from phage N58
(representing the 3’ end of nysRII) was cloned into Sall/BamHI-digested
pGEM11Zf(—). A 0.8-kb fragment representing the 5’ end of the nysRIT gene
was PCR amplified from the phage N58 template with primers NSR2.1 (5'-GC
CGGCATGCGACGAACAGGACGAGAGGT-3") and NSR2.3 (5'-GCCGTG
GTCGACGAAGG-3'). The PCR fragment was digested with Sphl/Sall and then
ligated, together with a 2.2-kb Sall-HindIII fragment from the pGEM11Zf(—)-
based construct, into the Sphl-HindIII-digested pGEM3Zf(—) vector. From the
latter, a 3.0-kb SphI-HindIlI fragment was isolated and ligated, together with the
0.3-kb EcoRI-Sphl ermE+p promoter fragment, into the EcoRI/HindIII-digested
pSOKS804 vector, resulting in the pC3A1 construct.

(iii) nysRIII expression vector. A 2.8-kb SacI-Nrul fragment from phage N58,
encompassing 89 nucleotides (nt) upstream of the nysRIIT start codon and a large
portion of the coding region, was ligated together with a 0.5-kb Nrul-EcoRI
fragment from the same phage, representing the 3’ end of this gene, into
pGEM3Zf(—). The nysRIII gene was excised from this construct as a 3.2-kb
Sphl-EcoRI fragment and ligated into pGEM7Zf(—). From the pPGEM7Zf(—)-
based construct the nysRIII gene was excised as a 3.2-kb Sphl-HindIII fragment
and ligated together with the 0.3-kb EcoRI-Sphl ermEx+p promoter fragment into
the EcoRI/HindIII-digested pSOK804 vector, resulting in the pNTE3 construct.
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TABLE 1. Bacterial strains, plasmids, and phages used in this study

Strain, plasmid, or phage

Characteristics

Reference or source”

Strains

S. noursei
ATCC 11455
SR12
SR34
SR56
NR4K
NR5D
DNR609

E. coli
DHS5«a
JM110
ET12567 (pUZ8002)

DASHII phage vector
derivatives
N1
N40
N58
N69
N76

Recombinant plasmids
pGEM3Zf(—)
pGEM7Zf(—)
pGEM11Zf(—)
pGEM7ZfErmE*li
pKTO2
pSET152
pSOK101
pSOK201
pSOKS804

pSR12
pSR34
pSR56
pL5S8KXS
pNR4Km

pNR4D

pNR5D
pNR6

pNR6K
pLDR6K

pNRE2
pC3A1l
pNR3T
pNR4EL
pNR4ES
plJ4081
pGEM-XylE1
PAMLS
pAMLY
pAML10
pAMLI11
pAMLI12
pAMLI13
pAML14

WT strain, nystatin producer

WT with in-frame deletion in nysRI
WT with in-frame deletion in nysRII
WT with in-frame deletion in nysRIII
WT with Km" insertion in nysRIV
WT with deletion in orf3

WT with Km" insertion in orf2

General cloning host
dam dcm strain
Strain for intergeneric conjugation

Recombinant phage (nystatin gene cluster)
Recombinant phage (nystatin gene cluster)
Recombinant phage (nystatin gene cluster)
Recombinant phage (nystatin gene cluster)
Recombinant phage (nystatin gene cluster)

Cloning vector

Cloning vector

Cloning vector

pGEMT7Zf(—) vector with ermE*p promoter

VWB-based Streptomyces integrative vector

E. coli-Streptomyces conjugative vector

E. coli-Streptomyces conjugative vector

E. coli-Streptomyces conjugative vector

2.3-kb Sphl-HindIII fragment from pKTO?2 ligated with a 3.0-kb Sphl-HindIII
fragment from pSET152

Vector for nysRI in-frame deletion

Vector for nysRII in-frame deletion

Vector for nysRIII in-frame deletion

5.0-kb Kpnl-Xbal fragment from phage N58 cloned into pGEM3Zf(—)

1.3-kb Km" marker inserted into the Clal site within the nysRIV gene in
pLS8KXS after Klenow fill-in

6.3-kb KpnlI-Sphl fragment from pNR4Km ligated with a 3.0-kb KpnI-Sphl
fragment from pSOK101

Vector for orf3 inactivation

3.7-kb Xmnl-Fspl fragment from phage N69 with orf2 cloned into the Smal
site of pGEM3Z{(—)

1.3-kb Km" marker inserted into the M/ul site within orf2 in pNR6 after
Klenow fill-in

5.0-kb EcoRI-Xbal fragment from pNRO6K ligated with a 3.0-kb EcoRI-Xbal
fragment from pSOKS804

Vector for nysRI expression

Vector for nysRII expression

Vector for nysRIII expression

Vector for expression of a 226-aa version of NysRIV

Vector for expression of a 210-aa version of NysRIV

Vector with promoterless xylE gene

pGEMB3Zf(—)-based vector with promoterless xy/[E gene

pSOKS804-based vector with xy/E under the control of nysHp

pSOKS804-based vector with xy/E under the control of nysAp

pSOKS804-based vector with xy/E under the control of nysDIIIp

pSOKS804-based vector with xy/E under the control of nysRIp

pSOKS804-based vector with xy/E under the control of nyslp

pSOKS804-based vector with xy/E under the control of nysDIp

pSOKS804-based vector with xy/E under the control of nysRIVp

ATCC

This work
This work
This work
This work
This work
This work

BRL
Promega
13

~N 999

Promega
Promega
Promega

C. R. Hutchinson
37

6

41

41

This work

This work
This work
This work
This work
This work

This work

This work
This work

This work
This work

This work
This work
This work
This work
This work
J. White

This work
This work
This work
This work
This work
This work
This work
This work

“ ATCC, American Type Culture Collection; BRL, Bethesda Research Laboratories.

(iv) nysRIV expression vectors. The long (L) and short (S) versions of the
nysRIV gene were PCR amplified from N58 recombinant phage DNA with
primers NR4P3 (5'-CTCAGCATGCCGAAAGGATGGCG-3") and NR4P5
(5'-AGGCAAGCTTCGGCGACACGGGCGT-3") or primers NR4P4 (5'-C

TCAGCATGCGTACGACCGGCGGG-3') and NR4P5, respectively. The
corresponding PCR products of 0.78 (NR4L) and 0.73 (NR4S) kb were
digested with Sphl and HindIII and then ligated, together with the 0.3-kb
EcoRI-Sphl fragment containing the ermE+*p promoter, with the EcoRI-
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HindIII-digested pSOK804 vector, yielding vectors pNR4EL and pNRA4ES,
respectively.

PCR amplification of putative promoter regions. Seven intergenic regions
from the nystatin biosynthetic cluster that might contain promoters have been
amplified by PCR (see Fig. 4). A 315-bp DNA fragment designated nysHp and
containing the region between the nysH and nysDIII genes was amplified from
the N40 template by using primers NHP1 (5'-GCAGTCTAGAGAGGAACAC
CCCGGTTGAC-3") and NHP2 (5'-GCAGAAGCTTGGCAAACCCTTCTCG
AACAC-3"). In PCR a 315-bp intergenic fragment designated nysDIIIp was
amplified from the N40 template by using primers ND31 (5'-GCAGTCTAGA
GGCAA ACCCTTC TCGAACAC-3') and ND32 (5'-GCAGAAGCTTGAGG
AACACCCCGGTTGAC-3"). A 202-bp fragment encompassing the region be-
tween the nysDIII and nysI genes and designated nyslp was amplified from the
same template with the help of primers NIP1 (5'-GCCAACTGGTAG CAGTT
CTCAAGCTTTCG-3") and NIP2 (5'-GCGGTCTAGACTCAACTCAACCCA
TCTCG-3"). The primers for nys4p, the intergenic region upstream of the nysA4
gene, were NSAP1 (5'-GCAGAAGCTTCGGTTACTTGGTCTCATGC-3") and
NSAP2 (5'-GCAGTCTAGAGCCTTGCTCACCCCTGCGG-3"); the 212-bp
PCR product was amplified from the N76 template. A 212-bp fragment encom-
passing the region upstream of the nysDI gene and designated nysDIp was
amplified from the N76 template by using primers ND11 (5'-GCAGTCTAGA
CGGTTACTTGGTCTCA TGC-3") and ND12 (5'-GCAGAAGCTTGCCTTG
CTCACCCCTGCGG-3'"). The 351-bp nysRIp and nysRIVp DNA fragments up-
stream of the nysRI and nysRIV genes, respectively, were amplified from the N58
template by using primers NR11 (5'-GCAGAAGCTTGAGACGGCACCATG
CCAC-3") and NR12 (5'-GCAGTCTAGACACGCGTTCCTCCACGTG-3')
for the nysRIp fragment and primers NR41 (5'-GCAGAAGCTTGTCGTACG
CCCGTCCGG-3') and NR42 (5'-GCAGTCCAGAGAGACGCGCATCCTTT
CGG-3') for the nysRIVp fragment.

Construction of xylE-based promoter probe vectors. PCR-amplified fragments
of intergenic regions were digested with the HindIII and Xbal endonucleases and
ligated into the pGEM3Zf(—) vector. The 1.5-kb Xbal-BgIII fragment with the
promoterless xylE gene was excised from the pIJ4081 vector and subcloned into
Xbal/BamHI-digested pGEM3Zf(—), resulting in pGEM-XylE1. The HindIII-
Xbal promoter-containing fragments from constructs based on pGEM3Zf(—)
were ligated, together with the 1.5-kb Xbal-EcoRI fragment containing the
reporter gene xy/E from pGEM-XylE1, into the HindIIl/EcoRI-digested integra-
tive vector pSOKS804, resulting in seven constructs (Table 1). Each of the
pSOKS804-based constructs contains one of the seven intergenic regions up-
stream of the reporter gene xylE.

The resulting promoter-probe constructs were introduced by conjugation into
the nysRI, nysRII, nysRIII, and nysRIV mutants for the XylE assay experiments.

Assay for XylE activity. For quantitative enzymatic assays, protein extracts
from S. noursei cultures were prepared. For the precultures, 20 ml of liquid TSB
medium in 250-ml shake-flasks containing 3 g of 3-mm-diameter glass beads was
inoculated with spore suspensions and incubated overnight at 30°C with shaking at
250 rpm. On the next day, 50 ml of MP5 medium (containing, per liter, 25 g of
glycerol, 3 g of yeast extract, 2 g of NaCl, 0.2 g of K,HPO,, 0.2 g of MgSO,, and
0.02 g of FeSO, [pH 7.2]) was inoculated with 1.5 ml of precultures and incubated
at 30°C for 24 or 48 h with shaking at 250 rpm. Cells were harvested by centrifugation
for 10 min at 5,000 rpm (Sorvall), washed with 10 ml of 20 mM phosphate buffer (pH
7.2), and resuspended in 10 ml of sample buffer (100 mM phosphate buffer [pH
7.5]-10% acetone [vol/vol]-20 mM EDTA [pH 8.0]). A 3-ml volume of cell suspen-
sion was sonicated for 2 min, and 10 pl of 10% Triton-100 was added per ml of
extract. Extracts were placed on ice for 15 min and then centrifuged for 10 min at
15,000 rpm, and cell supernatants were used for XylE assays.

The reaction mixture for measurement of catechol dioxygenase activity con-
sisted of 1.9 ml of assay buffer (100 mM phosphate buffer [pH 7.5], 0.2 mM
catechol) preincubated at 37°C for 1 min and 100 ml of cell extract. The optical
density at 375 nm was measured over 6 min.

Protein concentrations in extracts were measured according to the Bio-Rad
Protein Assay method, by using bovine serum albumin as the standard. The
catechol dioxygenase activity was calculated as the rate of change in optical
density at 375 nm per minute per milligram of protein.

RESULTS

In silico analysis of putative regulatory genes and their
deduced gene products. Three genes, designated nysRI, nysRII,
and nysRIII, are located downstream of the nysE gene, encod-
ing putative thioesterase, in the nystatin biosynthetic gene clus-
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FIG. 1. (A) Organization of the regulatory gene locus associated
with the nystatin biosynthetic gene cluster in S. noursei ATCC 11455
(GenBank accession number AF263912). The only restriction enzyme
sites indicated are those used for vector construction as described in
Materials and Methods and Table 1. Heavy solid lines represent DNA
fragments used in gene replacement experiments. (B) Putative func-
tional features predicted for the NysRI, NysRII, NysRIII, and NysRIV
proteins. WA and WB, Walker A and B NTP binding motifs; PAS,
PAS-like domain.

ter of S. noursei ATCC 11455 (7) (Fig. 1A). The nysRIII gene’s
putative start codon overlaps by 11 nt with the 3’ end of the
nysRII gene, suggesting that these two genes might be transla-
tionally coupled. Analysis of the deduced primary sequences of
the proteins encoded by the nysRI, nysRII, and nysRIII genes
revealed their significant similarity to each other and to a
number of putative transcriptional activators of the LAL fam-
ily (12) (data not shown). Several functional features were
predicted for the NysRI, NysRII, and NysRIII polypeptides
(Fig. 1B). Those include HTH DNA binding motifs of the
LuxR type (15) located at the C termini of all three proteins
(Fig. 2B) and Walker A and B NTP binding motifs (38) at the
N termini of NysRI and NysRIII (Fig. 2A). In addition, two
putative transmembrane regions were predicted in the central
part of NysRIII, while tetratricopeptide repeats (TPR) (20)
were detected in both the NysRI and NysRIII polypeptides
(see Discussion).

The nysRIV gene, previously designated orf4 (7), is located
404 nt downstream of nysRIII. The start codon for nysRIV has
been reassigned, according to a better match of an upstream
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FIG. 2. Amino acid sequence alignment. (A) Walker A and B NTP
binding motifs in the N termini of LAL-family regulators. (B) LuxR-
type HTH DNA binding motifs at the C termini of LAL-family regu-
lators.

sequence (AGGA) to the consensus Shine-Dalgarno sequence
(30), and is likely to be located 48 nt upstream of the start
codon originally proposed (7). Thus, nysRIV presumably en-
codes a 226-aa rather than a 210-aa protein (see below). A
database search showed a high degree of NysRIV sequence
identity (63%) to the regulatory protein PteR encoded within
the pentaene macrolide antibiotic gene cluster of Streptomyces
avermitilis (23). Detailed sequence analysis revealed the pres-
ence of a PAS-like domain at the N terminus of NysRIV (33)
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and a putative C-terminal HTH motif of the LuxR type (Fig.
1B and 2B).

orf3, located downstream of nysRIV, encodes a protein of
253 aa similar to transcriptional repressors of the DeoR family
(36). orf2, which is transcribed in the direction opposite that of
all the other putative regulatory genes, encodes a 354-aa
polypeptide similar to transcriptional regulators of the AsnC
type (19).

Inactivations of the regulatory genes and their effects on
nystatin biosynthesis. Disruption of the nysRI gene, described
previously, has led to complete elimination of nystatin biosyn-
thesis in the S. noursei mutant NRD2 (7). However, judging
from the operon-like organization of the nysRI, nysRII, and
nysRIII genes (Fig. 1A), this mutation very likely had a polar
effect. In order to determine the individual roles of these three
genes in the regulation of nystatin biosynthesis, we constructed
in-frame deletion mutants. The deletions were generated via
selection of a second crossover event after integration of the
pSR12, pSR34, and pSR56 gene replacement vectors (see Ma-
terials and Methods) into the genome of the S. noursei wild-
type (WT) strain. The resulting mutant strains, SR12, SR34,
and SR56 (see Fig. 1A for genotypes), were analyzed for nys-
tatin production.

Mutant SR12 (AnysRI) produced nystatin at a severely re-
duced level, i.e., 0.5% of that in the WT (Table 2). This result
confirmed the assumed polar effect of the nysRI disruption in
the NDR2 mutant, since not even traces of nystatin could be
detected upon fermentation of the latter (7). Nystatin produc-
tion in mutants SR34 (AnysRII) and SR56 (AnysRIII) was re-
duced by 93 and 91%), respectively, compared to that in the WT
strain (Table 2).

The nysRIV gene was inactivated by insertion of the Km"
gene into its coding sequence via a gene replacement proce-
dure using plasmid pNR4D (Table 1; Fig. 1A). The resulting
NR4K mutant produced nystatin at a level of ca. 2% of WT
production (Table 2).

orf3 and orf2 were inactivated by deletion and disruption

TABLE 2. Nystatin production by recombinant S. noursei strains with inactivated or overexpressed regulatory genes

Strain or background

Complementation

Nystatin production

(genotype) (% of WT)*
SR12 (AnysRI) 0.5
pNRE2 (ermE*p::nysRI) 59
SR34 (AnysRII) 7
pC3Al (ermE*p::nysRII) 100
SR56 (AnysRIII) 9
pNRT3 (ermE*p::nysRIII) 100
NR4K (nysRIV::Km") 2
pNR4ES (ermE*p::nysRIV-S) 2.5
pNRAEL (ermE*p::nysRIV-L) 57
ATCC 11455 (WT) pSOKS804 100
pNRE2 (ermE*p::nysRI) 104
pC3A1 (ermE*p::nysRII) 121
pNRT3 (ermE*p::nysRIII) 100
pNR4EL (ermE*p::nysRIV)) 136

“ Values are means from three independent experiments. In general, variations were within 7% of the mean.
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FIG. 3. Putative promoter regions in the nystatin biosynthesis gene cluster used in these studies.

with the Km" cassette by using plasmids pNR5D and pLDR6K,
respectively, creating frameshift mutations (see Materials and
Methods) (Table 1). Neither the orf3 nor the orf2 mutation had
a significant effect on nystatin biosynthesis, suggesting that
these genes are not directly involved in the regulation of ny-
statin biosynthesis, at least under the conditions tested (data
not shown).

Complementation of the nysRI, nysRII, nysRIII, and nysRIV
mutants by expression of the regulatory genes from the
ermEx*p promoter. The pSOK804 plasmid vector, containing
an integration function (an integrase gene and AttP) from the
streptomycete temperate phage VWB (37) and part of the
pSET152 vector (6), was constructed (Table 1). Plasmid
pSOKS804 was able to integrate site-specifically into one site in
the genome of S. noursei (data not shown), at a frequency
about 2 orders of magnitude higher than that for the pSET152
vector previously used for gene expression in S. noursei (41).
pSOKS804-based integration vectors were assembled for the
expression of the nysRI, nysRII, nysRIII, and nysRIV genes in S.
noursei (see Materials and Methods and Table 1). To circum-
vent potential problems related to self-regulation of these
genes’ endogenous promoters, we chose to use the constitutive
ermExp promoter (5) for their expression. Five integrative
expression vectors were constructed (see Materials and Meth-
ods and Table 1) and used for complementation of the corre-
sponding S. noursei mutants. The results of these experiments
are summarized in Table 2. Nystatin synthesis was either partly
or fully restored in the SR12, SR34, SR56, and NR4K mutants
upon introduction of the vectors expressing the respective reg-
ulatory genes, suggesting that the mutations did not have polar
effects. Only vector pNR4EL, expressing the longer, 226-aa
version of NysRIV, was able to complement NR4K, thus cor-
roborating the new assignment of the nysRIV start codon (see
above).

The vectors used in complementation experiments were also
introduced into WT S. noursei in order to test whether poten-
tial overexpression of the regulators might increase nystatin
production. Interestingly, while no effect was observed with
nysRI and nysRIII, additional expression of nysRII from
ermE=p provided for a 21% increase in nystatin production
(Table 2). Expression of nysRIV from the pNR4EL vector in
the WT S. noursei strain had the strongest positive effect on
nystatin synthesis: the resulting recombinant strain produced
nystatin at a level 36% above that of the WT (pSOK804)
(Table 2).

Promoter activity studies with the regulatory mutants. Al-
though definitive roles in controlling nystatin biosynthesis were
established for LAL-family regulators and NysRIV by the ex-
periments described above, their individual contributions to
the process, as well as the target genes, remained unknown. To
address these questions, seven putative promoter regions for
the structural and regulatory genes from the nystatin cluster
(Fig. 3) were cloned upstream of a promoterless xylE reporter
gene (see Materials and Methods). Since we deduced that the
nysH-nysDIII and nysDI-nysA intergenic regions contain diver-
gent promoters, these regions were cloned in two alternative
orientations to allow the assessment of both promoters. The
reporter cassettes were cloned into the pSOKS804 integrative
vector, and the resulting plasmids were introduced into the S.
noursei WT strain and the regulatory mutants. XylE activity
assays of crude extracts prepared from the recombinant strains
were used to monitor relative expression levels from the vari-
ous promoters (Fig. 4).

In the WT background, XylE activity could be detected for
all promoter-probe vectors. Data from the XylE assay (Fig. 4)
showed that expression from the promoter for the putative
mycosamine transferase gene nysDI (and probably for the co-
transcribed nysDII and nysN genes) was 2 times higher in the



VoL. 186, 2004

REGULATION OF NYSTATIN BIOSYNTHESIS 1351

nysDIp nysDiilp nysAp
25 8 250
7
5 20 56 200
E 15 Es 2
£ O24h 24 m24h 190 m24h
= s £
g 10 g m48h 23 m48h 2 100 m48h
<5 | I I <2 4
1
0 J—
WT SR12 SR34 SR56  NR4K
WT  SR12 SR34 SR56 NR4K
nyslp nysHp nysRIp
6 450 600
5 1% 500
24 2 300 2 400
3 > 250 o24h > m24h
23 £ £ 300
2 2 200 m48h 2 m4sh
g2 3 150 g 200
1 100 100
50
0 0 0 =" L |
WT  SR12 SR34 SR56  NR4K WT  SR12 SR56  NR4K WT  SR12 SR34 SR56 NR4K
nysRIVp nysAp-ermE*p
2000
1800
1400 1600
1200 5 1400
2 1000 E 1200
£ g
Z 800 O24h £ 1000 m24h
2 600 m48h g 8w m48h
S 400 600
< 400
200 200
0 = ) | )

WT SR12 SR34 SR56 NR4K WT-nysAp

WT-ermE*p
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mean in each data series are represented by error bars.

SR56 and NR4K mutants than in the WT background at the
24-h time point. Interestingly, this pattern was changed after
48 h: XylE activity in the SR56 mutant was reduced to ca. 30%
of that in the WT, while that in the NR4K mutant continued to
increase. nysDIIIp, the promoter for a putative GDP-mannose
dehydratase gene, depended only weakly on the regulators: the
XylE activity measured for the nysDIIIp:xylE construct in the
regulatory mutants was ca. 20 to 50% lower than that in the
WT. This difference was most visible at the 24-h time point and
was less profound after 48 h.

Expression from the nysAp promoter for the PKS loading
module gene nysA (and presumably for the cotranscribed nysB
and nysC genes) was very strongly dependent on all four reg-
ulators. Essentially no XylE activity was observed in the cor-
responding protein extracts except for the SR34 mutant, where
only very low XylE activity (ca. 3% of the WT level) was
detected. Compared to the promoters for mycosamine biosyn-
thesis and attachment genes, nys4p provided for ca. 30-times-
higher XylE expression in the WT.

nyslp, the promoter presumably driving the expression of the
Nysl, NysJ, and NysK PKS proteins, responsible for further
elongation and termination of synthesis of the nystatin
polyketide chain, showed limited dependence on the presence
of the regulators. The strongest effects observed were those in
the SR34 and NR4K mutants at 24 h, where XylE activity due
to expression from nyslp was ca. 60 to 70% lower than that in
the WT background. Interestingly, nyslp seemed to be depen-
dent on the NysRIII regulator at 48 h, while no such trend
could be observed when XylE activity in the protein extract

from the 24-h culture was measured (Fig. 4). Also, the XylE
activity in the NR4K mutant almost reached the level of that in
the WT at 48 h.

According to the XylE assay, the promoter for the trans-
porter gene nysH (and presumably for the cotranscribed nysG
gene) was essentially independent of NysRI, while its activity
was greatly diminished in the nysRII, nysRIII, and nysRIV mu-
tants (see Discussion and Fig. 4).

nysRIp (the promoter region upstream of the regulatory
gene nysRI) showed only moderate dependence on the Nys-
RIIT and NysRIV regulators, since the XylE activities in the
corresponding mutants were diminished by ca. 50 to 60% from
that in the WT. At the same time, nysRIp was strongly depen-
dent on NysRI and NysRII (Fig. 4). This result suggested that
NysRI regulates its own expression and that NysRII is involved
in this process as well. The nysRIp promoter seemed to be very
strong and was superseded only by nysRIVp, which provided
the highest level of XylE expression demonstrated in these
experiments. The activity of the nysRIVp promoter was greatly
affected in all three LAL regulatory mutants, while NysRIV
seemed to be moderately autoregulating its own expression, as
XylE activity in the NR4K mutant was diminished by ca. 60%.

In order to gain more insight into the results of the comple-
mentation experiments described in the preceding section, a
control experiment designed to assess the efficiency of the
ermE*p promoter in S. noursei was performed. In this experi-
ment, XylE activity was measured in protein extracts from the
WT strain expressing xy/E from the nysAp and ermE+*p pro-
moters. Apparently, ermE+*p provided for a much more effi-
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TABLE 3. Restoration of nystatin production in cross-complementation experiments with the regulatory mutants®

J. BACTERIOL.

Nystatin production (% of WT)? with complementation by:

Mutant PNRE2 pC3AL PNRT3 PNR4EL
(ermE*p::nysRI) (ermE*p::nysRII) (ermE*p::nysRIII) (ermE*p::nysRIV)
SR12 (AnysRI) 60 58 68 62
SR34 (AnysRII) 54 100 5.6 77
SR56 (AnysRIII) 8.5 11 98 87
NR4K (nysRIV::Km") 2.5 2.0 2.5 60

“ See the text for details.

® Values are means from two independent experiments. Variations were within 11% of the mean.

cient (ca. 12-times-higher) expression of xy/E than nysAp (Fig.
4). ermE*p appears to be the strongest of the promoters in-
vestigated in this study.

Cross-complementation experiments. The xy/E promoter fu-
sion experiments provided important clues on the target genes
controlled by the four NysR regulators in the nystatin gene
cluster. However, the possible hierarchy of the regulators re-
mained obscure. In order to gain deeper insight into the mech-
anism of regulation of nystatin biosynthesis, cross-complemen-
tation experiments were carried out. The idea behind these
studies was to test which of the regulatory genes, when ex-
pressed from the heterologous ermE=*p promoter, could sub-
stitute for each other in the regulatory mutants.

Accordingly, pSOK804-based expression vectors containing
four pathway-specific regulatory genes were introduced into
the SR12, SR34, SR56, and NR4K mutants, and nystatin pro-
duction by recombinant strains was assessed (Table 3). Nysta-
tin production in the SR12 mutant could be restored to the
same extent (ca. 60% of the WT level) by introduction of any
of the four regulatory genes. Interestingly, both nysRII and
nysRIII were able to complement the SR12 mutant, while no
cross-complementation was observed between the nysRII and
nysRIII genes, suggesting that these regulatory genes can be
placed on the same hierarchy level (see Discussion). nysRIV
was able to restore nystatin biosynthesis to a significant level
(60 to 87% of the WT) in all regulatory mutants.

DISCUSSION

The results obtained in the gene inactivation experiments
clearly show that at least four regulatory genes control nystatin
production in S. noursei. The nysRI, nysRII, nysRIII, and nys-
RIV genes are required for efficient nystatin biosynthesis and
probably represent transcriptional activators for the gene clus-
ter. Clearly, nysRII and nysRIII are not as important in this
respect as nysRI, since their inactivation has less profound
effects on antibiotic production. This notion is exemplified by
the fact that, according to the xy/E fusion experiments, NysRI
regulates an endogenous promoter for its own gene, which is
also likely to drive the expression of nysRII and nysRIII. The
operon-like structure of nysRI-nysRII-nysRIII and the apparent
polar effect of nysRI disruption imply that these three genes
might be transcribed from the same promoter located up-
stream of nysRI. nysRIp is the second strongest (after nysRIVp)
of the nys promoters and remains at least partially active in all
regulatory mutants. Both nysRIp and nysRIVp seem to be
weaker than the ermeE+p promoter when used for the expres-
sion of xy/E in WT S. noursei (Fig. 4). This fact, along with the

results from the complementation experiments (Table 2), sug-
gests that a high level of expression of the regulatory genes
alone does not ensure a high level of nystatin production, since
only partial complementation was observed when nysRI and
nysRIV were expressed from ermE+p. It seems plausible, there-
fore, that the mechanism governing gene expression in the
nystatin biosynthetic cluster requires coordinated expression of
the regulatory genes, which is provided through the intrinsic
regulatory genes’ promoters.

Remarkably, XylE expression from the nysRIp promoter is
strongly reduced only in AnysRI and AnysRII mutants, suggest-
ing that transcription of the nysRI-nysRII-nysRIII genes is au-
toregulated. Taking the above into consideration, it is conceiv-
able that in both of these mutants, neither of the regulators is
efficiently expressed. It seems, however, that the basal level of
expression of NysRII and NysRIII in the AnysRI mutant is
sufficient to activate the nysHp promoter (Fig. 4). The latter
appears to be strongly dependent on the availability of the
NysRII, NysRIII, and NysRIV regulators.

The NysRI, NysRII, and NysRIII proteins seem to derive
from a common ancestor, since they contain homologous re-
gions and their domain organization, especially for NysRI and
NysRIII, is similar (Fig. 1B). Proteins with significant similarity
to NysRI, NysRII, and NysRIII are found mostly in actinomy-
cetes and are proposed to be transcriptional activators for
antibiotic biosynthesis, lipase, and cholesterol oxidase genes
(18, 21, 27, 29). Genes encoding proteins similar to NysRI to
-IIT are also located in the biosynthetic gene cluster for the
polyene antibiotic candicidin (9). Most of these proteins might
be considered members of the LAL subfamily of transcrip-
tional regulators proposed by De Schrijver and De Mot (12),
on the basis of their size and the presence of the N-terminal
NTP binding and C-terminal LuxR HTH motifs. The NTP
binding motifs in the transcriptional regulator PikD have been
shown to be required for its activity (40). Therefore, it seems
likely that NysRI and NysRIII also require NTP binding and
hydrolysis for their function. The presence of the TPRs, which
are implicated in protein-protein interactions (35), in NysRI
and NysRIII suggests that these proteins might interact with
other proteins. It is well documented that protein-protein in-
teractions play an important role in transcriptional control in
bacteria (34).

All experimental data obtained for the nysRIV gene (see
below) point to its central role in controlling nystatin biosyn-
thesis. Indeed, very little nystatin is produced by the nysRIV
disruption mutant, while expression of nysRIV from the
ermE*p promoter results in significant stimulation of nystatin
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production in the WT strain. Also, nysRIV can complement all
nysR regulatory mutants. Detection of a PAS-like domain
within NysRIV suggests that this protein might respond to the
energy levels in the cell. PAS domains are found in many
signaling proteins, where they serve as signal sensor domains
(24). Promoter probe studies clearly demonstrate that nysRIVp
is strongly downregulated in all three LAL regulator mutants.
However, the nysRIVp promoter appears to be the strongest of
the seven nys promoters studied, and even in the absence of
LAL regulators, its activity is at the level of the nysDIIIp and
nyslp promoters. The latter fact suggests that a relatively high
level of nysRIV transcription is required for this gene’s product
to exert a positive effect on nystatin biosynthesis.

The xylE fusion experiments with the promoters for the
nystatin structural genes provided the first clues on the regu-
latory mechanism controlling nystatin biosynthesis in S. nour-
sei. Apparently, promoters driving the expression of nysDIII
and nysDI-nysDII-nysN (presumably cotranscribed) are only
weakly dependent on the NysR regulators.

Regulation of the promoters driving the expression of PKS
genes, nyslp and nysAp, is strikingly different. First, the level of
XylE expression from the nysAp promoter in the WT strain
seems to be at least 35 times higher than that from nysip. This
is not surprising, since nysA4 encodes the loading module of the
nystatin PKS, expression of which is pivotal for initiation of
biosynthesis (8). The mutations in the nysR regulatory genes
have much stronger effects on nys4p than on nyslp (see Fig. 4),
suggesting that initiation of nystatin biosynthesis promoted by
the nysA gene product is the primary target for the regulators.

Cross-complementation experiments helped to establish a
hierarchy among the four NysR regulators of the nystatin gene
cluster. Differences in the degree of complementation ob-
served in these experiments could most probably be attributed
to the expression of the genes in frans from the heterologous
promoter. The ability of nysRII and nysRIII to complement the
AnysRI mutant implies that NysRII and NysRIII can each
substitute for NysRI and that expression of these proteins in
the SR12 mutant is severely affected. It is not clear, however,
why both nysRII and nysRIII can complement the AnysRI mu-
tant, since deletion of either of these genes has a detrimental
effect on nystatin biosynthesis, and these genes cannot substi-
tute for each other in cross-complementation experiments (Ta-
ble 3). The answer to this question probably lies in the plau-
sibility of concerted action of the regulators or might be that
such complementation is due to the use of a nonnatural con-
stitutive promoter, ermE=*p, in the complementation experi-
ments.

Based on the data from promoter analysis and cross-comple-
mentation experiments, the following tentative model can be
suggested. Expression of the LAL regulatory operon would
start with NysRI, which positively regulates its own promoter.
However, it seems that NysRII is required for efficient tran-
scription from nysRIp, while NysRIII is not essential (Fig. 4). It
is thus logical to assume that NysRI and NysRII function in
concert as autoregulators of the LAL operon, ensuring its
efficient transcription. NysRII seems to play a pivotal role here,
as expression of this protein can alleviate the effect of AnysRI
mutation. Since no cross-complementation is observed in the
case of nysRII and nysRIII, it seems likely that their products
are both required for efficient nysRIV expression. Since nysRIV
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can complement all regulatory mutants, but none of the other
regulators can complement NR4K, nysRIV most probably di-
rectly controls the expression of nystatin biosynthetic genes.
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