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The nysL gene, encoding a putative P450 monooxygenase, was identified in the nystatin biosynthetic gene
cluster of Streptomyces noursei. Although it has been proposed that NysL is responsible for hydroxylation of the
nystatin precursor, experimental evidence for this activity was lacking. The nysL gene was inactivated in S.
noursei by gene replacement, and the resulting mutant was shown to produce 10-deoxynystatin. Purification
and an in vitro activity assay for 10-deoxynystatin demonstrated its antifungal activity being equal to that of
nystatin. The NysL protein was expressed heterologously in Escherichia coli as a His-tagged protein and used
in an enzyme assay with 10-deoxynystatin as a substrate. The results obtained clearly demonstrated that NysL
is a hydroxylase responsible for the post-polyketide synthase modification of 10-deoxynystatin at position C-10.
Kinetic studies with the purified recombinant enzyme allowed determination of Km and kcat and revealed no
inhibition of recombinant NysL by either the substrate or the product. These studies open the possibility for
in vitro evolution of NysL aimed at changing its specificity, thereby providing new opportunities for engineered
biosynthesis of novel nystatin analogues hydroxylated at alternative positions of the macrolactone ring.

The genetics and biochemistry of antibiotic biosynthesis in
bacteria attract much attention due to the possibility of using
this information to design and produce new pharmaceuticals
(26). Filamentous gram-positive bacteria of the genus Strepto-
myces are known to produce a wide range of chemically diverse
secondary metabolites with different biological activities. Over
200 gene clusters governing antibiotic biosynthesis in Strepto-
myces have been isolated and analyzed, giving rise to a wealth
of information regarding the enzymology of antibiotic forma-
tion. Biosynthetic pathways for many antibiotics produced by
Streptomyces include steps catalyzed by P450 monooxygenase
enzymes, which mostly perform hydroxylation of pathway in-
termediates (19).

P450 monooxygenases are widely distributed in nature and
are mostly known to perform monooxygenation, although
other catalytic functions, such as dehydrogenation, COC and
CAN bond cleavage, and dehydration, have also been re-
ported for P450 enzymes (16). The “classical” reaction cata-
lyzed by these enzymes is the transfer of one oxygen atom from
O2 to a variety of substrates, using electrons supplied by
NAD(P)H through ferredoxin (Fdx) and ferredoxin oxidoreduc-
tase (Fdr). Although in some bacteria the genes for P450 mo-
nooxygenases are usually clustered with the Fdx and Fdr
genes, such a gene arrangement is rare in Streptomyces,
suggesting that in streptomycete bacteria these enzymes are
rather nonselective in their choice of electron transfer part-
ners (19).

A considerable number of streptomycete P450 monooxygen-
ases involved in antibiotic biosynthesis have been unraveled,

including those performing monooxygenation of intermediates
in the biosynthetic pathways for macrolides (5, 15, 17), anthra-
cyclines (27), glycopeptides (6), coumarins (12) etc. Interest-
ingly, some bacterial P450 monooxygenases exhibit substantial
flexibility regarding the structural features of their substrates
(13, 28), suggesting the possibility for using these enzymes in
combinatorial biosynthesis. Recently, characterizations of P450
monooxygenase genes involved in the biosynthesis of two poly-
ene macrolide antibiotics, pimaricin and amphotericin B, have
been published (10, 11, 17). Deletion of pimD in the pimaricin
producer Streptomyces natalensis resulted in the accumulation
of 4,5-deepoxy pimaricin, suggesting a role for PimD as a
4,5-epoxydase. The latter was recently confirmed via an enzy-
matic assay with heterologously expressed protein (18). Inac-
tivation of the amphL gene in the amphotericin producer S.
nodosus led to the production of 8-deoxy amphotericins A and
B, implying that AmphL is a C-8 hydroxylase in amphotericin
biosynthesis. Another P450 enzyme from the amphotericin bio-
synthetic pathway was shown to be responsible for the oxidation
of the methyl group, resulting in the appearance of the exocyclic
carboxyl moiety. Most interestingly, the amphotericin B ana-
logue lacking the latter group was purified and shown to have
considerably less hemolytic activity than amphotericin B (11).
A similar result was obtained upon inactivation of RimG, the
P450 monooxygenase responsible for oxidation of the exocyclic
methyl group on the rimocidin/C-108 precursor in S. diastaticus
(22). Considering the importance of polyene macrolides as
antifungal agents used in human therapy, a better understand-
ing of the reactions catalyzed by these P450 monooxygenases
and their substrate range might help in combinatorial biosyn-
thesis of novel polyene macrolides aimed at the development
of new antibiotics.

Streptomyces noursei ATCC 11455 produces a complex mix-
ture of polyene macrolides with antifungal activity which are
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generally referred to as nystatins (9). The major component of
the nystatin complex, nystatin A1, is composed of a 38-mem-
bered macrolactone ring synthesized by six large polyketide
synthase (PKS) proteins (7). The macrolactone ring of nystatin
A1 is further modified in the course of biosynthesis via the
addition of a mycosamine deoxysugar moiety, oxidation of the
methyl group at C-16, and hydroxylation at C-10 (14). The last
two modifications in the biosynthesis of nystatin were sug-
gested to be performed by P450 monooxygenase enzymes en-
coded by the genes nysL and nysN in the nystatin biosynthetic
gene cluster, although experimental evidence for the enzymatic
activities of these monooxygenases was not available. In the
present work, we have proven the role of NysL as a C-10
hydroxylase (Fig. 1A) involved in nystatin biosynthesis via gene
inactivation in S. noursei, heterologous expression of NysL, and
in vitro enzyme assays for the recombinant protein.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids 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) and grown in tryptic soy broth (Oxoid) for DNA isolation. Escherichia
coli strains were handled using standard techniques (21). Conjugation from E.
coli ET12567(pUZ8002) to S. noursei and the gene replacement procedure were
performed as described previously (23). Assessments of nystatin and 10-de-
oxynystatin production and accurate mass determinations were done by liquid
chromatography-mass spectroscopy (LC-MS) of dimethyl sulfoxide extracts of
5-day-old cultures from well plate cultivations (9). Well plate cultivations were
performed in semidefined 0.5� SAO-23 medium according to a previously de-
scribed protocol (25).

DNA manipulation. General techniques for DNA manipulation were used as
described elsewhere (21). Isolation of the DNA fragments from agarose gel was
done with a QIAEX kit (QIAGEN, Germany). Southern blot analysis was per-
formed with a DIG High Prime labeling kit (Roche Biochemicals, Germany)
according to the manufacturer’s manual. Oligonucleotide primers were pur-
chased from MWG-Biotech AG. The DNA sequence of the nystatin biosynthetic
gene cluster has been reported previously (7).

Construction of nysL deletion mutant. A 2,148-kb DNA fragment designated
Nldel12, encompassing part of nysL and the downstream region, was amplified
from the pL95X template using primers NLD1 (5�-GACGAATTCAACTGGT
GGCGGAGCTGA-3�) and NLD2 (5�-GACCTGCAGCTGCTTGAGTTCGGT
G-3�). A 2,089-kb DNA fragment designated NLdel34, containing the upstream
region and some of the coding region of nysL, was amplified from the plasmid
pL95X template using primers NLD3 (5�-GACCTGCAGTCGAGGAACTGC
GGGTGCT-3�) and NLD4 (5�-GCAAAGCTTTGCGGGCGATGGCGTTCA

FIG. 1. (A) Chemical structure of nystatin A1. The site of NysL-
catalyzed hydroxylation is indicated by an arrow. (B) Phylogenetic tree
of actinomycete P450 monooxygenases known to be responsible for
post-PKS modification of macrolide antibiotic precursors in the bio-
synthetic pathways of amphotericin (AmphL and AmphN), chalcomy-
cin (ChmHI), candicidin (CanC), erythromycin (EryF), FK520 (FkbD),
FR-008 (FscP), nystatin (NysL and NysN), oleandomycin (OleP), picro-
mycin (PicK), pimaricin (PimD and PimG), rapamycin (RapH and RapJ),
rimocidin (RimG), and tylosin (TylHI).

TABLE 1. Bacterial strains, plasmids, and phage used for this study

Strain or plasmid Relevant propertiesa Source or
reference

Escherichia coli strains
DH5� General cloning host BRL
ET12567(pUZ8002) Strain for intergeneric

conjugation; Kmr Cmr
23

Streptomyces noursei
strains

ATCC 11455 Wild type, nystatin producer ATCC
NDA59 Mutant with in-frame nysA

deletion, nystatin
nonproducer

8

NLD101 NDA59 with in-frame deletion
of the nysL gene

This work

Phage
N95 Recombinant � phage

containing the nysL gene
and flanking regions

7

Plasmids
pGEM3Zf(�) ColE1 replicon; Apr; 3.2 kb Promega
pQE2 N-terminal six-His tag

expression vector
QIAGEN

pQNL2 Vector for heterologous
expression of the six-His–
NysL protein

This work

pSOK20 pSG5 and ColE1 replicons;
oriT; Amr; E. coli-
Streptomyces conjugative
vector

29

pSOK804 E. coli-Streptomyces conjugative
and integrative vector;
VWBint; ColE1 replicon;
oriT; Amr

24

pNLD1 nysL replacement vector This work

a Abbreviations: Am, apramycin; Ap, ampicillin; Km, kanamycin; Tc, tetracy-
cline; Cm, chloramphenicol.
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C-3�). The NLdel12 and NLdel34 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 nysL replacement
vector pNLD1. Using this vector, we obtained the nysL in-frame deletion mutant
NLD101 by double homologous recombination in the previously constructed
non-nystatin-producing mutant NDA59, which can be complemented with the
nysA gene to restore nystatin production (8).

Purification of 10-deoxynystatin and test for antifungal activity. The purifi-
cation of 10-deoxynystatin was performed according to a previously described
procedure (25). The antifungal activities of nystatin and 10-deoxynystatin were
determined using Candida albicans as a test organism according to a method
described previously (9).

Heterologous expression of NysL. The nysL gene was amplified for insertion
into the N-terminal His tag expression vector pQE-2 (QIAGEN) by PCR. The
forward primer NLQE21 (5�-GGACCATATGAGCACACCGACCGCAC-3�)
introduced a unique NdeI site at the 5� end of the gene, while the reverse primer
NLQE22 (5�-CCAGAAGCTTCATCACGTCACCAGGTGAC-3�) carried a
HindIII site downstream from translational stop codons. The amplified DNA
fragment was digested with NdeI and HindIII and cloned into the same sites of
pQE2 to generate pQNL2, the vector for heterologous expression of the N-
terminal six-His–NysL protein. The cloned fragment was sequenced in order to
check its integrity after PCR amplification. Expression and purification of six-
His–NysL were performed essentially as described elsewhere (20), but after
induction of the culture with 1 mM IPTG (isopropyl-ß-D-thiogalactopyranoside)
and incubation for 4 h at 30°C.

NysL enzyme assay and studies of enzyme kinetics. NysL activity was mea-
sured in a mixture containing 0.3 to 105 �M 10-deoxynystatin, 16 to 48 nM
six-His–NysL, 100 �g/ml spinach ferredoxin, 0.2 U/ml spinach ferredoxin-
NADP� reductase, 1.4 mM NADPH, 10 mM glucose-6-phosphate, and 8 U/ml
glucose-6-phosphate dehydrogenase in 50 mM Tris-HCl, pH 8.0 (16). The reac-
tion mixture was incubated at 30°C in the temperature-controlled autoinjector of
the Agilent 1100 LC-MS equipment used in the assay. The reaction was started
by adding the enzymes to the preheated substrate mixture. Every fifth minute
after the reaction was started, an aliquot from the reaction mixture was injected
into the LC-MS instrument for determination of the nystatin and 10-deoxynys-
tatin concentrations. The LC-MS analyses were performed on an Agilent 1100
high-performance liquid chromatography (HPLC) system connected to a diode
array detector and an Agilent single-quadrupole mass spectrometer using elec-
trospray ionization in negative mode. A Zorbax Bonus-RP (2.1 � 50 mm)
chromatographic column operated at 0.3 ml/min was used for analyte separation.
The mobile phase consisted of 10 mM ammonium acetate, pH 4.0, and 30%
acetonitrile.

RESULTS

Inactivation of nysL gene in S. noursei leads to production of
10-deoxynystatin. The nysL gene in the S. noursei nystatin
biosynthetic gene cluster is located downstream of nysK, the
gene encoding the last module of the nystatin PKS and a
terminal thioesterase (7). Amino acid sequence analysis of the
deduced nysL product revealed a high degree of similarity of
this polypeptide to bacterial P450 monooxygenases, including
those involved in antibiotic biosynthesis (data not shown). Fur-
ther phylogenetic analysis (Fig. 1B) revealed clustering of
the NysL amino acid sequence with those of PimD and
AmphL, proven to act as an epoxidase and a hydroxylase in the
biosynthesis of the polyene macrolides pimaricin and ampho-
tericin, respectively. Although we have suggested earlier that
NysL is most probably a C-10 hydroxylase, the experimental
evidence for this assumption was lacking. Repeated attempts
to inactivate nysL by in-frame deletion via double homologous
recombination in an S. noursei wild-type strain failed. We then
used a previously constructed mutant that does not produce
nystatin, NDA59, with an inactivated nysA gene encoding the
nystatin PKS loading module, which can be complemented
with the wild-type copy of nysA to restore nystatin production
(8). The use of the latter mutant, along with the extension of

flanking regions for the gene replacement construct up to 2 kb,
allowed isolation of the �nysL mutant designated NLD101.
The scheme for NDL101 mutant construction is presented in
Fig. 2. The deletion within the nysL gene in NLD101 was
confirmed by Southern blot analysis (data not shown).

To analyze polyene macrolide production by the �nysL mu-
tant, the integrative plasmid pNA0 (8) carrying the nysA gene
was introduced into the NLD101 mutant. The resulting recom-
binant strain, NLD101(pNA0), was incubated for 5 days in
defined production medium, and culture extracts were ana-
lyzed for the presence of nystatin-related polyene macrolides
by using HPLC and LC-MS. The latter analysis (Fig. 3) con-
firmed the production of a 910-Da nystatin analogue by the
NLD101(pNA0) strain at a volumetric yield of 1.06 	 0.04 g/liter,
which was somewhat lower than the nystatin yield in the wild-type
strain (1.51 	 0.03 g/liter). The accurate atomic mass of this
analogue, its retention time during HPLC, and the UV spectrum
exactly matched those for 10-deoxynystatin, which was identified
during studies of the NysH/NysG transporter system in S. noursei
(25). The 10-deoxynystatin produced was then purified from the
NLD101 culture extract for further testing.

To test whether the hydroxy group at C-10 has significance for
the antifungal activity of nystatin, the MIC50 was determined for
10-deoxynystatin, using Candida albicans as a test organism and
nystatin as a reference. The MIC50s of 10-deoxynystatin and nys-
tatin were found to be identical (0.45 �g/ml under the conditions
tested), implying that C-10 hydroxylation has little significance for
the activity of nystatin, at least against C. albicans.

Recombinant NysL protein efficiently converts 10-deoxynys-
tatin to nystatin. To allow for enzymatic studies of the NysL

FIG. 2. Schematic representation of �nysL mutant construction in
S. noursei.
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monooxygenase, we heterologously expressed this protein in
Escherichia coli with an N-terminal six-His affinity tag and
purified the recombinant protein. The PCR-amplified product
containing the coding region of the nysL gene was cloned into
the pQE2 expression vector immediately after the six-His tag
sequence (pQNL2) (see Materials and Methods). Induction of
the T5 promoter in the culture of E. coli DH5� carrying the
pQNL2 expression plasmid resulted in high-level production of
the partially soluble 43-kDa protein, whose molecular mass
corresponded to that of NysL. The recombinant six-His–NysL
protein was purified on a Ni-nitrilotriacetic acid agarose col-
umn, and its purity was assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Fig. 4A).

The ability of the purified six-His–NysL protein to convert
its putative substrate 10-deoxynystatin to nystatin was analyzed
in vitro. The reaction mixture (see Materials and Methods)
contained an NADPH-regenerating system based on glucose-
6-phosphate and glucose-6-phosphate dehydrogenase in ad-
dition to the buffer solution, spinach ferredoxin, spinach
ferredoxin-NADP� reductase, NADPH, and 10-deoxynysta-
tin. Only in the presence of such an electron-donating system was
six-His–NysL able to convert 10-deoxynystatin to nystatin, and no
conversion was observed without the participation of the
NADPH-regenerating system. The progress of the reaction in
terms of the conversion of 10-deoxynystatin to nystatin was mon-
itored over 40 min (Fig. 4B). The conversion of 
75% of the
10-deoxynystatin to nystatin was observed under these conditions.

Kinetic studies of recombinant NysL protein. The kinetics
of the recombinant NysL-catalyzed reaction was studied next.
With a substrate concentration of 45 �M, the initial rate of
hydroxylation was found to increase linearly with the enzyme
concentration in the range of 16 to 45 nM six-His–NysL. At
30°C, the phase of the reaction where the enzyme concentra-
tion and the rate of hydroxylation correlated linearly lasted ca.
15 to 20 min. An enzyme concentration of 16.1 nM and a
reaction time of 5 min were chosen for kinetic studies. Enzy-

matic assays were performed with increasing concentrations of
10-deoxynystatin and nystatin. Data from the assays, moni-
tored by LC-MS, did not reveal inhibition of the recombinant
NysL enzyme by either the substrate or the product. At sub-
strate concentrations in the range of 0.3 to 105 �M, the data
could be fitted well to the Michaelis-Menten equation (Fig. 5).

FIG. 3. Diode array detector-HPLC profiles of culture extracts
from S. noursei ATCC 11455 and the NLD101 mutant.

FIG. 4. (A) Heterologous expression of NysL in Escherichia coli as
a His-tagged protein. Lanes: 1, crude cell extract; 2, flowthrough; 3,
wash; 4, eluted His-NysL; 5, molecular weight marker. (B) Enzymatic
assay monitored by HPLC and LC-MS showing conversion of 10-
deoxynystatin to nystatin by His-NysL and the redox partners.

FIG. 5. Kinetics of six-His–NysL-catalyzed reaction. The presented
data are based on three independent enzyme assays.
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Further increases in the substrate concentration resulted in
precipitation of 10-deoxynystatin and were therefore not con-
sidered. The Km and Vmax values were determined (based on
three independent assays) to be 24 	 3 �M and 1.5 	 0.2
�M/min, respectively. Provided that all of the enzyme is active,
this corresponds to a kcat value of 1.6 	 0.2 s�1 and a kcat/Km

value of 0.07 	 0.01 �M�1 s�1.

DISCUSSION

P450 monooxygenases play an important role in the biosyn-
thesis of many secondary metabolites produced by Streptomy-
ces bacteria. Recent advances in engineered antibiotic biosyn-
thesis in streptomycetes make P450 monooxygenases attractive
targets for genetic manipulation that can lead to the produc-
tion of novel antibiotic analogues (6, 10, 11, 17, 22). The
biosynthesis of all polyene macrolide antibiotics known to pos-
sess potent antifungal activity involves oxidative steps appar-
ently catalyzed by the P450 monooxygenases (1). Inactivation
of the monooxygenase genes in the producers of the polyene
macrolides pimaricin and amphotericin yielded new analogues
of these antibiotics with properties different from those of the
final products of the respective biosynthetic pathways (10, 11, 17).

In the present study, we have characterized the P450 mono-
oxygenase NysL encoded by the nystatin biosynthetic gene
cluster in S. noursei ATCC 11455. An alignment of the NysL
amino acid sequence with those for P450 enzymes known to be
involved in antibiotic biosynthesis, followed by phylogenetic
analysis, clearly revealed that NysL is related to PimD and
AmphL, an epoxidase and a hydroxylase in the pimaricin and
amphotericin biosynthetic pathways, respectively. PimD, AmphL,
and NysL represent a separate clade on the phylogenetic tree
which is distant from that containing P450 monooxygenases
from the polyene macrolide biosynthetic pathways known or
assumed to catalyze the oxidation of an exocyclic methyl group
(1, 11, 22).

Inactivation of the nysL gene in S. noursei yielded a recom-
binant strain producing 10-deoxynystatin as a major polyene
macrolide (Fig. 3). This metabolite is present in trace amounts
in wild-type strain extracts and was assumed to be accumulated
due to the failure of NysL to hydroxylate this precursor at C-10
(9). Sletta et al. have demonstrated that the accumulation of
10-deoxynystatin by S. noursei also occurs upon inactivation of
the presumed nystatin efflux system NysH-NysG (25). This
observation suggested a link between the process of NysL-
catalyzed hydroxylation of 10-deoxynystatin and active trans-
port of the nystatin, and we hypothesized that the NysH-NysG
transporter provides conditions favorable for C-10 hydroxyla-
tion by NysL.

Based on the current model for the polyene macrolide mode
of action, which involves the formation of ion-permeable chan-
nels in fungal membranes (2), it could be assumed that re-
moval of the C-10 hydroxyl group from the nystatin polyol
region will decrease channel permeability. Indeed, accord-
ing to the model, hydroxyl groups in the polyol region of the
molecule are located on the inner part of the channel, creating
a hydrophilic environment allowing ions and other small mol-
ecules to leak out of the cell. However, we have demonstrated
that the antifungal activity of 10-deoxynystatin is equal to that
of nystatin, at least for C. albicans. This observation was in

contrast to the data for 4,5-deepoxypimaricin and 8-deoxyam-
photericin B, which were obtained upon inactivation of the
genes encoding P450 monooxygenases performing epoxidation
and hydroxylation of pimaricin and amphotericin precursors,
respectively, in polyol regions of the molecules. In both cases,
a notable decrease in antifungal activity was observed (10, 17).
One possible explanation for this phenomenon might be that
the conformation of the polyol region of the nystatin molecule
is different from those of pimaricin and amphotericin. This
difference might result in limited participation of the nystatin
C-10 hydroxyl group in channel formation and, thus, its low
significance for antifungal activity.

Heterologous expression and purification of His-tagged
NysL allowed for preliminary characterization of this enzyme
in vitro. Recombinant NysL was shown to efficiently convert
10-deoxynystatin to nystatin A1, and no inhibition was ob-
served by either the substrate or the product. This is in contrast
with the apparent substrate inhibition shown for the epoxidase
PimD, the close homologue of NysL (18). The Km and kcat

values determined for the recombinant NysL protein are sim-
ilar to those reported for other macrolide-specific P450 mo-
nooxygenases and presented by Mendes et al. (18). According
to the kcat/Km criterion, His-tagged NysL has a somewhat
higher substrate specificity toward 10-deoxynystatin than re-
combinant PimD toward its substrate, 4,5-deepoxypimaricin. It
could be interesting to test whether recombinant NysL can use
other polyene macrolides as substrates, since this could open
possibilities for combinatorial biosynthesis. The latter can be
achieved through expression of the nysL gene in polyene ma-
crolide-producing hosts in order to obtain novel analogues
with different post-PKS hydroxylation patterns. For example,
the expression of NysL in the amphotericin producer devoid of
AmphL activity (10) could yield an amphotericin analogue
hydroxylated at C-10 instead of C-8 (Fig. 1A). Alternatively,
NysL can be engineered via either site-specific mutagenesis (4)
or directed evolution (3) in order to change its specificity
towards 10-deoxynystatin. This approach might provide novel
nystatin analogues hydroxylated at alternative macrolactone
ring positions in hope of obtaining antifungal compounds with
improved pharmacologic properties.
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