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The polyene macrolide antibiotic nystatin produced by Streptomyces noursei contains a deoxyaminosugar
mycosamine moiety attached to the C-19 carbon of the macrolactone ring through the �-glycosidic bond. The
nystatin biosynthetic gene cluster contains three genes, nysDI, nysDII, and nysDIII, encoding enzymes with
presumed roles in mycosamine biosynthesis and attachment as glycosyltransferase, aminotransferase, and
GDP-mannose dehydratase, respectively. In the present study, the functions of these three genes were analyzed.
The recombinant NysDIII protein was expressed in Escherichia coli and purified, and its in vitro GDP-mannose
dehydratase activity was demonstrated. The nysDI and nysDII genes were inactivated individually in S. noursei,
and analyses of the resulting mutants showed that both genes produced nystatinolide and 10-deoxynystatino-
lide as major products. Expression of the nysDI and nysDII genes in trans in the respective mutants partially
restored nystatin biosynthesis in both cases, supporting the predicted roles of these two genes in mycosamine
biosynthesis and attachment. Both antifungal and hemolytic activities of the purified nystatinolides were
shown to be strongly reduced compared to those of nystatin, confirming the importance of the mycosamine
moiety for the biological activity of nystatin.

Nystatin is an important antifungal agent used in human
therapy for treatment of certain types of mycoses. Nystatin is
produced by Streptomyces noursei ATCC 11455, and its molec-
ular structure represents a polyene macrolide with a 38-mem-
bered macrolactone ring (Fig. 1) to which deoxyaminosugar
mycosamine is attached at C-19 through a �-glycosidic bond.
Mycosamine moieties are also found attached to the macro-
lactone rings of the polyene macrolide antibiotics amphoteri-
cin (10), candicidin/FR-008 (11, 13), pimaricin (3), and rimo-
cidin (26) which are also important antifungal agents. The
mode of action of all these antibiotics is suggested to be the
formation of complexes with the membrane sterols of target
cells, creating hydrophilic channels (16) allowing the leakage
of Na� and K� ions from fungal cells, eventually leading to cell
death (18). For amphotericin, it has been found that each
complex consists of eight antibiotic molecules, with hydrophilic
polyol regions lining the aqueous central channel (4, 22). Two
such complexes are assumed to align head to head to span the
cell membrane, with the mycosamine moieties extending to-
wards both the cytoplasm and the extracellular space. Accord-
ing to this model, the ionizable carboxyl at C-16 and the amino
group of mycosamine are both involved in the interactions
between the antibiotic molecules in the complex (33) and are
thus presumed to be important for antifungal activity.

We have proposed previously that the mycosamine biosyn-
thetic route in S. noursei is via GDP-D-mannose, which is

presumably synthesized from fructose 6-phosphate by enzymes
of the primary metabolism (2, 7). The polyene macrolide bio-
synthetic gene clusters for amphotericin, nystatin, candicidin/
FR-008, and pimaricin were shown to contain genes encoding
proteins (AmphDIII, NysDIII, CanM/FscMIII, and PimJ, re-
spectively) showing homology to GDP-D-mannose 4,6-dehy-
dratases suggested to catalyze the conversion of GDP-D-man-
nose to GDP-4-keto-6-deoxy-D-mannose (Fig. 1). The latter
metabolite presumably undergoes a 3,4 isomerization to result
in GDP-3-keto-6-deoxy-D-mannose, followed by transamina-
tion to form GDP-mycosamine. Since genes encoding GDP-4-
keto-6-deoxy-D-mannose 3,4-isomerase have not been found in
the polyene macrolide gene clusters, it is assumed that this
isomerization is a nonenzymatic reaction (2). However, it is
possible that the gene for the relevant isomerase is not physi-
cally linked to the nystatin biosynthesis gene cluster, but in-
stead is located somewhere else in the S. noursei genome.

The polyene macrolide gene clusters of amphotericin, can-
dicidin/FR-008, nystatin, pimaricin, and rimocidin all encode
putative aminotransferases (AmphDII, CanA/FscMII, NysDII,
PimC, and RimE, respectively) homologous to perosamine
synthases that catalyze the conversion of GDP-4-keto-6-deoxy-
D-mannose to 4-amino-4,6-dideoxy-D-mannose (GDP-peros-
amine) in perosamine biosynthesis (5, 24, 30). The attachment
of mycosamine to the macrolactone ring by means of glyco-
sylation is one of the post-polyketide synthase modifying steps
in the polyene macrolide biosynthesis (7). Glycosyltransferases
(GTases) are a diverse group of enzymes that glycosylate a
wide variety of compounds. The mycosamine moiety has been
shown to be important for the biological activity of some poly-
ene macrolide antibiotics; e.g., amphotericin without mycos-
amine has dramatically reduced antifungal activity (9).
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GTases are considered to be important targets for genetic
manipulation aimed at attaching alternative sugar moieties
for the generation of new antibiotics (19). Genes encoding
putative GTases AmphDI, NysDI, CanG/FscMI, PimK, and
RimE have been identified in the biosynthetic gene clusters
for amphotericin, nystatin, pimaricin, candicidin/FR-008, and
rimocidin, respectively. The function of FscMI as mycosamine
transferase has recently been confirmed experimentally (13).

In this work, we present experimental evidence for the in-
volvement and roles of the nysDI, nysDII, and nysDIII genes in
mycosamine biosynthesis and attachment in S. noursei. We also
show the importance of the mycosamine moiety for both an-
tifungal and hemolytic activities of nystatin.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. S. noursei strains were main-
tained on ISP2 agar medium (Difco), and Escherichia coli strains were grown in
LB broth or LB agar (25). Conjugational plasmid transfer from E. coli ET12567
(pUZ8002) (20) and the gene replacement procedures were performed as de-
scribed previously (17, 27). The transformation of E. coli was performed as
described previously (15). Growth media, where appropriate, were supple-
mented with the following antibiotics at the indicated concentrations: chloram-
phenicol, 20 �g/ml; kanamycin, 25 or 50 �g/ml; ampicillin, 100 �g/ml; and
apramycin, 50 �g/ml. For Flag tag expression vectors, E. coli cells were grown in
LB with 0.4% glucose and IPTG (isopropyl-�-D-thiogalactopyranoside) was
added to 0.5 mM at an optical density at 600 nm (OD600) of 0.2. Growth was
continued for a further 2 to 5 h. For His tag expression vectors, IPTG was added
to 1 mM at an OD600 of 0.5. Growth was continued for further 4 to 5 h.

Analyses of nystatin and nystatin analogue production in S. noursei strains.
Analyses of nystatin and nystatin analogue production were performed by liquid
chromatography-mass spectrometry (LC-MS) using an Agilent 1100 high-pres-
sure liquid chromatography (HPLC) system with both an Agilent diode array
detector and an Agilent time of flight (TOF) mass-sensitive detector of dimethyl
sulfoxide (DMSO) extracts of 5-day-old cultures from the microtiter well plate
cultivations (8). These analyses provide both UV spectral data and mass deter-
mination of the polyene macrolides in the samples. The well plate cultivations

were performed in 0.5� SAO-23 medium according to a protocol described
previously (29). The production of nystatin analogues for purification was per-
formed in 3-liter Applikon fermentors as described earlier (27).

DNA manipulation, PCR, and sequencing. General DNA manipulations were
performed as described previously (25). DNA fragments from agarose gels were
purified using an QIAEX II kit (QIAGEN, Germany). Southern blot analysis
was performed with the digoxigenin-11-dUTP high prime labeling kit (Roche
Molecular Biochemicals) according to the manufacturer’s instructions. Oligonu-
cleotide primers were purchased from MWG Biotech (Germany). PCR was
performed with the GC-rich PCR system (Roche Molecular Biochemicals) using
the Eppendorf Mastercycler (Eppendorf, Germany), as described previously (6).
DNA sequencing was performed at MWG Biotech (Germany).

Construction of plasmid vectors. Information about DNA oligonucleotides is
given in Table 1.

nysDI deletion vector pSOK201-DIUD. The 2.2-kb fragment, including the
nysDI upstream region, was PCR amplified from recombinant phage N76 DNA
(7) by using the oligonucleotides DI.U.F and DI.U.R. The 2.2-kb fragment,
including the nysDI downstream region, was PCR amplified from the S. noursei
total DNA by using the oligonucleotides DI.D.F and DI.D.R. The two resulting
PCR products were cloned individually in pGEM3Zf(�) (Promega), further
excised from the resulting constructs with EcoRI/PstI and HindIII/PstI, respec-
tively, and ligated, together with the 3.1-kb HindIII/EcoRI fragment from
pSOK201 (32), yielding the nysDI in-frame deletion plasmid pSOK201-DIUD.

nysDII deletion vector pSOK201-DIIUD. The 2.2-kb fragment, including the
nysDII upstream region, was PCR amplified from the plasmid pL7611B DNA (7)
by using the oligonucleotides DII.U.F and DII.U.R. The 2.2-kb fragment, in-
cluding nysDII downstream region, was PCR amplified from S. noursei total
DNA by using the oligonucleotides DII.D.F and DII.D.R. The resulting two
PCR products were cloned individually in pGEM3Zf(�), further excised from
the resulting constructs with HindIII/PstI and EcoRI/PstI, respectively, and li-
gated, together with the 3.1-kb HindIII/EcoRI fragment from pSOK201, yielding
the nysDII in-frame deletion plasmid pSOK201-DIIUD.

Plasmids pSOK804-ErmDI and pSOK804-ErmDI.2 for complementation of
the nysDI deletion mutant. The 1.5-kb fragment encompassing the nysDI coding
sequence was PCR amplified from N76 DNA (7) with the oligonucleotides
Hy.DI.Fwd.2 and Hy.DI.Rew. The PCR product was cloned in pGEM11Zf(�)
(Promega), further excised from the resulting construct with SphI/HindIII, and
ligated, together with the 0.3-kb EcoRI/SphI fragment (ermE*p promoter) of
pGEM7ZfErmE*Li (from C. R. Hutchinson), into the HindIII/EcoRI sites of

FIG. 1. Proposed biosynthetic pathway for mycosamine, whereby the mycosamine (in the open rectangle) is shown to be attached at the C-19
position of the nystatin aglycone.
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the integrative vector pSOK804 (28), yielding plasmid pSOK804-ErmDI. The
0.96-kb fragment from pL76B11 was excised with SpeI/NsiI and cloned into the
corresponding SphI/NsiI sites of pSOK804-ErmDI, yielding plasmid pSOK804-
ErmDI.2. The resulting two constructs have short and long versions of the nysDI
coding sequence (see Results) under transcriptional control of the ermE*p pro-
moter.

Plasmid pSOK804-ErmDII for complementation of the nysDII deletion mu-
tant. The 1.1-kb fragment containing the nysDII coding sequence was PCR
amplified from N76 DNA (7) with the oligonucleotides DII.F.comp.Sph and
DII.R-comp.H. The obtained PCR product was cloned in pGEM11Zf(�), fur-
ther excised from the resulting construct with SphI/EcoRI, and ligated, together
with the 0.3-kb EcoRI/SphI fragment of pGEM7ZfErmE*Li, into the HindIII/
EcoRI-digested vector pSOK804, yielding plasmid pSOK804-ErmDII.

Vectors for heterologous expression of NysDII and NysDIII. Two commercial
expression vector systems were used for the expression of NysDII and NysDIII
proteins in E. coli: Flag protein expression systems (Sigma-Aldrich) using vectors
pFLAG-MAC (Flag tag, N terminal) and pFLAG-CTC (Flag tag, C terminal)
and QIAexpress (QIAGEN, Germany) using vector pQE2 (His tag, N terminal).

DNA oligonucleotides used in vector construction are listed in Table 1. The
1.1-kb nysDII and 1-kb nysDIII gene coding fragments were amplified by PCR,
introducing appropriate digestion sites for cloning into the respective expression
vectors. PCR amplification of nysDII and nysDIII for cloning into Flag tag
expression vectors was performed with the oligonucleotides Mac.DII.Fwd and
Mac.DII.Rew; PCR amplification of nysDII and nysDIII for cloning into the His
tag expression vectors was performed with the oligonucleotides DII.fwd.pqe2,
DII.rew.pqe2, DIII.fwd.pqe2, and DIII.rew.pqe2. The resulting constructs were
named DII-Mac, DIII-CTC, and DII- and DIII-pQE2.

DNA sequencing. All constructs for gene replacement, complementation, and
heterologous expression were verified by DNA sequencing. In addition, the
absence of unwanted mutations in the deletion mutants was verified by PCR
amplification of chromosomal DNA fragments, cloning, and sequencing.

Preparative LC-MS purification of nystatinolides. Samples for purification of
nystatinolides were made from methanol extracts of the whole-cell cultures. The
extracts were dried under vacuum and dissolved in DMSO. Purification of the
nystatinolides from the resulting DMSO stock was performed on an Agilent
Prep-C18 LC column (50 by 250 mm, 10-�m particles) run at an ambient tem-
perature and a flow of 85 ml/min. The mobile phase was 41% acetonitrile in 10
mM ammonium acetate, pH 4.0, and the hardware was an Agilent 1100 prepar-
ative HPLC system equipped with an active splitter and an Agilent single qua-
drupole mass selective detector. The LC fractions containing the nystatinolides

were subsequently reduced under vacuum to remove the organic solvent; there-
after, the precipitated polyene was washed with distilled water and freeze-dried.

Bioassay for antifungal activity. The test organism used for polyene macrolide
bioactivity assays was Candida albicans ATCC 10231, grown in a total volume of
100 �l with standard M19 medium without NaCl (including an inoculum of 1,000
CFU per well and the antibiotics). Stock solutions of the polyene macrolides (5
mg/ml in DMSO) were diluted to different concentrations in the M19 medium.
The DMSO concentration was adjusted to 2% in all cultures independently of
the antibiotic concentration. The test organism cultures with and without anti-
biotics were then incubated in 96-well microtiter plates at 34°C without shaking
in the robot TECAN Genesis RSP 200, and after 6, 8, 10, 12, 14, 16 and 18 h,
growth was measured as the OD660. The data were plotted against the antibiotic
concentration, and the MICs resulting in the MIC50 were estimated from the
regression curves.

In vitro measurement of hemolytic activity. Hemolytic assay for the polyene
macrolides was performed by monitoring the ability of the macrolides to cause
lysis of erythrocytes in defibrinated horse blood under buffered conditions, es-
sentially as described previously by Seco et al. (26). From stock solutions of the
purified polyenes (5 mg/ml in DMSO), samples (0.1 ml) with different polyene
macrolide concentrations (10 to 500 �g/ml in DMSO) were prepared. The
diluted samples were mixed with 0.9 ml horse blood-phosphate-buffered saline
(PBS), which is PBS buffer containing 2.5% defibrinated horse blood (Statens
Serum Institut, Copenhagen, Denmark [www.ssi.dk]), and incubated in a water
bath at 37°C. Samples were collected at different time points (30 and 60 min),
centrifuged at 5,000 rpm for 5 min, and the OD545 was measured. One hundred
percent hemolysis was defined as the OD545 value obtained from a suspension of
2.5% horse blood in distilled water, and 0.9 ml horse blood-PBS with the addi-
tion of 0.1 ml DMSO was used as a “blank.” Each experiment was performed in
three parallels, and samples containing nystatin were used as standards.

Recombinant protein detection and purification. (i) Flag tag system. Pre- and
postinduction samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting by using the Anti-Flag
M2 monoclonal antibody (Sigma-Aldrich). Purification was performed according
to the protocol for Flag protein expression systems by using Anti-Flag M2
Affinity gel, 0.1 M glycine-HCl (pH 3.5), and Tris-buffered saline. In the final
purification step, the bound Flag fusion protein was eluted into vials containing
50 �l Tris-HCl (1 M, pH 8.0).

(ii) His tag system. Pre- and postinduction samples were analyzed by SDS-
PAGE and Western blotting using the Penta-His monoclonal antibody
(QIAGEN, Germany). Purification was performed according to the protocol of

TABLE 1. Oligonucleotides used for construction of inactivation mutants, complementation plasmids, vectors for heterologous protein
expression, and DNA sequencing

Oligonucleotide Sequencea Restriction site

For construction of mutants and
complementation plasmids

DI.U.F 5�-ctcgCTGCAGATAACTGACGAACAGG-3� PstI
DI.U.R 5�-gatcGAATTCGACGAAGTCGGGGGTGACG-3� EcoRI
DI.D.F 5�-ctaAAGCTTCACTGGTGGACACCGTAG-3� HindIII
DI.D.R 5�-ggacCTGCAGCTCGACCAACCCTCCTTCAC-3� PstI
DII.U.F 5�-gaacCTGCAGCACATAGTCGAGCTCGC-3� PstI
DII.U.R 5�-gatcAAGCTTCTGGCGCCGACGAAGAC-3� HindIII
DII.D.F 5�-cagcGAATTCAGGACGAGCTGTTCGGC-3� EcoRI
DII.D.R 5�-ctacCTGCAGTTCTACGGAGTGGCATG-3� PstI
Hy.DI.Fwd.2 5�-catcGCATGCCGGCGGCCCGCCACATTC-3� SphI
Hy.DI.Rew 5�-cgtgAAGCTTGTCAGTCGGTTGCCAGG-3� HindIII
DII.F.comp.Sph 5�-catgGCATGCGGCAACCGACTGACCGAG-3� SphI

For construction of protein
expression vectors

Mac.DII.Fwd 5�-catAAGCTTATGTCCTTTACGTATCCGG-3� HindIII
Mac.DII.Rew 5�-gtaGGTACCCATGCCACTCCGTAGAAC-3� KpnI
CTC.DIII.Fwd 5�-catAAGCTTATGTCCAAACGAGCGCTG-3� HindIII
CTC.DIII.Rew 5�-gatcAGATCTTGTACCAGTTGGCGGCGAGCAGC-3� BglII
DII.fwd.pqe2 5�-gatcCATATGTCCTTTACGTATCCGGTG-3� NdeI
DII.rew.pqe2 5�-gatcAAGCTTATGCCACTCCGTAGAACG-3� HindIII
DIII.fwd.pqe2 5�-gatcCATATGTCCAAACGAGCGCTGATC-3� NdeI
DIII.rew.pqe2 5�-gatcAAGCTTACCAGTTGGCGGCGAGCAG-3� HindIII

a Restriction enzyme sites are underlined.
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QIAexpress, under native conditions with washing and denaturation solution
containing 10 mM HEPES. In a final purification step, the imidazole was re-
moved by dialysis by using buffer containing 20 mM HEPES and 1% glycerol.

SDS-PAGE and Western blotting were performed as described previously
(25). Anti-Flag M2 (1 �g/ml) and Penta-His (0.2 �g/ml) antibodies were used for
detecting Flag- and His-tagged recombinant proteins.

Enzymatic assays for NysDIII (GDP-D-mannose-4,6-dehydratase) and NysDII
(aminotransferase). The GDP-D-mannose-dehydratase activity was assayed with
a procedure similar to that of Markovitz (21). The assay mixture contained 0.25
M KH2PO4, 0.25 M Na2HPO4 (final pH 7.5), 4 mM dithiothreitol, 12 mM
EDTA, 1.3 mM GDP-D-mannose, and different amounts of purified NysDIII (1
to 10 �l) expressed from Flag-CTC (ca 0.06 to 0.6 �g) and pQE2 (ca. 0.17 to 1.7
�g) in a total volume of 75 �l. The reaction was performed at 37°C for 30 min,
followed by heat denaturation; 700 �l 0.1 M NaOH was added, and the mixture
was incubated for 20 min at 37°C. The absorption was measured at 318 nm (due
to the formation of enolate anion of GDP-4-keto-6-D-mannose) by using the
assay mixture without heat-denatured enzyme as a “blank.” A coupled assay was
performed for both purified NysDIII (expressed from Flag-CTC and pQE2) and
NysDII (expressed from Flag-MAC and pQE2) by adding 50 �M pyridoxal
5-phosphate, 4 mM sodium-L-glutamate to the assay mixture described above
and NysDIII and NysDII in different amounts (NysDIII as above and 0.1 to 1.0
�g Flag tag expressed and 0.02 to 0.2 �g His-tag-expressed NysDII). The reac-
tion was performed at 37°C for 30 min. For the HPLC analysis, the samples were
boiled for 1 min and the proteins were precipitated by centrifugation.

HPLC analysis of NysDIII and NysDII enzyme activity. GDP-D-mannose and
GDP-4-keto-6-deoxy-D-mannose were analyzed by HPLC and detected by UV
spectrophotometry in the wavelength range of 190 to 500 nm. A reversed-phase
column, Waters Nova-Pak C18 (2.1 by 150 mm), was used as stationary phase.
Thirty millimolars of phosphate buffer, pH 6.0, containing 5 mM tetrabutylam-
monium hydrogensulfate and 2% acetonitrile was used as a mobile phase at 0.3
ml/min (1). The analysis was performed on an Agilent 1100 HPLC system.

RESULTS

Heterologously expressed NysDIII protein exhibits GDP-D-
mannose 4,6-dehydratase activity in vitro. In order to confirm
the proposed GDP-D-mannose 4,6-dehydratase function of
NysDIII, the protein was expressed in E. coli by using the
vectors DIII-pQE2 (His tag, N terminal) and DIII-CTC (Flag
tag, C terminal) (Fig. 2A) as described in Materials and Meth-
ods. NysDIII expressed from both vectors was shown to be
soluble and was purified successfully for enzymatic assays. The
activity of purified NysDIII expressed with both His and Flag
tags was monitored spectroscopically by absorption at 318 nm
(see Materials and Methods for details) in order to detect the
enolate anion of GDP-4-keto-6-D-mannose (23). The activity
of the Flag-tagged enzyme was measured to be ca 0.18
�A � min�1 � �g�1 protein and that for the His-tagged enzyme
was ca 0.005 �A � min�1 � �g�1 protein. The reaction products
in the conversion of GDP-mannose to GDP-4-keto-6-deoxy-D-
mannose by NysDIII were detected by HPLC for Flag-CTC
(C-terminal-located Flag peptide) expressed protein (Fig. 2B).

In an attempt to confirm the proposed aminotransferase
function of NysDII, the protein was expressed using vectors
DII-pQE2 and DII-MAC as described in Materials and Meth-
ods. NysDII recombinant proteins expressed from both vectors
were shown to be soluble. The recombinant proteins were
purified and used in coupled enzyme assays, together with
recombinant NysDIII (see Materials and Methods). However,
the expected reaction product (GDP-mycosamine) in this cou-
pled reaction with NysDIII could not be detected by HPLC
analysis using either Flag- or His-tagged NysDII. There might
be several reasons behind this negative result: inactivation of
NysDII by the tag, suboptimal assay conditions, or the require-

ment of isomerization to supply NysDII with its proposed
substrate GDP-3-keto-6-deoxy-D-mannose.

Inactivation of nysDI and nysDII genes in S. noursei leads to
the production of nystatinolides. To confirm the roles of NysDII
and NysDI in mycosamine biosynthesis, the in-frame deletion
mutants of the corresponding genes were constructed by dou-
ble homologous recombination in S. noursei. Several attempts
(using ca 1.5-kb flanking regions for the gene replacement used
routinely for such purposes in S. noursei) were made for the
construction of such mutants without success (6, 28). By ex-
tending the flanking regions to about 2.2 kb, both in-frame

FIG. 2. (A) Western blot demonstrating the expression of NysDIII
(38 kDa) expressed in Flag-CTC vector and NysDII (37 kDa) ex-
pressed in Flag-MAC vector (anti-Flag). Lane 1, NysDIII expressed in
DIII-CTC; lane 2, NysDII expressed in DII-MAC; lane 3, molecular
mass marker. (B) HPLC chromatograms confirming the GDP-D-man-
nose 4,6-dehydratase activity of NysDIII. The top panel shows the
substrate GDP-mannose. The bottom panel shows the conversion of
GDP-mannose to GDP-4-keto-6-deoxy-D-mannose after incubation
with recombinant NysDIII.
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deletion mutants were constructed successfully. The deletions
within nysDII and nysDI genes in the corresponding mutants,
designated NDD2 and NDD1, respectively, were confirmed by
Southern blot analysis (data not shown). The deletion in the
nysDI gene eliminated the central region of the gene, thereby
removing 413 out of 506 amino acids from the NysDI protein.
In the case of nysDII, the deletion also affected the central part
of the gene, removing 327 out of 352 amino acids from the
NysDII protein. The chromosomal DNA regions flanking the
deletions in both mutants were PCR amplified and sequenced
in order to verify that no unexpected mutations were intro-
duced during the gene replacement procedure (data not
shown).

To analyze polyene macrolide production by the NDD2 and
NDD1 mutants, the strains were incubated for 5 days in 0.5�
SAO-23 medium and culture extracts were analyzed for the

presence of nystatin-related polyene macrolides by using LC-
MS-TOF. Several independent clones for each mutant were
used in this analysis.

Based on UV spectra and molecular masses, the NDD1
mutant was shown to produce the major polyenes nystatinolide
at a level of 28% (�2%) and 10-deoxynystatinolide at 63%
(�4%) relative to the level of wild-type nystatin production. In
addition, the mutant produced nystatin at a level of 1.2%
(�0.2%) relative to the level of nystatin produced in the wild
type and 10-deoxynystatin was produced in trace amounts (Ta-
ble 2; Fig. 3).

The NDD2 mutant was shown to produce, based on UV
spectra and molecular masses, both nystatinolide and 10-de-
oxynystatinolide in very small amounts. The production levels
were 0.31% (�0.15) for nystatinolide and 0.09% (�0.04) for
10-deoxynystatinolide relative to the wild-type nystatin produc-

TABLE 2. Nystatin and its analogues produced in S. noursei wild type, NDD1, NDD1 C, NDD2, and NDD2 Ca

S. noursei strain
% Production for antibioticb

Nystatin Nystatinolide 10-Deoxynystatinolide 10-Deoxynystatin

Wild type 100 � 12 1.0 � 0.3 4.0 � 0.5 2.2 � 0.5
NDD1 1.2 � 0.2 28 � 2 63 � 4 	0.05
NDD1 C 55 � 5 10 � 3 27 � 8 1.7 � 0.3
NDD2 0.05 � 0.02 0.31 � 0.15 0.09 � 0.04
NDD2 C 0.26 � 0.12 0.03 � 0.01

a NDD1 C is NDD1 complemented with nysDI (pSOK804-ErmDI.2), and NDD2 C is NDD2 complemented with nysDII (pSOK804-ErmDII).
b The production levels are given in the percentage relative to nystatin production in the wild type (1.5 g/liter is set to 100%) and are average numbers from at least

three parallels. The Mw was 926 for nystatin, 780 for nystatinolide, 764 for 10-deoxynystatinolide, and 910 for 10-deoxynystatin.

FIG. 3. HPLC-diode array detector-MS analysis of nystatin and its analogue production in S. noursei wild type (top), NDD1 (middle), and
NDD1 complemented with nysDI (bottom). Nystatin, Mw 925.50; nystatinolide, Mw 780.43; 10-deoxynystatinolide, Mw 764.43; and 10-deoxynystatin,
Mw 909.50.
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tion levels (Table 2). The production of nystatin was also
detected in the NDD2 mutants at a level of 0.05% (� 0.02). In
addition, low but significant amounts of tetraenes with molec-
ular masses corresponding to the noncarboxylated nystatin an-
alogues were detected in the NDD2 mutant. The determina-
tion of accurate mass by using LC-MS-TOF strongly suggested
that these tetratenes were represented by 16-decarboxy-16-
methylnystatin and 16-decarboxy-16-methylnystatinolide with
a mycarose moiety at C-35, which have been described previ-
ously (8). These analogues were not found in the comple-
mented mutant NDD2 C (see below).

nysDI and nysDII genes expressed in trans can complement
the respective mutants. Next, the NDD1 and NDD2 mutants
were complemented with the respective genes cloned under con-
trol of the ermE*p promoter (9) into a pSOK804 vector
(pSOK804-ErmDI, pSOK804-ErmDI.2, and pSOK804-ErmDII)
that integrates site specifically into the genome of S. noursei
(28). As we were not certain about the location of the start
codon for the nysDI gene, two alternative complementation
constructs were made (see Materials and Methods). Eight to
10 clones for each complemented mutant were then analyzed
for the production of polyene macrolides in parallel with the
parent and wild-type strains.

Complementation of the NDD1 mutant with the construct
pSOK804-ErmDI did not have any effect on metabolite profile,
while complementation with pSOK804-ErmDI.2 led to a res-
toration of nystatin production to a level of 55% (�5) relative
to that of the wild type (Table 2; Fig. 3). Simultaneously,
complemented NDD1 mutant produced nystatinolide at a level
of 10% (�3), 10-deoxynystatinolide at 27% (�8), and 10-
deoxynystatin at 1.7% (�0.3) relative to the levels produced by
the wild type. These results support the proposed function of
NysDI as a glycosyltransferase attaching mycosamine to the
nystatin aglycone and also confirm the correct translation start
of the nysDI gene located 43 codons upstream of the start
proposed originally (7).

Complementation of the NDD2 mutant with the construct
pSOK804-ErmDII led to a restoration of nystatin production
to only 0.26% (�0.12) of the wild-type level. Simultaneously,
the level of nystatinolide was reduced to 0.03% (�0.01). Al-
though the amount of nystatin produced was still low, the
complementation clearly increased the nystatin yield, thus con-
firming the proposed involvement of NysDII in mycosamine
biosynthesis. Neither 16-decarboxy-16-methylnystatin nor 16-
decarboxy-16-methylnystatinolide with a mycarose moiety at
C-35 was identified in the extracts of the complemented nysDII
mutant (see Discussion).

Nystatinolides show some residual antifungal activity, but
no hemolytic activity. To test whether the mycosamine group is
significant for the antifungal activity of nystatin, nystatinolide
and 10-deoxynystatinolide were purified from the NDD1 mu-
tant and their MIC50 values were determined by using C.
albicans as a test organism. The MIC50 for nystatinolide was 60
�g/ml, that for 10-deoxynystatinolide was 20 �g/ml, and the
MIC50 value for nystatin was 1.2 �g/ml in the same experiment.
These results clearly demonstrate the significance of the mycos-
amine moiety for the antifungal activity of nystatin.

In order to test the in vitro toxicity of the nystatinolides, we
carried out determinations of their hemolytic activity in com-
parison with that of nystatin (see Materials and Methods). The

results of these experiments showed that hemolytic activities of
both nystatinolide and 10-deoxynystatinolide were more than
90% lower compared to that of nystatin (data not shown).
These results demonstrate that the mycosamine sugar moiety
contributes significantly to the hemolytic activity of antibiotic
nystatin in vitro.

DISCUSSION

Sugar moieties are crucial for the biological activity of many
antibiotics, and an understanding of their biosynthesis and
attachment may open new possibilities for combinatorial bio-
synthesis (31). The majority of polyene macrolide antibiotics
contain one single deoxyaminosugar, mycosamine, which so far
has not been found in any other natural products (2). For the
polyene macrolide antibiotic nystatin, mycosamine has been
presumed, but until now not proven experimentally, to be
important for its antifungal activity. Thereby, mycosamine is
potentially an interesting moiety of the nystatin that can be
modified or substituted using genetic engineering, leading to
the production of novel nystatin analogues. From the sug-
gested mycosamine biosynthetic route (7) and organization of
the polyene macrolide biosynthetic gene clusters, it was sug-
gested that the enzymes appearing early in the pathway are
most likely to be recruited from the primary metabolism, i.e.,
from the pathway responsible for the biosynthesis of lipopoly-
saccharides. This in turn suggests that the three genes identi-
fied within the nystatin cluster must play a pivotal role in
mycosamine formation, performing the final steps in GDP-
mycosamine biosynthesis and its attachment to the nystatin
aglycone. The homologue of the nysDIII gene in the ampho-
tericin biosynthetic gene cluster of S. nodosus, amphDIII, has
been deleted, resulting in the production of amphoteronolides
and therefore demonstrating its requirement for mycosamine
biosynthesis (9). In this study, we investigated the function of
nysDIII through recombinant expression and enzymatic assays,
which confirmed its function as GDP-D-mannose 4,6-dehy-
dratase. Our coupled NysDII-NysDIII enzyme assay failed to
confirm the proposed aminotransferase activity of NysDII, pre-
sumably due to suboptimal assay conditions or negative influ-
ence of the tag on the activity of the recombinant protein.
Importantly, however, we managed to express soluble recom-
binant proteins involved in mycosamine biosynthesis, which
can potentially be used in the future for in vitro synthesis of
deoxyaminosugars.

The nysDII and nysDI genes were investigated through gene
inactivation, complementation, and phenotypic analysis of the
resulting recombinant strains. The nysDI mutants produced
nystatinolide and 10-deoxynystatinolide in significantly higher
amounts than did the wild-type strain as well as trace amounts
of nystatin. The latter is surprising, considering that the nysDI
gene was deleted from the chromosome, and can be explained
only by the existence of an alternative glycosyltransferase ca-
pable of attaching mycosamine to nystatinolide with low effi-
ciency. By reintroduction (complementation) of the nysDI
gene in the mutant, the nystatin biosynthesis was restored to
a level of ca. 55% compared to that of the wild-type strain,
unequivocally confirming the involvement of this gene in
mycosamine attachment.

Inactivation of the nysDII gene yielded a mutant producing
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nystatinolide at a very low yield, and the reason for the latter
remains unclear. We PCR amplified and sequenced the region
surrounding the deletion in the nysDII mutant and could not
identify any mutation that might have affected other nystatin
biosynthetic genes. Still, complementation of this mutant with
nysDII resulted in increased nystatin production, with a con-
comitant decrease in production of nystatinolide, thus confirm-
ing the role of nysDII in mycosamine biosynthesis. From the
suggested function of NysDII (Fig. 1), the inactivation of its
gene could lead to the production of nystatin with deaminated
sugar attached. This was the case when the homologous
amphDII gene was deleted in Streptomyces nodosus, resulting
in the attachment of a neutral deoxyhexose to amphotericin
aglycone (12). In S. noursei, however, the situation was differ-
ent, as the nysDII mutant produced nystatinolide as the major
product. Based on these results, we suggest that the NysDI
glycosyltransferase has a strong preference for GDP-mycos-
amine as a substrate, while its counterpart in S. nodosus, Am-
phDI, has some sugar substrate flexibility. The amphotericin
analogue with deoxyhexose displayed low antifungal activity,
but in this strain, the P450 monooxygenase amphN gene was
deleted as well, resulting in the replacement of the exocyclic
carboxyl group with a methyl group (12). Both the amino sugar
and the exocyclic carboxy group are supposed to be important
for channel formation by the antibiotic molecules and thereby
for antifungal activity (14).

In addition to nystatinolide, we observed the production of
putative 16-decarboxy-16-methylnystatin and 16-decarboxy-16-
methylnystatinolide with a mycarose moiety on C-35 in trace
amounts by the nysDII mutant. Considering the very low pro-
duction level for nystatinolides in NDD2, these results were
rather surprising, as the NysDII was presumed to be an amino-
transferase involved in mycosamine biosynthesis and its ab-
sence will not affect other post-polyketide synthase modifica-
tions, such as oxidation of the C-16 methyl group. Chen et al.
detected noncarboxylated analogues of the polyene macrolide
FR-008 (candicidin) in Streptomyces sp. strain FR-008 mutants
deficient in either the mycosamynil transferase FscMI or the
putative aminotransferase FscMII, the homologues of NysDI
and NysDII, respectively (13). The authors suggested that the
nonglycosylated analogues may inhibit an enzyme responsible
for the oxidation of the exocyclic methyl group. This is probably
not the case for S. noursei, since noncarboxylated nystatinolides
could no longer be detected upon complementation of the nysDII
mutant. Currently, we do not have enough data to suggest a
plausible explanation for this phenomenon.

Finally, in order to confirm the importance of the mycos-
amine moiety for antifungal activity of nystatin, we measured
MIC50 values for both nystatinolide and 10-deoxynystatinolide
by using C. albicans as a test organism. Apparently, the anti-
fungal activity of both nystatinolides was reduced significantly
compared to that of nystatin, confirming the importance of
mycosamine for biological activity. Interestingly, the antifungal
activity of 10-deoxynystatinolide was higher than that of
nystatinolide, suggesting that the mechanism behind antifungal
activity of nystatin aglycones might differ from that of nystatin.
The fact that both nystatin aglycones displayed greatly reduced
hemolytic activity compared to nystatin suggests that these
molecules fail to form stable channels in the eukaryotic cell
membranes. The latter is probably due to the lack of efficient

interaction between the polyene antibiotic molecules, which is
suggested to be ensured through the formation of hydrogen
bonds between carboxy and amino groups of the neighboring
molecules (4).
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