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Polyene macrolide antibiotics, including nystatin and amphotericin B, possess fungicidal activity and are
being used as antifungal agents to treat both superficial and invasive fungal infections. Due to their toxicity,
however, their clinical applications are relatively limited, and new-generation polyene macrolides with an
improved therapeutic index are highly desirable. We subjected the polyol region of the heptaene nystatin
analogue S44HP to biosynthetic engineering designed to remove and introduce hydroxyl groups in the C-9–
C-10 region. This modification strategy involved inactivation of the P450 monooxygenase NysL and the
dehydratase domain in module 15 (DH15) of the nystatin polyketide synthase. Subsequently, these modifica-
tions were combined with replacement of the exocyclic C-16 carboxyl with the methyl group through inacti-
vation of the P450 monooxygenase NysN. Four new polyene macrolides with up to three chemical modifications
were generated, produced at relatively high yields (up to 0.51 g/liter), purified, structurally characterized, and
subjected to in vitro assays for antifungal and hemolytic activities. Introduction of a C-9 hydroxyl by DH15
inactivation also blocked NysL-catalyzed C-10 hydroxylation, and these modifications caused a drastic de-
crease in both antifungal and hemolytic activities of the resulting analogues. In contrast, single removal of the
C-10 hydroxyl group by NysL inactivation had only a marginal effect on these activities. Results from the
extended antifungal assays strongly suggested that the 9-hydroxy-10-deoxy S44HP analogues became fungi-
static rather than fungicidal antibiotics.

Polyene macrolides are important antifungal agents that
impose a fast fungicidal effect and have a broad spectrum of
activity and a very low tendency of resistance development
among fungal pathogens. Their disadvantage, however, is
relatively high toxicity, especially toward kidney cells that
are especially vulnerable to the hemolytic action of polyene
macrolides (2, 24). The latter is related to the mode of
action of these antibiotics, which is manifested through the
binding of antibiotic molecules to the sterols in eukaryotic
membranes (ergosterol in fungal and cholesterol in mam-
malian). This binding, apparently mediated through conju-
gated double bonds on the polyene macrolide molecules,
eventually leads to the formation of hydrophilic channels
(from several antibiotic molecules) lined up on the inside by
the hydroxy groups located opposite conjugated double
bonds (3, 14, 18). Leakage of ions through these channels is
assumed to be responsible for the fungicidal action of poly-
ene macrolides, and some affinity of polyene macrolides to
cholesterol is responsible for a similar action on the mam-
malian cells, manifested by hemolytic activity.

Nystatin is a polyene macrolide antibiotic produced by Strep-
tomyces noursei ATCC 11455 and used in human therapy for
treatment of topical fungal infections. Structurally, nystatin is
very similar to amphotericin B (AmB), the only polyene mac-
rolide currently approved for treatment of invasive mycoses in
humans. AmB has seven conjugated double bonds in its poly-
ene region, while nystatin has four. This difference accounts for
the considerably higher antifungal activity of AmB, presumably
due to a more efficient hydrophobic interaction with mem-
brane sterols. Numerous attempts to generate less-toxic chem-
ical analogues of AmB have been reported (2). Recently, these
have been complemented by a series of genetically engineered
amphotericin analogues, some of which showed considerably
reduced in vitro toxicity (11, 12, 20, 22). We have previously
constructed an S. noursei mutant, GG5073SP, producing hep-
taenic nystatin analogue S44HP (4), which displayed consider-
ably improved antifungal activity but also increased hemolytic
activity compared to that of nystatin (7). Inactivation of P450
monooxygenase gene nysN on the GG5073SP genetic back-
ground yielded a mutant strain producing nystatin analogue
BSG005 (16-decarboxy-16-methyl-28,29-didehydronystatin). This
compound displayed antifungal activity higher than that of
S44HP, while its hemolytic activity was somewhat reduced (7).

In this work we report further biosynthetic engineering of
nystatin analogues specifically aimed at modification of the
polyol region. Theoretically, and according to the current
model of the hydrophilic channel created by polyene macro-
lides in the fungal membrane, the absence or presence of the
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hydroxy groups facing the inside of the channel should influ-
ence its conductivity for ions and thus antifungal and hemolytic
activities. Using genetic engineering, we obtained four new
nystatin analogues with added or/and removed hydroxy groups
in the polyol region. These modifications were also combined
with the replacement of an exocyclic carboxyl with a methyl
group. Evaluation of these analogues in terms of antifungal
and hemolytic activities provided new insights into the struc-
ture-activity relationship of polyene macrolides.

MATERIALS AND METHODS

Microbial strains and plasmids, growth conditions, and DNA manipulations.
Microbial strains and plasmids used in this study are listed in Table 1. Escherichia
coli strains were cultivated in LB medium, supplemented with chloramphenicol
(20 �g/ml), apramycin (50 �g/ml), and kanamycin (50 �g/ml) as appropriate.
Gene replacements were performed by conjugations to S. noursei strains, and
selection of double homologous recombination was performed as described
previously (21). Standard DNA techniques, including PCR, Southern hybridiza-
tions, site-directed mutagenesis, and DNA sequencing were performed essen-
tially as described previously (7).

Construction of S. noursei mutant strains. (i) BSM11. Several attempts to
introduce the nysL mutation, by using the nysL deletion plasmid pNLD1, into the
S. noursei mutant GG5073SP by double homologous recombination failed for
unknown reasons. Therefore, we used previously constructed S. noursei nysL
mutant strain NLD101 (23) as a genetic background for the introduction by
double homologous recombination of the enoyl reductase 5 (ER5) mutation by
the use of plasmid pSOKER5mutGG121SP (4). The resulting strain, designated
BSM11, is an nysL ER5 double mutant.

(ii) BSM12. S. noursei mutant strain BSM1 (7) was used as the genetic back-
ground for the introduction of an nysL mutation. Due to the close proximity of
the nysL and nysN genes on the S. noursei chromosome (5), a modified version
of the nysL inactivation plasmid pNLD1 (23) was constructed to avoid reversion
of the chromosomal nysN mutation in this strain. More specifically, the muta-
genic oligonucleotides CL346AS-F and CL346AS-R were used to introduce the

CL346AS mutation in the NysN active site coding region of pLND1 by using
site-directed mutagenesis as described elsewhere (7). The resulting modified
vector pNLD2 was introduced into BSM1 by double homologous recombination,
yielding a recombinant strain, BSM12, with the ER5 nysL nysN mutations.

(iii) BSM13. ER5 inactivation vector pSOKER5mutGG121SP was introduced
to S. noursei mutant strain NJDH15 (7) by double homologous recombination.
The resulting strain was designated BSM13 and is an ER5 DH15 double mutant.

(iv) BSM14. The previously constructed nysN inactivation vector pKOnysN-
CL346AS (7) was introduced to S. noursei mutant strain BSM13, described
above, by double homologous recombination. The resulting strain is an ER5
DH15 nysN triple mutant and was designated BSM14.

(v) BSM14_NG7. The nystatin-overproducing classical S. noursei mutant NG7
(16) was used here as an alternative host to improve production levels of nystatin
analogues generated by genetic engineering. Initially ER5 inactivation plasmid
pSOKER5mutGG121SP was introduced to NG7 by double homologous recom-
bination, yielding strain NG7-ER5. Next, NG7-ER5 was used as a host for the
introduction of nysN inactivation plasmid pKOnysN-CL346AS by double homol-
ogous recombination, resulting in strain NG7-ER5-NysN. Finally, strain NG7-
ER5-NysN was used as a host for introducing nysL deletion plasmid pNLD2 (see
above) by double homologous recombination. The resulting ER5 nysN nysL
triple mutant strain was designated BSM14_NG7.

All the constructed S. noursei strains were verified by Southern analysis and
PCR-assisted DNA sequencing to confirm the expected chromosomal mutations.
Thereafter, the strains were complemented with nysA (except for BSM14_NG7)
to restore polyene production as described previously (6).

Production, purification, and analysis of polyenes. The production of polyene
analogues and analysis of the products were performed essentially as described
elsewhere (4, 7). Cultivations of recombinant S. noursei strains were performed
in fed-batch fermentation with 2� SAO-50 medium. The production yield (av-
erage of a minimum of seven independent productions for BSM11, BSM12,
BSM13, and BSM14_NG7 and two independent productions for NG7-ER5 and
NG7-ER5-NysN) and purity of the engineered polyenes were determined by
liquid chromatography-diode array detector-mass spectrometry (LC-DAD-MS)
using the AMB standard (USP) as a reference, assuming that molar extinction
coefficients in the spectral regions of interest (386 nm) were unaltered. Materials
used in the in vitro bioassays were purified by organic extraction, fractionated
precipitation of the active principle, and repeated extractions of impurities with

TABLE 1. Microbial strains and plasmids used in this study

Strain or plasmid Relevant genotypea Source or reference

Fungus strain
Candida albicans ATCC 10231 Indicator fungi, nystatin sensitive ATCC

Bacterial strains
E. coli XL1 blue General cloning host New England Biolabs
E. coli ET12567 (pUZ8002) Strain for intergenic conjugation; Kmr, Cmr 17
S. noursei ATCC 11455 Wild type, nystatin producer ATCC
S. noursei NG7 Mutant (nitrosoguanidine) of S. noursei ATCC 11455, nystatin

overproducer
12

S. noursei GG5073SP ER5 mutant producing nystatin analogue S44HP 4
S. noursei BSM1 ER5 nysN double mutant producing nystatin analogue BSG005 7
S. noursei NLD101 NDA59 with in-frame deletion of the nysL gene 19
S. noursei BSM11 ER5 nysL double mutant producing nystatin derivative BSG022 This work
S. noursei BSM12 ER5 nysL nysN triple mutant producing nystatin derivative BSG019 This work
S. noursei BSM13 ER5 DH15 double mutant producing nystatin derivative BSG003 This work
S. noursei BSM14 ER5 DH15 nysN triple mutant producing nystatin derivative BSG018 This work

S. noursei BSM14_NG7 Analogous to mutant BSM14 but with ER5, DH15, nysN mutations
introduced into NG7 genetic background, BSG018 overproducer

This work

Plasmids
pSOKER5mutGG121SP Plasmid for introduction of GG5073SP mutation in the ER5 coding

region, Amr
4

pNA0 Plasmid for nysA complementation, Amr 6
pKOnysNCL346ST Plasmid for nysN inactivation, Amr 7
pSH15-123 Plasmid for DH15 inactivation, Amr 7
pNLD1 nysL replacement vector 19
pNLD2 pNLD1 with CL346AS mutation in nysN coding region This work

a Kmr, kanamycin resistance; Cmr, chloramphenicol resistance; Amr, apramycin resistance.
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nonpolar solvents. Materials used in the nuclear magnetic resonance (NMR)
analysis were obtained by LC-MS-guided high-pressure LC (HPLC) purification
as described elsewhere (7, 9). Accurate mass determination was performed by
LC-DAD-time of flight (TOF) MS as described previously (7, 9).

In vitro assays for determination of antifungal and hemolytic activities. De-
termination of in vitro antifungal activity was performed essentially as described
previously (7, 17). Indicator Candida albicans cells were grown in 96-well plates,
and cell growth was monitored in the presence of 24 different concentrations of
antibiotics. Purity of the active principle of interest was determined using LC-
DAD-MS, and the concentration was adjusted according to the purity. MIC
values after 22-h incubation of Candida albicans were determined from at least
3 parallel experiments.

In order to obtain a better understanding of the antifungal properties of the
molecules, we also performed extended antifungal assays determining MIC val-
ues for a number of different incubation times of C. albicans, ranging from 9 to
22 h. These assays also included tests for discriminating between fungistatic and
fungicidal properties. The latter was done by testing for the viability of C.
albicans cells by plating on agar medium after 20-h incubation with antibiotic
concentrations ranging from zero to up to 13� MIC (19).

For the determination of hemolytic activities, the purified antibiotics were
subjected to in vitro assays monitoring their abilities to cause lysis of defibrinated
horse blood erythrocytes, as described previously (7). Based on the obtained
data, hemolytic concentrations causing 50% hemolysis (HC50 values) were de-
termined, and the results presented are mean values from 3 independent exper-
iments.

Structure determination by NMR. NMR spectra were recorded on a Bruker
Avance 600-MHz spectrometer fitted with a TCI cryoprobe. The solvent used
was dimethyl sulfoxide (DMSO)-d6, and chemical shifts are calibrated relative to
the residual DMSO signals at 2.50 ppm for 1H and 39.51 ppm for 13C. Peak
assignments were performed with the aid of the in-phase correlation spectros-
copy (IP-COSY), rotating-frame Overhauser enhancement spectroscopy
(ROESY), heteronuclear single-quantum coherence (HSQC), heteronuclear
multiple-bond correlation (HMBC), and HSQC-total correlation spectroscopy
(TOCSY) experiments.

RESULTS AND DISCUSSION

Rearrangement of the hydroxyl groups at the C-9–C-10 re-
gion of S44HP leads to dramatic changes in antifungal and
hemolytic activities. We have previously constructed DH15
mutant strain NJDH15, producing nystatin analogue BSG002
(9-hydroxy-10-deoxynystatin), displaying a 2-fold-lower hemo-
lytic activity and a 4-fold-lower antifungal activity than nystatin
(7). It was of interest to investigate if the combination of DH15
and ER5 inactivation (the latter yielding a heptaene analogue
with significantly increased activity [4]) could generate an an-
tibiotic with overall improved MIC-versus-HC50 properties.
We have previously reported that NysL is unable to perform
the C-10 hydroxylation of BSG002, presumably due to the high
substrate specificity for the nystatin C-9-to-C-11 region (7). We
here introduced the ER5 mutation GG5073SP into the
NJDH15 mutant, and the resulting recombinant strain BSM13
was cultivated in the fed-batch fermentation. The accurate
mass of the main polyene compound in the DMSO extract of
the fermentation broth was determined by LC-DAD-TOF. As
expected, the analysis revealed the production of an analog
with a mass (m/z) corresponding to the stoichiometric formula
C47H73N1O17 in negative-mode electrospray ionization (ESI�)
(0.3-ppm difference from the theoretical mass) (see Fig. S1S in
the supplemental material). The measured accurate mass is the
same as that for S44HP, but the altered retention time during
chromatography suggested that a different compound was pro-
duced. The new molecule, designated BSG003, was suggested
to be 9-hydroxy-10-deoxy-S44HP, as shown in Fig. 1, and its
molecular structure was confirmed by NMR (see below). The

volumetric production yield of BSG003 and the purity of the
sample used in the bioassays are given in Table 2.

In vitro analyses of BSG003 (concentration of active princi-
ple adjusted according to the purity) revealed that this com-
pound displayed an about-60-fold-increased MIC value com-
pared to that of the parental molecule S44HP (Table 3).
Interestingly, very low hemolytic activity was measured for all
BSG003 concentrations tested, and the HC50 value of BSG003
was determined to be �200-fold increased compared to that of
S44HP (Table 3). These data suggested that the introduction
of a C-9 hydroxyl and the concomitant removal of the C-10
hydroxyl have a pronounced negative effect on the antifungal
activity, while reducing the hemolytic properties of S44HP
even more strongly. These results suggested that C-9 methyl-
ene, C-10 hydroxyl, or both moieties in the polyol region
strongly affect the biological properties of nystatin and its de-
rivatives.

Based on the dramatically increased HC50 value of BSG003
compared to that of S44HP, it was of interest to introduce the
analogous polyol modification into BSG005 in an attempt to
improve the already favorable MIC-versus-HC50 properties of
this nystatin analogue (7). Accordingly, the nysN inactivation
plasmid pKOnysN-CL346AS was introduced into the BSM13
mutant, and the resulting recombinant strain BSM14 was cul-
tivated in the fed-batch fermentor for polyene production.
However, due to the very poor polyene production yields in
BSM14 (data not shown), the purification and concomitant
polyene characterizations were not possible.

Therefore, we constructed an analogous ER5 DH15 NysN
mutant strain by using the nystatin-overproducing strain S.
noursei NG7 as a genetic background (12). This strategy in-
volved the successive introduction of three individual chromo-
somal mutations in the ER5, NysN, and DH15 coding regions
(see Materials and Methods), and the respective polyene pro-
duction levels were verified for each introduced mutation.
Strain NG7-ER5 produced S44HP at a substantially higher
level (ca. 7-fold) than that of the wild type-based S. noursei
GG5073SP strain (Table 2). Next, NG7-ER5 was used as a
host for the introduction of the nysN mutation. The resulting
NG7-ER-NysN mutant produced nystatin analogue BSG005 at
an about-8-times-higher volumetric yield than the BSG005
production level for the previously constructed wild-type-based
mutant BSM1 (Table 2). Finally, the NG7-ER5-NysN mutant
was used as a host for the introduction of the DH15 mutation.
The resulting triple mutant strain, designated BSM14_NG7,
was then cultivated in a fed-batch fermentor, and produced
polyene macrolides were analyzed in the DMSO extract of the
fermentation broth. The accurate mass of the main polyene
macrolide determined by LC-DAD-TOF analysis correspond-
ing to the stoichiometric formula expected for a 9-hydroxy-10-
deoxy BSG005 analogue (C47H75N1O15) was detected in the
ESI� (negative-ionization) mode (less than 0.3-ppm difference
from the theoretical mass). The presence of chlorine adducts
gave additional support to the determination of the correct
molecular weight of this heptaene compound, which was partly
fragmented during ionization, yielding fragment ions with m/z
values 18 and 36 lower than that of the parent ion. This rep-
resents losses of one and two H2O, respectively, which are
common neutral losses in the MS-ESI analyses (see Fig. S1S in
the supplemental material). The new molecule was designated
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BSG018, and its structure is shown in Fig. 1. The volumetric
production yield of BSG018 and purity of the sample used in
the bioassays are given in Table 2.

In vitro analyses of BSG018 (concentration of active princi-
ple adjusted according to the purity) demonstrated that the
MIC value for this compound was increased over 80-fold com-
pared to that of BSG005 (Table 3). Moreover, no significant
hemolytic activity could be detected with BSG018 under the

conditions tested (Table 3), indicating that the HC50 value for
this compound is dramatically increased (over 50-fold) com-
pared to that for BSG005. Together, these results were in
agreement with the data obtained for BSG003 and confirmed
that oxidation of the C-9 methylene and removal of the C-10
hydroxyl dramatically reduced both the antifungal and hemo-
lytic activities of nystatin analogues under the conditions
tested.

FIG. 1. Molecular structures of amphotericin B, nystatin A1, heptaene nystatin derivatives S44HP and BSG005, and their analogues generated
by genetic engineering. Red circles indicate chemical modifications relative to nystatin A1, and the corresponding mutations are given under the
respective molecule names.

TABLE 2. Identity, yield, and purity of the newly generated nystatin analogues

Molecule Mutant (mutation) Yield
(g/liter) Purity (%)a Reference

or source

S44HP GG5073SP (ER5) 1.28 � 0.07 95 7
S44HP NG7-ER5 (ER5) 9.1 � 0.4 ND This work
BSG005 BSM1 (ER5 nysN) 0.53 � 0.01 95 7
BSG005 NG7-ER5-NysN (ER5 nysN) 3.9 � 0.1 ND This work
10-Deoxynystatin NLD101 (nysL) 1.06 � 0.04 95 19
BSG003 BSM13 (ER5 DH15) 0.51 � 0.02 80 This work
BSG018 BSM14_NG7 (ER5 DH15 nysN) 0.24 � 0.02 74 This work
BSG019 BSM12 (ER5 nysN nysL) 0.47 � 0.03 90 This work
BSG022 BSM11 (ER5 nysL) 0.29 � 0.02 87 This work

a ND, not determined during this study.
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Removal of the C-10 hydroxyl from S44HP analogues has
marginal effects on antifungal and hemolytic activities. In or-
der to determine whether the effect on biological activity ob-
served for the BSG003 and BSG018 molecules was due to the
changes at C-9 or C-10, we decided to remove a single C-10
hydroxyl from the S44HP and BSG005 analogues. In a previ-
ous report we demonstrated that inactivation of the P450
mono-oxygenase gene nysL in S. noursei resulted in a mutant
strain, designated NLD101, which produced 10-deoxynystatin
with antifungal activity similar to that of the parental antibiotic
nystatin (23). However, the hemolytic activity of 10-deoxyny-
statin has not been tested. To explore the effect of the C-10
hydroxyl removal further, we used mutant strain NLD101 as a
genetic background for inactivation of the NysC enoyl reduc-
tase domain ER5 responsible for the appearance of the C-28–
C-29 saturated bond on the nystatin molecule (5). The result-
ing mutant strain BSM11 was cultivated in fed-batch
fermentors, and DMSO extracts of fermented broth were an-
alyzed for production of polyene macrolides. The accurate
mass of the main polyene macrolide was determined by LC-
DAD-TOF, and the measured mass (m/z) in ESI� (negative-
ionization) mode corresponded well with the expected stoichi-
ometric formula C47H73N1O16 of 10-deoxy-S44HP (1.5-ppm
difference from the theoretical mass) (see Fig. S1S in the
supplemental material). The new molecule was designated
BSG022, and its chemical structure is shown on Fig. 1. The
volumetric production yield of BSG022 and purity of the sam-
ple used in the bioassays are given in Table 2.

Next, BSG022 (concentration of active principle adjusted
according to the purity) was assayed for antifungal and hemo-
lytic activities, and the results are presented in Table 3. The
MIC value of BSG022 was similar to that of S44HP (Table 3),
indicating that the C-10 hydroxyl removal had no significant
effect on the antifungal activity, which was in agreement with
the previous report on 10-deoxynystatin (23). The HC50 value
of BSG022 was more than 2-fold reduced compared to that of
S44HP, suggesting increased toxicity to erythrocytes. Summa-
rized, these data implied that the C-10 hydroxyl group is not
critical for the antifungal activity, while removal of this group
causes a moderate increase in the hemolytic activity of S44HP
under the conditions tested.

We previously inactivated the P450 monooxygenase gene

nysN in S. noursei, leading to the production of 16-decarboxy-
16-methyl nystatin (16-DecNys) with 2-fold reduced hemolytic
activity and retained antifungal activity compared to nystatin
(7). Analogous inactivation of nysN in the GG5073SP genetic
background gave mutant strain BSM1, producing the nystatin
analogue BSG005, which, in contrast to 16-DecNys, displayed
improved antifungal and hemolytic activity compared to that of
the parental molecule S44HP (7). These data demonstrated
that the effect of single modifications may depend on the type
of polyene molecule, and we therefore proceeded to inactivate
nysL in the BSM1 mutant in order to remove the C-10 hydroxyl
from the BSG005 polyol region. The nysL and nysN genes are
clustered on the S. noursei chromosome (5). Therefore, alter-
native nysL inactivation vector pNLD2 carrying the nysN
CL346AS mutation was constructed and used to inactivate the
nysL coding region in BSM1 without reversing the chromo-
somal nysN CL346AS mutation already present in this host.
The resulting recombinant S. noursei strain, designated
BSM12, was cultivated in fed-batch fermentation as described
above, and the DMSO extract of the broth was subjected to
analysis. The accurate mass of the main polyene macrolide in
the extract was determined by LC-DAD-TOF, and the mea-
sured mass (m/z) in ESI� corresponded well with the expected
stoichiometric formula C47H75N1O14 (0.1-ppm difference from
the theoretical mass) of 10-deoxy-BSG005. The presence of
acetate adducts gave additional support to the determination
of the correct molecular weight of this heptaene compound.
The compound is partly fragmented during ionization, yielding
fragment ions with m/z values 18 lower than the parent ion.
This represents losses of one H2O, which are common neutral
losses in MS-ESI analyses (see Fig. S1S in the supplemental
material). The new molecule designated BSG019 was con-
cluded to be the expected 10-deoxy-16-decarboxy-16-methyl-
28,29-didehydronystatin (10-deoxy-BSG005 in Fig. 1). The vol-
umetric production yield of BSG019 and the purity of the
sample used in the bioassays are given in Table 2. The molec-
ular structure of BSG019 was also confirmed by NMR (see
below).

Purified BSG019 (purity above 90% of the total polyenes)
was assayed for in vitro antifungal and hemolytic activities, and
MIC and HC50 values of BSG019 were found to be similar to
those of BSG005 (Table 3).

Taken together, the in vitro data for BSG022 and BSG019
demonstrated that removal of the C-10 hydroxyl group has
marginal effects on MIC and hemolytic properties. Consider-
ing the data obtained for BSG003 and BSG018, the C-9 meth-
ylene in the polyol region of S44HP and BSG005 seems to be
important for the biological activity of these molecules either
on its own or in combination with C-10 hydroxyl.

Structure elucidation of BSG003 and BSG019 by NMR. The
molecular structures of nystatin analogues S44HP, BSG002,
and BSG005 have been determined previously by NMR (7, 9),
and in the present study analogues BSG003 and BSG019 were
chosen as representative candidates for NMR analysis. In gen-
eral, the 1H and 13C chemical shifts of both BSG003 and
BSG019 (data not shown) had a strong resemblance to those of
related polyene macrolides recorded for DMSO-d6, like AmB
(1, 8). Assignments of chemical shifts for both structures could
be established by tracking 1H-1H correlations along the mac-
rocycle interrupted only by the quaternary positions C-1 and

TABLE 3. In vitro-determined antifungal and hemolytic activities of
the genetically engineered S44HP analoguesd

Compound Mutation(s) MIC (�g/ml)a HC50 (�g/ml)b

AmB None 0.18 � 0.03 3.0 � 0.25
S44HP ER5 0.19 � 0.03 3.0 � 0.25
BSG005 ER5 NysN 0.11 � 0.03 4.0 � 0.3
BSG003 ER5 DH15 12.0 � 0.60 �600c

BSG018 ER5 NysN DH15 9.0 � 0.45 �200c

BSG022 ER5 NysL 0.20 � 0.02 1.4 � 0.15
BSG019 ER5 NysN NysL 0.12 � 0.03 4.5 � 0.3

a Tested as described in reference 7, using C. albicans as test organism and
with 22-h exposure time.

b Tested as described in reference 7, using defibrinated horse blood cells and
antibiotic concentrations ranging between 0 and 600 �g/ml.

c For BSG003, 13% hemolysis was observed at the highest concentration
tested (600 �g/ml); for BSG018, 3% hemolysis was observed at the highest
concentration tested (200 �g/ml).

d The � values represent maximum deviation from the mean.
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C-13. This was aided by HSQC and HSQC-TOCSY experiments
which also allowed the assignment of 13C shifts (see Table S1S in
the supplemental material). Signals in the central polyene region
could not be assigned due to severe overlap. For BSG019, the
remaining quaternary 13C signals could be determined from an
HMBC experiment. Due to the lower concentration of BSG003
in the NMR sample, HMBC could show couplings only to hydro-
gen nuclei on methyl groups. Additionally for BSG003, direct 13C
observation proved difficult, compelling the use of HSQC for
determining the 13C shifts. As a consequence, quaternary signals
were not detected for this compound. The recorded shifts are
compatible with the suggested structures.

The large coupling constants found for protons 15 and 17 are
indicative of axial orientations. This was further supported by a
strong nuclear Overhauser effect (NOE) transfer between these
nuclei, confirming the relative configuration of C-15–C-17. The
relative configuration of the mycosamine group could be con-
firmed from the large couplings to proton 4�, placing protons 3�,
4�, and 5� in axial orientations, while small coupling between
protons 2� and 3� and strong NOE transfer between protons 1�, 3�,
and 5� put protons 1� and 2� in axial and equatorial orientations,
respectively. In conclusion, the results of these NMR analyses
were in agreement with the corresponding LC-DAD isoplot and
MS-TOF spectra of these compounds (see Fig. S1S in the sup-
plemental material) and confirmed the chemical structures of
BSG003 and BSG019 as presented in Fig. 1.

9-Hydroxy-10-deoxy S44HP analogues display fungistatic
properties. To distinguish between the fungicidal (cell killing)
and fungistatic (growth inhibition) activities among different
analogues, the in vitro antifungal assays were extended to also
include growth measurements at several additional incubation
times (9, 11, 13, 18, and 22 h). The results obtained are sum-
marized in Fig. 2. The two analogues lacking, compared to
S44HP, the C-10 hydroxyl group (BSG022 and BSG019) dis-
played inhibition patterns similar to those of the control anti-
biotics S44HP and AmB, for which calculated MIC values did
not increase much (ca. 2-fold) with prolonged incubation.
These data indicate efficient killing of the yeast cells at all
incubation times tested. In contrast, the two analogues
BSG003 and BSG018, carrying C-9 hydroxyl and lacking C-10
hydroxyl, displayed significantly different inhibition patterns.
For these two molecules, the MIC values increased 7-fold and
12-fold, respectively, when incubation time was increased from
9 h to 22 h. These data suggested that BSG003 and BSG018
either exhibited fungistatic rather than fungicidal properties or
were highly unstable.

To investigate this further, we tested C. albicans cells for
survival after 20-h incubation, with antibiotic concentrations
ranging from zero to up to 13-fold the respective MICs as
described by Pannu et al. (19). Cultures were thereafter di-
rectly plated on solid agar medium, and viable cells were
scored for the appearance of colonies within 24 h of incuba-
tion. The results demonstrated that both AmB and S44HP
were clearly fungicidal, as no colonies were obtained with an-
tibiotic concentrations of 1 to 1.5� MIC or higher. In contrast,
in the case of BSG018, colonies appeared for all the tested
concentrations up to 8.6� MIC (Fig. 3). These data strongly
supported the assumption that the 9-hydroxy-10-deoxy ana-
logues of S44HP became fungistatic antibiotics. We could,
however, not rule out the possibility that some of the data
obtained in these experiments may be due to the low chemical
stability of BSG018 under the conditions tested. Therefore,
both the whole cultures and the supernatants from the
BSG018-exposed cultures were analyzed by LC-DAD-MS to

FIG. 2. Schematic representation of MIC values of nystatin ana-
logues obtained after different time periods of C. albicans exposure to
the antibiotics. C. albicans cells were incubated in the presence of
different antibiotic concentrations, and cell growth was monitored af-
ter 9 h and until 22 h, and the respective MIC values are given. The
data for the NysL mutant analogues (BSG022 and BSG019) and AmB
and S44HP (top) and the DH15 mutant analogues (BSG003 and
BSG018) (bottom) are presented. Different scales on the y axes are
due to considerable differences in the MIC values between these two
classes of molecules at all time points.

FIG. 3. Ratio of the minimum fungicidal concentration (MFC) to
the MICs of the polyene macrolides tested on C. albicans (MFC/MIC)
(see Materials and Methods). The MFC of each polyene macrolide was
determined from the average of the highest polyene concentration for
which colonies appeared on the agar plates and the lowest concentra-
tion for which no colonies appeared. The area below the bold line
represents an MFC/MIC ratio of �4, typical for fungicidal antibiotics
(15).
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quantify the amount of BSG018 remaining after 20-h incuba-
tion. The results obtained (see Fig. S2S in the supplemental
material) clearly demonstrated that BSG018 was present in the
cultures at concentrations significantly exceeding the MIC for
initial exposure concentrations �4� MIC. The analyses also
showed that BSG018 was present in soluble form in cell-free
supernatants of the exposed cultures for all concentrations
tested. Thus, the observed fungistatic properties of BSG018
were most likely due to the introduced C-9 and C-10 modifi-
cations and not because of the molecule’s chemical instability
in the cultures.

Structurally similar polyene macrolide amphotericin B is
known to form two types of channels in the biological mem-
branes (14). The first type, called nonaqueous channels, is
formed at low AmB concentrations, and these channels are
permeable to small nonelectrolytes and hydrated monovalent
ions (13, 15). Since these channels do not pierce the membrane
and do not allow leakage of electrolytes, their formation is
likely to be nonlethal for the fungal cell. The second type,
called aqueous pores, are formed at an increased antibiotic
concentration and span the membrane layer completely, allow-
ing leakage of electrolytes and big molecules, such as glucose
(14). Formation of the latter channels would definitely have a
very significant effect on fungal cell viability, hence making
AmB fungicidal. The structure of the polyene macrolide mol-
ecule might have a drastic effect on the mechanism of channel
formation, which is currently envisaged as horizontal position-
ing of antibiotic monomers at the membrane-water interface
followed by membrane penetration (14). The latter step, how-
ever, is difficult to imagine without a conformational change in
the polyene macrolide molecule allowing a temporary kink in
the ring structure, facilitating membrane penetration. Such a
kink is possible for the polyene macrolides with at least one
CH2-CH2 moiety, allowing some degree or rotation around
this bond in the polyol region. Such moieties are indeed pres-
ent in the polyol regions of AmB (C-6 and C-7) and some
nystatin analogues, including S44HP and BSG005 (C-8 and
C-9). However, replacement of one of the hydrogens in C-9
methylene with a hydroxyl group, such as in BSG003 and
BSG018, significantly changes the polyol environment. The
KR15 domain in NysJ is of the B type, and according to Caffrey
(10), inactivation of DH15 shall lead to the appearance of a
C-9 alcohol in a configuration identical to those of other hy-
droxyl groups in the polyol region, i.e., above the ring plane.
From this point of view, the repositioning of a hydroxyl group
from C-10 to C-9, as it happens in BSG003 and BSG018, brings
it into the proximity of the neighboring hydroxyls at C-7 and
C-11. Such a repositioning creates a perfect lineup of the
hydroxyl groups in the polyol region, which is favorable for
hydrogen bond formation and, consequently, an increase in the
rigidity of the macrolactone ring. Since the rotation around
the C-8–C-9 bond becomes more restricted, the kinking of the
BSG003 and BSG018 molecules necessary for the membrane
penetration becomes problematic. Possibly, due to such a con-
formational constraint, these antibiotics can form only non-
aqueous channels, which would have a fungistatic, but not a
fungicidal, effect on fungal cells.

Conclusions. Four new heptaene nystatin analogues with
alterations in the C-9–C-10 portion of the polyol region and
C-16 exocyclic carboxyl group were generated via biosynthetic

engineering of S. noursei. Biological testing of the new ana-
logues revealed the significant negative effect of the reposition-
ing of the C-10 hydroxyl to the C-9 position on both antifungal
and hemolytic activities. At the same time, the removal of C-10
hydroxyl alone did not seem to have any effect on the antifun-
gal activity but increased the hemolytic activity. Interestingly,
replacement of the C-16 carboxyl with a methyl group on the
molecules with a modified C-9–C-10 region appears to increase
the antifungal activity while reducing the hemolytic activity.
Molecules with a C-10-to-C-9-repositioned hydroxyl group
were found to have strongly reduced fungicidal activity and
became fungistatic antibiotics, and a plausible explanation of
this phenomenon was proposed. Taken together, these data
shed new light onto the structure-activity relationship of poly-
ene macrolides and might assist in molecular design aimed at
the generation of more effective and safe antifungal drugs for
human therapy.
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