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Abstract The central carbon metabolism of the nystatin-
producing strain Streptomyces noursel ATCC 11455 was
evaluated by 13C-labelling experiments. A batch fermen-
tation was examined during the idiophase by GC-MS
measurements of the labelling patterns of amino acidsin
the biomass. The labelling patterns of the amino acids
and calculated fluxes of the central metabolism showed
that changes in the primary and secondary metabolisms
occurred simultaneously. Changes in the profiles for the
integrated fluxes showed a decreased flux through the
pentose phosphate pathway and an increased flux in the
tricarboxylic acid cycle relative to the glucose uptake
rate when the culture entered a phase with reduced spe-
cific growth rate and enhanced nystatin yield. The flux
through the pentose phosphate pathway seemed to be ad-
justed according to the NADPH requirement during the
different phases of the batch fermentation.

Introduction

The secondary metabolite nystatin, which is produced
by Streptomyces noursei, is a commercial product with
a world market estimated to be in the range of
U.S. $ 250-300 million year-1. Nystatin belongs to the
polyene macrolide antibiotics, a subgroup of the polyke-
tides. It has antifungal activity through binding to sterols
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in cell membranes and thereby affecting the permeab-
ility, leading to leakage of intracellular compounds
(Chambers and Sande 1995). Nystatin is effective in vit-
ro against a large number of pathogenic and non-patho-
genic fungi, but has no effect against some of the com-
mon bacteria (Gil and Martin 1997). Today, nystatin is
mainly used for topical treatment of candidiasis (Bennett
1995). Until recently, polyene antibiotics were used as
antifungal agents only, but several functions have now
been assigned to polyenes, such as immunostimulatory
drugs, insecticides and application in AIDS-related in-
fections (Gil and Martin 1997).

Nystatin has a lactone ring of 37 carbon atoms that
contains a characteristic diene—tetraene chromophore
(Martin 1977). The synthesis of the Lactone ring starts
with acetyl-CoA and proceeds with elongation of 15
malonyl-CoA and three methylmalonyt-CoA (Brautaset
et a. 2000). One mycosamine is linked to the lactone
ring, probably during secretion of the antibiotic (Gil and
Martin 1997). It has been suggested that biosynthesis
of the precursors takes place by non-specific methylma-
lonyl carboxyltransferase from oxaloacetate to acetyl-
CoA/propionyl-CoA in cooperation with phosphoenol-
pyruvate carboxylase for regeneration of oxaloacetate
(Rafalski and Raczyhska-Bojanowska 1972, 1973, 1975).
An dternative pathway for the synthesis of methylma-
lonyl-CoA is through rearrangement of succinyl-CoA by
methylmalonyl-CoA mutase, which was proved for the
synthesis of erythromycin by S. erythreus (Hunaiti and
Kolattukudy 1984). The polyketide chains of polyene
macrolide antibiotics are synthesised by a large, type I,
multifunctional polyketide synthase, where each active
site carries out one reaction in the assembly of precur-
sors and modification of the growing carbon chain (Gil
and Martin 1997).

Although Hazen and Brown (1950, 1951) discovered
nystatin as the first macrolide antifungal antibiotic al-
most 50 years ago, little is known about the relation be-
tween the primary and secondary metabolisms during the
production of nystatin. Recently, a physiological charac-
terisation of nystatin production demonstrated a correla
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tion between specific growth rate and the production of
nystatin, with increasing productivity at decreasing spe-
cific growth rates (Jonsbu et al. 2000). The same study
showed a positive influence of ammonium limitation on
nystatin productivity. Physiological studies like those de-
scribed above have been based on extracellular measure-
ments of substrate consumption and the formation of
products and metabolites during fermentation processes.
Such a survey of fermentation processes can be com-
bined with stoichiometric models for the intracellular re-
action network; and thus mass balances over intracellular
metabolites can be used to quantify the intracellular flux-
es (Nielsen 1998). This technique is known as metabolic
flux analysis (MFA) and the concept has been illustrated
by Daae and Ison (1999), who constructed a stoichiomet-
ric model for the intracellular reactions in S lividans.
Using this approach, they analysed the influence exerted
on the calculated fluxes by perturbations in metabolism
and biomass composition. Oxygen utilisation turned out
to have the highest influence on the pathway fluxes,
while perturbation in the biomass composition did not
significantly alter the flux pattern (Daae and Ison 1999).
In another study, metabolite balancing was combined
with experimental data from chemostat cultures with an
actinorhodin-producing strain of S coelicolor; and the
intracellular flux distribution was calculated under vari-
ous conditions (Naeimpoor and Mavituna 2000). Produc-
tion of actinorhodin was shown not to have a significant
effect on the intracellular fluxes. The model indicated
that the highest actinorhodin production rate was under
nitrogen limitation, but this was accompanied by an un-
desirable excretion of other metabolites.

Metabolic network analysis (MNA) represents a fur-
ther improvement of MFA, where metabolite balancing
and labelling experiments are combined to enable a more
detailed analysis, including flux estimation, identifica-
tion of the network structure and subcellular compart-
mentation (Christensen and Nielsen 1999a). Estimation
of pathway fluxes by a combination of metabolite bal-
ancing and labelling experiments has been performed in
several microorganisms, such as Ashbya gossypii (de
Graaf et al. 2000), Aspergillus niger (Schmidt et al.
1999; Pedersen et al. 2000), A. oryzae (Schmidt et al.
1998), Bacillus subtilis (Sauer et al. 1997), Corynebacte-
rium glutamicum (Marx et al. 1996, 1999), Escherichia
coli (Fiaux et al. 1999; Sauer et a. 1999) and Peni-
cillium chrysogenum (Christensen and Nielsen 2000;
Christensen et a. 2000). MNA measures the labelling
patterns of amino acids in biomass grown on a 13C-
labelled substrate. The labelling patterns of the amino
acids reflect the labelling of intermediates in the central
carbon metabolism and thereby the fluxes throughout the
various branches of the metabolic network. Labelling
patterns of amino acids have been determined from con-
tinuous cultures at steady state (Marx et al. 1996; Sauer
et al. 1999; Schmidt et al. 1999; Christensen and Nielsen
2000) and in the exponential growth phase of batch fer-
mentations, which also represents a physiological steady
state (de Graaf et al. 2000; Pedersen et a. 2000). Fur-

thermore, examination of metabolic fluxes during batch
cultivation was performed by |abelling experiments from
three identical batch fermentations of E. coli, which
were harvested at different times. mid-exponentia
phase, late exponential phase and stationary phase (Sauer
et a. 1999). Due to the fact that most industrial fermen-
tation processes are based on batch or fed-batch fermen-
tations, it is of interest to be able to determine the meta-
bolic flux distribution in these two types of cultivation.
When metabolic shifts occur during a batch cultivation,
the labelling patterns of amino acids do not reflect the in
vivo fluxes at a specific time, but rather provide an inte-
gral value of the metabolic fluxes. Measurements of the
labelling patterns will, however, give valuable informa-
tion about the nature of the alterations in the metabolic
fluxes. This study examines metabolic interactions be-
tween the primary and secondary metabolisms during the
production of nystatin by S. noursei in a batch cultiva-
tion using 13C-labelled glucose as the sole carbon source.
The changes in the metabolic fluxes were assessed using
data from the GC-MS measurements of the amino acid
labelling patterns as input to a mathematical framework
described previously (Christensen and Nielsen 2000).

Materials and methods

Microorganism

S noursel ATCC 11455 was obtained from the American Type
Culture Collection. The bacterium was inoculated into 50 ml of
medium containing 37.0 g tryptic soy broth |I-1 (Difco) and 7.0 g
glucose I-1 and was cultured in a 300-ml shake flask with baffles
for 30 h at 30 °C and 150 rpm. To this culture, 15% (v/v) glycerol
was added and the culture was then stored at —80 °C. The frozen
stock culture suspension was used as inoculum for seed cultures
for fermentation experiments.

Fermentation

The seed culture was prepared by inoculation of 0.5 ml of stock cul-
ture into 50 ml of the seed medium FD-1. The seed cultures were
incubated in 300-ml shake flasks with baffles and 50 glass beads
(diameter: 3 mm) for 25 h at 30 °C and 250 rpm. FD-1 was a chemi-
caly defined medium containing (per litre): 8.0 g glucose, 4.5 g
(NH,),S0O,, 2.0 g KH,PO,, 1.0 g MgSO,-7H,0, 21.0 g Mops (3-N-
morpholinepropanesulfonic acid) and 3 ml TMS-1 (trace metal so-
lution). Glucose and TMS-1 were added after sterilisation and the
pH of the medium was aseptically adjusted to 7.0. TMS-1 consisted
of (per litre): 5.0 g FeSO,-7H,0, 390 mg CuSO,-5H,0, 440 mg
ZnSO,-7H,0, 150 mg MnSO,-H,0, 10 mg NaMo00,-2H,0, 20 mg
CoCl,-2H,0 and 50 ml 37% HCl.

Production fermentations were carried out in a 450-ml bio-
reactor with a working volume of 200 ml. The bioreactor was
made of glass and especialy designed to prevent wall growth.
The defined production medium contained (per litre): 12.5 g
[1-13C]glucose (Omicron Biochemicals), 12.5 g unlabelled glu-
cose, 8.3 g (NH,),SO,, 1.5 g KH,PO,, 1.0 g MgSO,-7H,0 and
3 ml TMS-1. The bioreactors were inoculated with 5.0 ml of seed
culture. The pH of the cultures was controlled to 6.5 by the addi-
tion of 2 M NaOH and the temperature was kept at 28 °C. Air was
supplied to the headspace of the bioreactor and sparged into the
culture; and the dissolved oxygen concentration in the culture was
monitored. The supplied air was bubbled through 2 N NaOH to
strip off atmospheric CO,. The 2 N NaOH was replaced by dis-



tilled water for the first 20 h of the fermentation to ensure the ad-
mission of CO, for cell growth.

Samples of 12 ml were taken during the fermentation. Dry
weight measurements of biomass were performed from fresh fer-
mentation samples. Triplicate samples of 2 ml were centrifuged
(10,000 g, 5 min, 4 °C). The supernatant and biomass pellets were
immediately frozen at —20 °C for later analysis.

Analysis
Dry weight of biomass

For dry weight measurements, 5 ml of the culture was filtered
through a pre-dried filter (Supor-450, 0.20 pm, Gelman Laborato-
ries), washed with 10 ml distilled water and dried to constant
weight at 105 °C.

Glucose, acetate and pyruvate

Supernatant from the medium was analysed by an isocratic HPLC
method using a HPX-87H aminex ion-exclusion column
(7.8x300 mm, BioRad). The column was eluted at 60 °C with
5mM H,SO, at aflow rate of 0.6 ml min-. The detectors were a
Waters 410 refractive index detector and a Waters 486 tunable ab-
sorbence detector (210 nm).

Ammonium

The concentration of ammonium in the supernatant of the medi-
um was measured using an ion-selective ammonia electrode
(Metrohm) with ammonium chloride as the standard.

Nystatin

Nystatin was extracted from the fermentation broth by adding di-
methylformamide to fresh culture samplesin the ratio 1:1. The so-
lution was mixed for 10 min and biomass was then removed by
centrifugation (5,000 g, 10 min). The extract was stored at —20 °C.
For HPLC measurements of nystatin, a Hewlett Packard instru-
ment (series 1100) with a reversed phase Waters Symmetry col-
umn (C-18, 4 pm particles, 4.6x150 mm) and UV detector
(295 nm) was used. The column was kept at 25 °C. An isocratic
method was used for the mobile phase with a flow rate of 1.0 ml
min-1. The eluent consisted of 0.05 M ammonium acetate (pH 3.8)
mixed with acetonitrile in the ratio 3:2. The injection volume of
samples and standards (4,670 USP units mg-1, Sigma) was 20 yl
and the run time was 10 min.

Amino acid derivatives for GC-MS

The method of Christensen and Nielsen was used (1999b). Bio-
mass pellets from 2-ml samples were hydrolysed using 6 M HCI at
105 °C for 20 h. The hydrolysate was filtered (0.45 pm) and evap-
orated at 105 °C. For derivatisation with ethylchloroformate
(ECF), dried hydrolysate was dissolved in 600 pl 20 mM HCI and
400 pl pyridine:ethanol (1:4) was added. The mixture was deri-
vatised by adding 50 pl ECF, and the derivatives were extracted
into 1 ml dichloromethane. The organic phase was removed for
analysis on GC-MS. For derivatisation with (N,N)-dimethylform-
amide dimethyl acetal (DMFDMA), dried hydrolysate was dis-
solved in 100 pl methanol and 200 pl acetonitrile was added. The
mixture was derivatised by adding 600 Wl DMFDMA.

Glucose pentaacetate for GC-MS

Crude biomass from 2-ml samples was hydrolysed using 6 M HCI
at 105 °C for 20 min. Hydrolysate (100 pl) was derivatised by
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adding 1.0 ml acetic anhydride and 50 ul acetyl choride. The de-
rivatives were stored at room temperature for 24 h and analysed
by GC-MS.

Gas chromatography—mass spectrometry

The GC-MS analysis of the amino acid derivatives is described by
Christensen and Nielsen (1999b). Glucose pentaacetate was analy-
sed on the GC-M S using an initial oven temperature of 130 °C for
3 min. Hereafter, the temperature was raised with a gradient of
20 °C min-1 until a temperature of 280 °C was reached. This tem-
perature, 280 °C, was held for 8 min. The flow through the col-
umn was held constant at 0.9 ml He min-L1. The injection volume
was 2 . Temperature at the inlet was 270 °C. The quadrupole
temperature was 105 °C.

Results
Fermentation profile

The fermentation profiles for the batch culture are given
in Fig. 1. The fermentation was divided into two phases:
an initial phase of nystatin production, P1, and a second
production phase, P2. P2 represented a transient phase
for the specific growth rate and two time periods, P2a
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Fig. 1A, B Batch culture of Streptomyces noursei. A Cell growth
(£), nystatin production (&) and dissolved oxygen tension (o)
during fermentation. B Concentration of ammonium A) and glu-
cose (2) during fermentation
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Table 1 Specific cell growth, specific uptake rate of glucose, spe-
cific production rate of nystatin and nystatin yield from biomass.
DW Dry weight of biomass

Parameters Phase P1 Phase P2a Phase P2b
Time (h) 27-37 40 52

u(hd) 0.140 0.082 0.034
r.(g glucose g1 DW hr1) 0.25 0.21 0.11
r,(mg nystatin g-1 DW h1) 0.59 0.86 0.61

Yoo, nys(Mg Nystatin g1 DW) 4.3 104 18.0

and P2b, were therefore considered. Calculated data for
specific growth rates, specific uptake rates of glucose,
specific production rates of nystatin and nystatin yields
on biomass are summarised in Table 1.

The growth pattern initially showed exponential
growth. The average specific growth rate during the ini-
tial production phase of nystatin, P1, was more than 70%
higher than the corresponding value in phase P2a or P2b.
A 2- to 4-fold increase in the nystatin yields occurred af-
ter 40 h of fermentation, marking the beginning of the
second production phase, P2. There was no limitation of
glucose, anmonium or oxygen during the fermentation.

Labelling patterns of amino acids

The labelling patterns of the amino acids were described
by the summed fractional |abelling of the fragments aris-
ing from the ionisation process taking place in the MS.
The summed fractional labelling of a fragment was de-
fined as the sum of the fractional |abellings of the carbon
positions in the fragment, as described by Christensen
and Nielsen (2000). Figure 2 illustrates the variations of
the summed fractional labellings from these amino acid
fragments throughout the cultivation. The general trend
showed nearly constant labelling patterns of the amino
acid fragments until the specific growth rate decreased at
the end of the P1 phase. This was followed by an ap-
proximately linear increase during the P2 phase, which
was characterised by having an increased nystatin pro-
duction. The changes in the labelling patters of the ami-
no acids reflected changes in the central carbon metabo-
lism from the time the specific growth rate decreased
and the nystatin production rate increased. A reduction
of the pentose phosphate pathway flux (PPP-flux) was
indicated by the increase in the fragment valine-144,
which represented the labelling fraction of the 2nd and
3rd pyruvate position.

Integrated flux estimation

The labelling patterns of protein-bound amino acids con-
stitute the basis for flux estimation; and, since the label-
ling pattern of the protein pool changes relatively slowly
to the time-scale of physiological responses, an error oc-
curs when making flux estimations of batches with non-
constant physiological behaviour. However, in a batch
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Fig. 2 Summed fractional labelling of amino acids during batch
fermentation of S. noursei.

cultivation, the labelling pattern of protein formed after a
metabolic shift will eventually be reflected in the label-
ling patterns of the combined pools of “old” and “new”
protein. To investigate the characteristics of the change
in metabolism taking place at the transition from the
phase P1 to phase P2, flux estimations were performed
irrespective of the difficulties associated with basing the
calculations on a combined pool of protein. Thus the
fluxes were calculated as if the labelling patterns were
the result of a constant metabolism. Since these fluxes
were not identical to the in vivo fluxes calculated from,
e.g. steady state cultures, the term “integrated fluxes’
was chosen for the fluxes calculated using this proce-
dure. Consequently, the integrated fluxes are simply re-
flecting tendencies in the metabolism, e.g. a decrease in
the PPP-flux; and they should not be interpreted as actu-
al in vivo fluxes at a specific time-point. The estimation
of the integrated net fluxes was performed as previously
described for the determination of in vivo fluxes under
steady state conditions (Christensen and Nielsen 2000),
where the biomass yield from each sample was taken in-
to consideration in the stoichiometric model. The inte-
grated fluxes were estimated as an average of nine esti-
mations. All integrated fluxes were normalised with re-
spect to the specific glucose uptake rate, where the inte-
grated flux from glucose to glucose-6-phosphate was set
to 100.

As reveded by the labelling patterns of the amino acids,
the integrated fluxes of the central carbon metabolism at the
transition from high specific growth rates and low nystatin
production changed to low specific growth rates and high
nystatin production. Three integrated fluxes related to
branch points in the central carbon metabolism were espe-
cidly found to vary during phase P2: the PPP-flux
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(Fig. 3A), the tricarboxylic acid (TCA)-flux (Fig. 3B) and
the anaplerotic flux from pyruvate to oxaoacetate
(Fig. 3C). Theintegrated PPP-flux increased from about 40
to 47 and then dropped to about 33 during phase P2, with
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Fig. 4 Estimated in vivo fluxes at the end of phase P1. All fluxes
are normalised with respect to the glucose uptake, which was set
to 100. The value in parenthesis denotes the reverse exchange flux
between pyruvate and oxal oacetate

enhanced nystatin production. The integrated fluxes of the
TCA cycle and the anaplerotic pathway were constant in
phase P1, followed by an increase of about 40% and a re-
duction of about 50% during phase P2, respectively.
Exponential specific growth rate and linear profile of
nystatin production during phase P1 implied conditions
of balanced growth; and the integrated fluxes at the end
of phase P1 therefore represented the in vivo fluxes dur-
ing this phase. The integrated fluxes of the main path-
ways in the central metabolism at the end of phase P1
are shown in Fig. 4. The caculation of the integrated
fluxes was based on the summed fractional labelling data
given in Table 2. The branch point between the PPP and
the Embden—-Meyerhof—Parnas (EMP) pathway dis-
played an amost equal flux distribution through these
two pathways. The flux from oxaloacetate to pyruvate
represented the sum of all conversions of C-4 com-
pounds in the TCA cycle to C-3 compounds in the EMP
pathway, as is usual in this type of analysis (Marx et al.
1996; Sauer et al. 1997; Christensen and Nielsen 2000).

NADPH requirement

The NADPH requirements for cell growth and nystatin
production were evaluated. The evaluation was based on
an assumption of similar NADPH requirements for cell
growths for P. chrysogenum and S noursei, where the
P. chrysogenum NADPH requirement was taken to be
8.5 mmol NADPH g1 dry weight in a defined medium
(Nielsen 1997). The synthesis of amino acids constituted
more than 95% of the total NADPH requirement for cell
growth. NADPH was also necessary as reductive power
for the biosynthesis of nystatin through the keto-reduc-
tion and enoyl-reduction of B-keto groups of C, units be-
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Table2 Summed fractiond labellings of biomass components at the
end of phase P1. In the “intermediates’, phosphoenolpyruvate and
pyruvate were treated as one metabolite in the calculations. The “car-
bon atoms’ refer to the intermediate carbon positions present in the
ion. Some of the measured components consist of carbon atoms

from two different intermediates. In these cases, the numbers in
parentheses refer to the carbon atoms of the intermediates in
parentheses. Acetyl-CoA acetyl coenzyme A, DMFDMA (N,N)-
dimethyl-formamide dimethyl acetal, ECF ethylchloroformate, Ery-
throse-4-P erythrose-4-phosphate, Glucose-6-P glucose-6-phosphate

Derivatised Derivatisation  lon cluster  Intermediate Carbon atoms Summed fractional
component agent (m/2) 13C labellings
Glucose - 331 Glucose-6-P 1,2,3,4,56 55.4
Glycine ECF 175 Glycine 1,2 2.8
Glycine DMFDMA 144 Glycine 1,2 21
Glycine DMFDMA 85 Glycine 2 11
Serine ECF 174 Serine 1,2 1.0
Serine ECF 132 Serine 17.7
Alanine ECF 116 Pyruvate 2,3 19.7
Alanine DMFDMA 99 Pyruvate 2,3 20.0
Alanine DMFDMA 158 Pyruvate 1,23 21.9
Leucine ECF 158 Acetyl-CoA and (pyruvate) 2,(2),(2),(3), (3 55.1
Valine ECF 144 Pyruvate 2,2,3,3 38.9
Valine DMFDMA 143 Pyruvate 1,2 5.6
Valine DMFDMA 127 Pyruvate 2,2,3,3 39.1
Aspartate ECF 188 Oxaloacetate 2,34 29.9
Aspartate DMFDMA 115 Oxal oacetate 2 9.0
Aspartate DMFDMA 216 Oxal oacetate 1,2,34 34.5
Threonine ECF 175 Oxal oacetate 1,2 134
Glutamate DMFDMA 143 o-Ketoglutarate 1,2 21.9
Glutamate DMFDMA 230 o-Ketoglutarate 1,234,5 48.3
Proline ECF 142 a-Ketoglutarate 2,3,4,5 41.7
Lysine ECF 156 Acetyl-CoA and (a-ketoglutarate) 2, (2), (3), (4), (5) 49.5
Phenylalanine  ECF 192 Erythrose-4-P and (pyruvate) 1,23,4,(2,2),3),(3) 482
Phenylalanine  DMFDMA 143 Phosphoenol pyruvate 1,2 24
o e ronh et Perameters Phase P1 Phase P2a Phase P2b
production and the NADPH -
production in the pentose phos- ~ Time (h) 27-37 40 52
phate pathway (PPP) and the YynapprH (Mmol NADPH g2 DW h) 119 0.70 0.29
tricarboxylic acid (TCA) cycle YpNADPH r,(mmol NADPH g1 DW hr?) 0.024 0.035 0.025
2VppT's (mmol NADPH g1 DW h1) 1.232 1.07 0.41
LVigeitrt s (MMol NADPH g1 DW h-1) 1.16b 132 0.88

aBased on the final value for the integrated PPP-flux within the time interval
b Based on the final value for the integrated TCA-flux from isocitrate within the time interval

ing assembled into the polyketide chain. This NADPH
requirement was calculated to be 41 mmol NADPH g
nystatin. A balance for NADPH is given in Table 3,
where the NADPH requirements based on cell growth
and nystatin production during phases P1 and P2 were
calculated and compared with the formation of NADPH
from the PPP and the TCA cycle. In the calculations, it
was assumed that isocitrate dehydrogenase from the
TCA cycle only used NADP* as a co-factor (Roszkowski
et a. 1971). Cell growth represented the major part of
the NADPH requirement, although the relative require-
ment to fulfil nystatin production increased 2- to 4-fold
from phase P1 to P2 and constituted between 5% and 8%
of the total NADPH requirement in phase P2.

Discussion

A shift in the production of nystatin, with a 2- to 4-fold
increased yield, occurred between phases P1 and P2,

where the specific growth rate decreased. Such a change
in nystatin production agreed with the correlation be-
tween increased nystatin productivity at decreased spe-
cific growth rates found in a previous study (Jonsbu
et al. 2000). The same study demonstrated the positive
effect of ammonium depletion, which was observed as
an increase in nystatin production when cultures became
ammonium-limited. Neither ammonium nor other mea-
sured substrates (glucose and oxygen) came into limita-
tion in the fermentation reported here; and therefore this
could not explain the increase in nystatin production.
The profile of this fermentation had a longer phase of
exponential growth before reaching a transition state
and a longer lag-phase for the production of nystatin
than observed earlier (Jonsbu et al. 2000). This may
be a consequence of reducing the inoculum size from
the 5% used in the previous study to 2.5%, as the per-
formance of a microbial culture can be strongly influ-
enced by the size and age of the inoculum (Elibol et al.
1995).



At present, the macromolecular composition of Strep-
tomyces spp is not available. Estimation of the integrated
fluxes was therefore based on the cell composition of
P. chrysogenum (Nielsen 1997). However, sensitivity
analysis of amodel for flux calculation of the metabolic
pathways in S. lividans demonstrated that a 20% change
in the demand for any building blocks did not affect the
flux pattern significantly (Daae and Ison 1999).

The changes in the labelling patterns of amino acids
when the nystatin yield increased indicates that the pri-
mary and secondary metabolisms are linked. This was
further confirmed by the profiles of the estimated inte-
grated fluxes of the PPP, the TCA cycle and the anaple-
rotic pathway from pyruvate to oxaloacetate, which all
changed significantly when the specific growth rate de-
creased and nystatin production increased. However, the
cause of the metabolic changes and how the primary and
secondary metabolismsinteract is unknown. Based on the
results, three suggestions can be made about a possible
relation between the primary and the secondary metabo-
lism. Genetic control, possibly by global regulation, or by
environmental conditions of the culture, might have: (1)
influenced the primary and the secondary metabolism si-
multaneously, (2) influenced the primary metabolism,
which had direct impact on the secondary metabolism, or
(3) changed the secondary metabolism, thus causing the
primary metabolism to support/maintain this change.

The requirement for NADPH was calculated to be
more than two-fold higher in phase P1 compared to
phase P2, mainly due to a lower specific growth rate in
the P2. However, the formation of NADPH was still
found to be in excess in both phases. These calculations
were based on the formation of 2 mol NADPH mol-1
glucose-6-phosphate entering the PPP and 1 mol
NADPH mol-! isocitrate being converted to a-ketogluta-
rate in the TCA cycle. Sreptomyces spp are generally
known to have NADPH-dependent glucose-6-phosphate
dehydrogenase activity only, but S. aureofaciens was
shown to exhibit activity with both NAD-linked and
NADP-linked glucose-6-phosphate dehydrogenase (Neuzil
et al. 1988). No NAD(P) dependent trans-hydrogenase
activity was detected in S. noursei ATCC 21581, produc-
ing the nystatin variant polifungin (Roszkowski et al.
1971). The decrease in the integrated PPP-flux in phases
P1 and P2 lowered the formation of NADPH. It seemed
as if the PPP-flux was adjusted according to the reduced
requirement for NADPH in phase P2. The changesin the
PPP-flux and the formation of NADPH throughout this
pathway are assumed to occur more rapidly and probably
by a greater effect than the calculations showed. The in-
tegrated fluxes reflected alterations slower and less deci-
sive than in vivo fluxes. In phase P1, the formation of
NADPH through the TCA cycle was in the same range
as that formed in the PPP, whereas the TCA cycle con-
tributed relatively more to the formation of NADPH in
phase P2. There was an increase in the relative integrat-
ed TCA-flux in P2, even though the total NADPH re-
quirement for cell growth and nystatin production
dropped. The TCA cycle has been reported to be an
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important source for the generation of NADPH; and
Roszkowski et al. (1971) found isocitrate dehydrogenase
to be the most active NADP-dependent dehydrogenase
system in S. noursel ATCC 21581 and S. erythreus.

Examination of integrated fluxes in the central carbon
metabolism, by combining labelling experiments and
metabolite balancing, showed a trend for a decreasing
PPP-flux, from 47 to 33 when the culture reached the
transition to a lower specific growth rate and enhanced
nystatin productivity. Sensitivity analysis of a stoichio-
metric model designed for S. lividans demonstrated that
specific growth rates affected the calculated fluxes; and
it was shown that an increase in the specific growth rate
diverted the glucose catabolism from the EMP pathway
to the PPP (Daae and |son 1999).

The integrated flux from oxaloactate to pyruvate in-
cluded the collection of all fluxes from C-4 intermedi-
ates in the TCA cycle to C-3 metabolites in the EMP
pathway. Several enzymes may contribute to this flux:
oxaloacetate decarboxylase, malic enzyme, phosphenol-
pyruvate carboxykinase and also methylmalonyl carbox-
yltransferase, which was suggested to be the enzyme re-
sponsible for the formation of malonyl-CoA and methyl-
malonyl-CoA, the precursors for the biosynthesis of nys-
tatin (Rafalski and Raczyhska-Bojanowska 1972, 1975).
This integrated flux was almost four times higher than
the net flux from pyruvate to oxaloacetate. The flux
distribution pattern obtained in chemostat cultures of
P. chrysogenum showed an anaplerotic pathway flux
from pyruvate to oxaloacetate equal to the integrated
flux we calculated; but, in contrast to our results, the re-
verse flux was in the same order as the anaplerotic flux
(Christensen and Nielsen 2000).
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