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Abstract

Background: Industrial fermentation typically uses complex nitrogen substrates which consist of mixture
of amino acids. The uptake of amino acids is known to be mediated by several amino acid transporters
with certain preferences. However, models to predict this preferential uptake are not available. We
present the stoichiometry for the utilization of amino acids as a sole carbon and nitrogen substrate or
along with glucose as an additional carbon source. In the former case, the excess nitrogen provided by the
amino acids is excreted by the organism in the form of ammonia. We have developed a cybernetic model
to predict the sequence and kinetics of uptake of amino acids. The model is based on the assumption that
the growth on a specific substrate is dependent on key enzyme(s) responsible for the uptake and
assimilation of the substrates. These enzymes may be regulated by mechanisms of nitrogen catabolite
repression. The model hypothesizes that the organism is an optimal strategist and invests resources for
the uptake of a substrate that are proportional to the returns.

Results: Stoichiometric coefficients and kinetic parameters of the model were estimated experimentally
for Amycolatopsis mediterranei S699, a rifamycin B overproducer. The model was then used to predict the
uptake kinetics in a medium containing cas amino acids. In contrast to the other amino acids, the uptake
of proline was not affected by the carbon or nitrogen catabolite repression in this strain. The model
accurately predicted simultaneous uptake of amino acids at low cas concentrations and sequential uptake
at high cas concentrations. The simulated profile of the key enzymes implies the presence of specific
transporters for small groups of amino acids.

Conclusion: The work demonstrates utility of the cybernetic model in predicting the sequence and
kinetics of amino acid uptake in a case study involving Amycolatopsis mediterranei, an industrially important
organism. This work also throws some light on amino acid transporters and their regulation in A.
mediterranei .Further, cybernetic model based experimental strategy unravels formation and utilization of
ammonia as well as its inhibitory role during amino acid uptake. Our results have implications for model
based optimization and monitoring of other industrial fermentation processes involving complex nitrogen
substrate.
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Background

Majority of the industrial fermentations employ a batch
or a fed batch process with complex media that offers
multiple substitutable substrates [1]. The batch process
goes through several distinct phases of fermentation dur-
ing the batch cycle. Even small changes in the substrate
concentration during the crucial phase of the batch may
significantly affect the product yield and quality[2,3]. One
of the major nutrient source in a complex medium is the
pool of amino acids, peptides and proteins derived from
the organic nitrogen substrates such as soybean flour,
yeast extract, corn steep liquor, etc. Thus, it is of interest to
understand the pattern of uptake of the amino acids dur-
ing industrially important fermentation processes. The
regulation of uptake of nitrogen substrates has been stud-
ied extensively in prokaryotes [4-11] and lower eukaryotes
such as Saccharomyces cerevisiae [12-16] and the filamen-
tous fungus Aspergillus nidulans [17-20]. These organisms
regulate the amino acid uptake through a multiplicity of
amino acid transporters (permeases). Different amino
acid transporters differ in their substrate specificities,
uptake capacities and the mode of regulation [21]. All fun-
gal and several of the bacterial amino acid transporters
show significant sequence similarities, suggesting a
unique transporter family conserved across the prokaryo-
tic-eukaryotic boundary [17]. Most of the transporters are
specific for one or a few related L-amino acids. In addi-
tion, several organisms such as Saccharomyces cerevisiae,
Aspergillus nidulans, Penicillum chrysogenum and Neurospora
crassa possess a broad specificity, large capacity, general
amino acid permease (GAP) mediating the uptake of most
L- and D-amino acids, non proteinogenic amino acids
such as citrulline, ornithine and a number of amino acid
analogs [21-24]. Most microorganisms thus possess mul-
tiple transport systems with partially overlapping specifi-
cities.

Although regulation of amino acid transporters in yeast
and fungi operates mainly at the level of transcription,
post transcriptional, translational and posttranslational
regulation has been reported [12,13,16,25,26]. The tran-
scriptional regulation includes nitrogen catabolite repres-
sion, carbon catabolite repression and regulation in
response to amino acid availability[21]. Many specific
permeases in Saccharomyces cerevisiae have been reported
to be expressed constitutively [27]. However, this is not a
general rule for microbial eukaryotes. For example, pro-
line permease encoded by the prn B gene in Aspergillus nid-
ulans is highly inducible [21]. Proline can act as both a
carbon source and nitrogen source. Thus, the efficiency of
prn B expression is highly dependent on the presence of
other carbon and nitrogen substrates in the medium, pos-
sibly regulated via nitrogen catabolite and carbon catabo-
lite repression. Likewise, the L-serine permease in
Saccharomyces cerevisiae and Eschirichia coli is inducible as
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L-serine being its only substrate and inducer [10,21]. Its
activity is highly regulated by nitrogen sources, with low
activity in the presence of ammonia and substantially
increased activity in nitrogen starved cells.

Most of the industrial fermentations involving actinomyc-
etes employ a mixture of inorganic and organic nitrogen
substrates. For the commercially important actinomycete
fermentations, the sequence of uptake of amino acids and
the underlying mechanism of regulation has not been
reported. It is of interest to predict the sequence of uptake
of an amino acid and its implication on product forma-
tion under various nitrogen substrate combinations. We
have chosen to study the amino acid uptake in a rifamycin
B over-producer strain of Amycolatopsis mediterranei S699.
Rifamycin B is an important antitubercular antibiotic [28]
while Amycolatopsis mediterranei S699 is an Actinomycete,
a species that is a source of a majority of marketed antibi-
otics [29]. We note that this strain is not an amino acid
auxotroph and can grow on ammonia as a sole nitrogen
substrate [30,31]. The cybernetic model presented here
assumes that the uptake of each amino acid is aided by a
key enzyme, which is subject to induction by substrate
and nitrogen catabolite repression. Physiologically this
enzyme could be an amino acid transporter or permease.
Through a model-driven experimental analysis we address
the following key questions: (i) what is the stoichiometry
and sequence of amino acid uptake in a batch fermenta-
tion of Amycolatopsis mediterranei? (ii) is the sequence of
uptake dependent on the amino acid abundance in the
medium? (iii) what is the likely multiplicity of the trans-
porters in Amycolatopsis mediterranei? (iv) how the pres-
ence of different nitrogen substrates affect product
formation?

Results

Amino acids can be assimilated as sole source of carbon
and nitrogen during the microbial growth. To verify this
with our model strain Amycolatopsis mediterranei S699, we
set up preliminary growth experiments with amino acids
mixture with or without glucose as a carbon source. First,
we studied the pattern of uptake of amino acids in batch
fermentations with (i) a defined medium containing 3.25
mM of each of the 20 amino acids being the sole source of
carbon and nitrogen and (ii) medium with amino acids as
in (i) along with 80 gl glucose. The concentration of
amino acids was chosen so as to keep the initial total
nitrogen below 1.5 g.I'1, as well as to provide glucose and
the mixture of amino acids in approximate stoichiometric
proportion as carbon and nitrogen substrates respectively.
The results of these two experiments were used to obtain
the stoichiometric and kinetic parameters. Subsequently,
the model was verified on semi synthetic medium con-
taining 80 g.I'! glucose supplemented with different con-
centration of cas amino acids.

Page 2 of 14

(page number not for citation purposes)



Microbial Cell Factories 2006, 5:32

Model fit for defined medium

The results of the experiments with amino acids as the sole
source of carbon and nitrogen are presented in figure 1(A-
F). We found that although growth occurred in the
absence of glucose; rifamycin B was not detected through-
out the fermentation batch. In first 20 hrs, lysine, glutamic
acid, aspartic acid, glycine and threonine were utilized.
This was followed by the utilization of isoluecine, leucine,
alanine, valine, phenyl alanine, methionine and proline.
The concentration of ammonia in the fermentation broth
continued to increase during the course of uptake of
amino acids (data not shown). Interestingly, sudden
arrest in the utilization of amino acids was observed
around 60 hrs. This may possibly be due to the inhibition
of growth by the accumulated ammonia (data not

http://www.microbialcellfactories.com/content/5/1/32

shown), a similar observation was reported by Xie and
Wang [32] for animal cell cultivation on amino acids.

In industrial fermentation, stoichiometric coefficients are
the crucial parameters for the process optimization [33].
From the profiles of glucose, amino acids, CO,, biomass
and ammonia obtained during shake flask and reactor
experiments, we estimated the stoichiometric coefficients
of equation 1 and 2. The yield coefficients for amino
acids, ammonia and glucose are given in Table 1. The bio-
mass yield coefficient was low when organism utilizes
amino acids as a sole source of carbon and nitrogen,
whereas it was high where glucose was primary carbon
source. The biomass yields on amino acids and ammonia
were similar. Interestingly, biomass yield on glucose was
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Figure |

Amino acids uptake profile in medium containing equimolar mixture of amino acids. Amycolatopsis mediterranei 699 was culti-
vated in a media containing mixture of amino acids at a concentration of 3.25 mM each. Besides this, fermentation medium
contained, | | gl'' CaCO;, | gl'' KH,PO,, | gl-' MgSO,, 0.01 gl-' FeSO,, 0.05 glI-' ZnSO4 and 0.003 gl-! COCl,. For more infor-

mation, please refer materials and method section.
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significantly influenced by the nitrogen source used. The
estimated stoichiometric coefficients are in agreement
with the previous reports on E.coli and S.cerevisiae [34-36].

The kinetic parameters of the model were estimated by fit-
ting the model equations to amino acid, glucose, biomass
as well as product formation profiles. The R? values, a
measure of the goodness of fit of the model, were in the
range of 0.90 to 0.95 for amino acid profiles. The specific
growth rates measured for the individual amino acids
(#,™max) were in the range of 1 x 10-4to 0.39 h-! (Table 2).
The amino acids which support a higher specific growth
rate were utilized first. For example, the gmax values for
lysine, glutamic acid, aspartic acid, glycine and threonine
were much greater than those for isoleucine, leucine, phe-
nylalanine and methionine. The gmax for valine was
among the lowest indicating strong substrate inhibition; a
similar observation was reported by Schimidt and cow-
orkers for a nitrifying bacterium Nitrosomonas europaea
[37].

The amino acids uptake profile was then studied in the
presence of glucose as a primary carbon substrate (Figure
2). The organism can utilize (i) amino acid as the sole sub-
strate of carbon thereby leading to ammonia accumula-
tion (equ 1), (ii) amino acid along with glucose (equ 2)
and (iii) glucose along with ammonia that may be formed
as a product of reaction 1 (equ 3). We found that the
organism takes up amino acids as the sole substrate for the
first 20 hours. Model predictions for the amino acids
uptake profile shows a reasonably good fit with the exper-
imental data. Specifically, histidine, aspartic acid, lysine,
glutamic acid and threonine were taken up first as
observed in the case where amino acids were the sole
source of carbon and nitrogen. Ammonia accumulation
was detected during this period at a maximum concentra-
tion of 0.010 moles of ammonia.l'!(data not shown).
Subsequently, growth reactions proceed via reaction 2 and
3 with simultaneous uptake of amino acids, ammonia
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and glucose. During this period, ammonia, serine, isoleu-
cine, phenylalanine, methionine, leucine, proline, valine,
glycine and alanine were taken up simultaneously and
exhausted by 60 hours leading to nitrogen limitation in
the batch. Rifamycin B production was concomitant with
the utilization of glucose (data not shown). Finally, 0.035
moles.]"! rifamycin B was formed, while 0.28 moles.I-! glu-
cose remain unutilized in this batch.

Model validation on semi synthetic media

The model predictions were experimentally validated on
glucose minimal medium supplemented with 5 g.I'! cas
amino acids (Figure 3) and 15 g.I'! cas amino acids (Figure
4). Note that the relative proportions of the different
amino acids in cas are significantly different from that in
the synthetic medium described above. The model was
able to accurately predict the uptake pattern of amino
acids in both the cases. Similar to the synthetic medium,
the first 20 hours of the batch were marked by the uptake
of amino acids as the sole substrate followed by the simul-
taneous uptake of amino acids, ammonia and glucose.
For 5 g.I-! cas amino acids, model accurately predicted the
uptake profile for almost all amino acids except methio-
nine. As observed from the Figure 3B, model tends to
over-estimate the utilization of methionine after 40 hrs.
On the other hand, for 15 g.I'! cas amino acids, the model
predicted values deviated from the experimentally
observed uptake of phenylalanine, alanine (after 60 hrs),
and methionine (after 20 hrs) (Figures 4E and 4F). It may
be noted that the cas amino acids contain a relatively
higher amount of proline than that used in the defined
medium. For 5 g.I-! cas amino acids, although the amino
acids got exhausted in the same sequence as in the defined
medium, the utilization of all the amino acids started
simultaneously within the first 10 hrs of the batch cycle.
Interestingly for 15 g.I'! cas amino acids (Figure 4) the
uptake of amino acids followed a pattern similar to those
in the synthetic medium and 5 g.1'! cas amino acids, albeit
with longer lag periods for the utilization of some of the

Table I: Stoichiometric coefficients for batch fermentation of rifamycin B using Amycolatopsis maditerranei $699

Stoichiometric coefficients?
(moles of substrate. C-mole of biomass-')

Amino acids Glucose and amino acids Glucose and ammonia
Y 1.=051 Yy 1,=0.13 Y;,=035

Y, 3=1.30 Y,,=024 Y3,=0.16
Y= 0.85 Yp3=1.10

2 Amycolatopsis mediterranei $699 was cultivated in two media compositions. (i) Containing mixture of amino acids at a concentraton of 3.25 mM
each and (ii) medium (i) supplemented wih glucose (80 g.I"'). Both the media were supplemented with | | gl-' CaCO;, | gI-' KH,PO,, | gI'' MgSO,,
0.01 gI' FeSO,, 0.05 gl-! ZnSO4 and 0.003 gI' COClI,. Samples were taken at regular intervals to estimate concentrations of amino acids, rifamycin
B, biomass, residual ammonia and glucose. Online data such as vent CO, and dissolved oxygen was obtained from exit gas analyzer. The offline and
online data was further used to estimate stoichiometric coefficients on respective substrate assimilation modes. Y i,j are stoichiometric coefficients
where i is reaction number (refer equations in materials and methods) and j is the substrate for example : Amino acid (1) where k represents 20

different amino acids, glucose (2), CO, (3), O, (4), H,O (5), Ammonia (6).
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Table 2: Model parameters for rifamycin B " fermentation using the strain Amycolatopsis mediterranei2

Model Parameteresb

Amino acids e Ks, knry Ky o Ks, Ky Kspa Kia knra Kp, Koz Ko Kona

Kpy,
Alanine 0.0015 0.0016 0.0259 0.0158 0.0386 2% 106 0.51 0.000155 0.0929 0.5929 1.12 x 05 0.0112 0.1124 1.1236 7.782 x 1005
Glycine 0.0241 0.0004 0.8507 0.1551 0.02 0.003866 0.1543 0.003866 0.1507 0.1507 1.33 x 105 0.0133 0.1333 1.3333 0.001899
Valine 0.0001 5.15 % 10 0.5671 0.4738 0.02 5.15 % 10¢ 0.4382 5.15 % 10¢ 0.5671 0.5671 8.55 x 106 0.0085 0.0855 0.8547 8.963 x 10-06
Leucine 0.0004 9.5 % |06 0.0387 0.1583 0.024 1.56 x 105 0.7835 1.56 x 10-5 0.4888 0.0387 7.63 x 10 0.0076 0.0763 0.7634 4.137 x 1005
Isoleucine 0.0057 2.88 x 03 0.0323 0.0008 0.0487 2.88 x 105 0.3545 0.00082 0.1783 0.1783 84 x |0¢ 0.0076 0.0763 0.7634 0.0004403
Threonine 0.0486 0.0011 0.1649 0.0018 0.0259 0.002746 0.5618 0.00171 0.1649 0.1649 9.52 x 106 0.0084 0.084 0.8403 0.0031509
Serine 0.0191 0.0187 0.6791 0.1634 0.045 0.018685 0.936 0.00018 0.01 0.6791 8.7 x 10¢ 0.0095 0.0952 0.9524 0.0014994
Proline 0.0101 0.0071 0.1103 0.092 0.06 3.0 x 104 0.45 0.00057 0.9103 0.9103 7.52 x 106 0.0087 0.087 0.8696 4.724 x 1006
Aspertic acid 0.0106 5.17 x 107 0.0272 09714 0.052 0.05171 0.0271 5.17 x 10 0.1609 0.1609 6.71 x 106 0.0075 0.0752 0.7519 0.0085576
Methionine 0.0091 0.0007 0.0476 0.0404 0.1 7.42 % 105 0.9429 0.00142 0.0007 0.4758 6.8 x 06 0.0067 0.0671 0.6711 6.855 x 10-05
Glutiamic acid 0.0075 0.0006 0.4581 0.1383 0.075 0.013622 0.0283 1.36 x 105 0.3058 0.3058 6.06 x 106 0.0068 0.068 0.6803 0.0018939
Phenylalanine 0.0042 2.26 x 105 0.0082 0.045 0.0602 2.26 x 106 0.925 2.26 x 106 0.0419 0.0082 6.84 x 106 0.0061 0.0606 0.6061 6.98 x 1005
Glutamine 0.0001 3.59 x 105 0.033 0.0068 3.51 x 10 3.59 x 10 0.0007 3.59 x 103 0.033 0.033 6.85 x 106 0.0068 0.0684 0.6845 5.523 x 1007
Lysine 0.0109 1.62 x 107 0.0636 0.0581 0.0798 0.016222 0.013 0.00015 0.8362 0.8362 6.45 x 106 0.0068 0.0685 0.6849 0.0040591
Histidine 0.0157 8.79 x 106 0.0472 0.0942 0.0685 8.79 x 10 0.4009 8.79 x 106 0.7243 0.7243 5.52 x 106 0.0065 0.0645 0.6452 0.0036322
Tyrosine 00116 0.0001 0.0567 0.0151 0.0722 0.000151 0.5095 0.00015 0.0367 0.0367 4.9 x 106 0.0065 0.0552 0.5525 0.0016529
Tryptophan 0.3919 1.49 x 10 0.0241 0.0049 0.0392 1.49 x 107 0.4902 1.49 x 105 0.0241 0.0241 8.7 x |0-16 0.0049 0.049 0.4902 0.0100978

2 The model parameters were obtained by fitting experimental data (batches shown in Figure | and 2) to the model using fmincon subroutine from Matlab.

b Unit of and are in h-!. Unit of rest of the parameters are in moles.L-!. The value of qirgax has been found to be 0.004 h-! for all amino acids.
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Figure 2

Amino acids uptake profile in medium containing amino acids and glucose. The medium described in legend to figure | was sup-
plemented with glucose (80 g.I''). Lines indicate model predictions.

amino acids. Specifically, the utilization of neutral amino
acids, glycine, alanine, valine, leucine and isoleucine
started after a lag of 20-50 hrs while phenylalanine and
methionine (Figures 4E and 4F) showed a lag of 80-100
hrs. Interestingly, proline (Figure 4B) was taken up simul-
taneously along with the other amino acids and glucose
without any lag phase and was completely utilized by 100
hrs.

Potential multiplicity of amino acid transporters and their
regulation

A key latent parameter in the cybernetic model is the rela-
tive concentration of the enzyme Xg; responsible for the
uptake of the amino acid 'i'. The model assumes an inde-
pendent enzyme to be responsible for the uptake of each
amino acid. Physiologically this enzyme could potentially
be the respective transporter protein. As observed from

the simulated profiles of the transporter proteins, histi-
dine was induced in the early stage of the fermentation
(Figure 5F). This was followed by the induction of glycine
and threonine transporters. Neutral amino acid transport-
ers of alanine, leucine, isoleucine, methionine and valine
(Figure 5E) were the third in the sequence, while the trans-
porter of phenylalanine was induced at the end (Figure
5@G). Proline transporter appears to be expressed through-
out the batch cycle. A similar trend was observed for 5 g.I
1 cas (data not shown) and 15 g.l-! cas (data not shown)
with the induction in 15 g.I'! cas being delayed by 20-30
hrs as compared to that in 5 g.1'! cas.

The enzyme (X};) profiles for glycine and threonine (Fig-
ure 5F) were similar, suggesting a common transporter for
the two amino acids. Likewise, the X; profiles of alanine,
leucine, isoleucine, methionine and valine (Figure 5E)
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Validation of model on semi defined medium. Amycolatopsis mediterranei S699 was cultivated in a medium containing cas amino
acid (5 gI'!') and glucose (80 g.I''). The lines represent model predictions. Other media components were same as reported in

legends of figure 1.

were similar suggesting the presence of a common neutral
amino acid transporter. Further, we may conjecture that
separate transporters exist for proline and phenylalanine.
The transporter for phenylalanine was severely repressed
by the nitrogen catabolite repression and thus phenyla-
lanine was the last amino acids to be taken up.

Discussion

Industrial fermentation media are often supplemented
with the organic nitrogen substrates, which provide a pool
of amino acids in varying proportions. Amino acids not
only act as building blocks for the biomass but also play a
significant role in the biosynthesis of commercially

important metabolites such as antibiotics and therapeutic
proteins. The availability of different amino acids and var-
ied cellular preferences for them can affect the antibiotic
production to great extent as demonstrated earlier
[38,39]. Previously, we have reported a cybernetic model
to account for the effect of amino acids on the growth and
product formation in rifamycin B fermentation[40]. How-
ever, the pool of amino acids was considered as a single
substrate. Here, we extend the model by considering each
amino acid as an independent substrate. The model
accounts for the various mechanisms of regulation of
amino acid uptake such as substrate inhibition (Ki) and
inhibition from other amino acids (Ky;) in addition to
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Effect of high concentration of nitrogen on amino acid uptake. Amycolatopsis mediterranei S699 was cultivated in a medium con-
taining cas amino acid (15 g.I'!) and glucose (80 g.I'). The lines represent model predictions. Other media components were

same as reported in legends of figure |.

glucose inhibition. To the best of our knowledge this is
the first report where a mathematical model has been
developed to predict the sequence of the uptake of amino
acids. The model is based on the cybernetic principles and
formulated by using the stoichiometry and kinetics of the
fermentation.

We show that the amino acids play the role of sole sub-
strate for carbon and nitrogen. This is demonstrated with
the cultivations in the media containing a defined mixture
of amino acids as the sole source of carbon and nitrogen.
Further, Amycolatopsis mediterranei was found to assimilate

amino acids along with glucose, where glucose plays the
role of primary carbon substrate. Interestingly, we found
that even in the presence of glucose, the micro-organism
utilized amino acids as the sole substrate for the first 20
hours or so. This was marked by the accumulation of
ammonia in the extracellular medium. Subsequently, the
organism switches to simultaneous uptake of glucose,
ammonia and amino acids. This was in agreement with
our previous report [33]. The sequence of uptake of amino
acids was largely unchanged regardless of the presence of
glucose as the carbon substrate. We found that glucose
had a substantial effect on the growth, both in terms of the
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Multiplicity of amino acid transporters. The model was used to simulate induction profiles of the key enzymes responsible for
the uptake of amino acids in the medium containing equimolar mixture of amino acids (3.25 mM each) and glucose (80 g.I'!).

For details refer results and discussion section.

stoichiometric coefficients and specific growth rates. For
example, the specific growth rates were ten times lesser
whereas biomass yield coefficient was almost five times
lesser in the absence of glucose as compared to that with
glucose (Table 2).

The model parameters were validated by using the semi
defined media. We chose two different concentration lev-
els of cas amino acids for this purpose. The rationale
behind this was to check whether the total nitrogen load
as well as the individual amino acid concentrations has

any impact on the utilization of amino acid and glucose,
and rifamycin B productivity. For example in 5 g.l-! cas
amino acid based media, the hierarchy of amino acid uti-
lization was almost similar to the one observed in the
medium containing equimolar amino acids with glucose.
In 15 g.l'! cas amino acid based media, sequential uptake
of amino acids was observed which implies the preferen-
tial utilization of amino acids. The model was also able to
predict the rate of formation of rifamycin B, biomass and
ammonia as well as the consumption of glucose and
ammonia.
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Apart from the predictions on the uptake of substrates, the
model has pointed towards the potential multiplicity of
amino acid transporters for Amycolatopsis mediterranei
S699 strain. There are two major categories of the trans-
port systems reported for amino acids: a transport system
specific for structurally related amino acid family and a
general transport system, shared by a large number of
amino acids [21]. Apart from the transport systems men-
tioned above two more systems; general amino acid per-
mease (GAP) and proline transporter (Prn) are reported to
be involved in the transportation of amino acids during
nitrogen limiting conditions in yeast as well as in fungi.
Based on the model simulation and observed data we
deduce that the similar system might exist in Amycolatopsis
mediterranei S699. Similarly we speculate that the proline
transporter and GAP system of Amycolatopsis mediterranei
$699 are partially alleviated from nitrogen regulation. The
speculation might hold true as the strain used in these
experiments is the outcome of the mutation program con-
ducted by the Lepetit research laboratory, Italy[41,42].

The here-reported model has many potential applica-
tions. For example, the model can be used to formulate
the optimal media component to boost the growth in the
initial phase of fermentation and product formation in
the later phase with feeding of the specific amino acids.
Likewise, the model can also be used in deciding quality
control norms for the organic nitrogen substrates which
play significant role towards antibiotic productivity[40].
We further speculate that the model can be used to classify
organisms based on the signature of the amino acid
uptake sequence. This may enable a quick phenotypic
characterization of the various wild-type and mutant
strains.

There are certain limitations in the current model struc-
ture. It is assumed that each amino acid was assimilated
by a specific amino acid transporter system. However, in
reality amino acid transporters may be specific toward
more than one amino acid. Additional uptake experi-
ments will be required to estimate the level of the trans-
porter proteins at various time points to decipher the
specificity of the trasporters. Further, it is important to
mention that the kinetic parameters estimated in the pre-
set work correspond to one of the possible solutions that
exist in a vast solution space. This is due to the underde-
termined nature of the system. The model parameters can
be further fine tuned by additional experiments e.g.
uptake rate of radio labeled amino acids or glucose.

Conclusion

In conclusion, we have shown that the hierarchy exists in
the amino acid utilization by Amycolatopsis mediterranei
and it has significant influence on the rifamycin B produc-
tivity. In future, it will be interesting to see how the model

http://www.microbialcellfactories.com/content/5/1/32

can be applied for a complex media such as yeast extract
and corn steep liquor where amino acid concentration
changes continuously throughout the batch due to the
hydrolysis of proteins via extracelluler proteases.
Although the here-reported study has been applied to a
specific strain of micro-organism, the model has a general
structure and can be applied to other organisms given the
relevant experimental data for estimation of the model
parameters.

Methods

Organism, culture cultivation and batch fermentation in
reactor

The strain Amycolatopsis mediterranei S699 was a kind
donation from Prof. Heinz Floss (Washington university,
USA) and was grown as described by Kim and coworkers
[43]. The preparation of fermentation media as well as fer-
mentation conditions were as per the protocol described
earlier [44]. The fermentation media was supplemented
with one or more of the following: glucose, mixture of 20
amino acids (3.25 mM each; Hi-Media laboratories,
Nashik, India) and cas amino acids (Difco, USA) at con-
centrations to be specified in subsequent section. Batch
cultivations were conducted in Biostat® B5 bioreactor
(B.Braun Biotech International, Schwarzenberger, Ger-
many).

Analytical techniques

The estimation of biomass, glucose, free amino acids and
rifamycin B was performed at regular intervals during the
fermentation experiments as described earlier[40]. The
amino acids were estimated by using EZ-faast™ amino
acid derivatization kit (Phenomenex Inc, USA) followed
by detection through gas chromatography (Mak instru-
ments, Mumbai, India) as described in previous reports
[45,46].

Model Development

A typical fermentation media used in the antibiotic indus-
tries consists of multiple carbon and nitrogen substrates
in the form of amino acids (available from free organic
nitrogen substrates (ONS)), ammonia and glucose. The
substrates may be taken up sequentially or simultane-
ously. Further, extracelluler proteases synthesized by
organism helps in sequestering the amino acids from
ONS. In this study, we have used synthetic media consist-
ing of free amino acids with or without glucose. Thus, it is
desired that the process model be able to predict the
growth, product formation and the sequence of uptake of
amino acids. This would first require that the underlying
stoichiometry of growth on different amino acids be
defined. To this end, we assumed that the organism has
access to three categories of substrates combinations; (i)
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an amino acid i (Say, ) as the sole source of carbon and

nitrogen. The stoichiometry and kinetics of this growth
process are represented in equation la and 1b respec-

tively. (ii) Sps, as the nitrogen source with S, as the car-

glc
bon source (equation 2a and 2b respectively). (iii)
Ammonia (S,,,,) as nitrogen-source and S, as carbon-
source (equation 3a and 3b respectively). Note that with

Saa, as the sole source of carbon and nitrogen, the N/C

ratio in the substrate is higher than that can be assimilated
in the cell mass. As a result, the excess nitrogen is excreted

into the media as ammonia-S which can then be uti-

amm’
lized by the cells (equation 3a). The product formation

requires S as the carbon source and is described in equa-

tion 4a and 5a with the respective kinetic equations in 4b
and 5b. The model assumes that the growth on a given
combination of substrates depends on the level of key
inducible enzymes Xp; , Xg; , and Xgs . It is assumed
that the product formation for a substrate combination
(equation 4a and 5a) is also dependent on the level of the
key enzymes (equation 4b and 5b) which control the
growth on the respective substrate combinations (equa-
tions 2b and 3b).

The enzymes Xp; , Xp, and Xp;are synthesized from

the component of the cell mass X (equation 6a, 7a and 8a)
with the rate of synthesis being proportional to the frac-

. * * * . .
tional rate rj;, 1; and r3 at which the organism can

potentially grow on the respective substrate combination
(equation 6b, 7b and 8b). Nitrogen in the form of S,y is

converted to S AA; by a hydrolytic enzyme X, (equation

9a and 9b). The fractional rate of growth rlz , rzz, r3* are
modeled by using a Monod type of kinetics which incor-
porates a saturation kinetics ( Kg;, ), substrates inhibition

(Kpy, ) and nitrogen catabolite repression (kyy) as shown
in equation 11, 12 and 13. The enzymes Xp, degrade to

form the component of the cell mass X (equation 15a) via
a first order degradation kinetics (equation 15b). The

mass balance equation for cell mass, product, Sy, Spa.
Summs Sivs and enzymes Xpy, Xpy . Xpz and X, are

shown in equation 16, 17, 20, 21, 22, 23, 24, 25, 26 and
27 respectively.

http://www.microbialcellfactories.com/content/5/1/32

Model equations

X +Y13C0; +Y1 5HyO0+ Y1 6iSumm = Y1,1,i844,i —Y1,402 =0 (1a)

(biomass) (amin o acids)

X1

_ ., max i *

Hii =My “Ref [
X

El;

(1b)

X +Y,35C0,+ Y, sH)O - Y, ;i Spni- Y20 Sqi - ¥5,40,=0
(2a)

. max XEZl- %
Hoi=Mai | “Rer [2i
X

E2;
X + Y535C0; + Y35H,0 - Y3, Sy - Y540, - Y568, = 0
(3a)

(2b)

Xp3 |
U3 = !'LISnaX XRef 3
E3

(3b)

P +Y,3C0; + Yy 5HyO - Yy 13 Sani - Ya2 Scie - Y4,40,=0
(4a)

max| XE2, |
Ap2i = dp2i | “Ref [2Pi (4b)
XEz,.

P+ Y55C0; + Y5 sHyO - Y56 Sppum - Y50 Sgie - Y540, =0
(5a)

Xp3 | =
qu = qfrgax Re f 3
XE3

(5b)

XEli -X=0

3
Igy, = kEli ni

Xy, —X=0 (7a)
Igy, = ko, i (7b)
Xgs-X=0 (8a)

g3 = kpsrs (8b)

(9a)

20
—SiNs + 2, San,it =0
i-1
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Xpa »
Idiss = | “Ref Kyry (9b)
X4
Saa at time t =0, o .
=5 ;distribution coefficients
ZSAA,iat timet =0,
i=1
(10)
, Saai
6 = AdL — (11)
N SaAi
Ksy ; +Sppj +— L+ —2AL
knrii - K
o= SAA,i Sglc (12)
A=
' sz" Szz\Ai Sélc
Ksy i +Saai + + =22 Ksp p +8g1c +
T2, Kigg K2

) S
¢ = Samm Blc (13)

&2
Ks3 3 +Sqmm + Ié‘mm Ks3 5 +Sgic + Gle

13,3 Kis,
= Sins
Sins + Ksa

(14)

Xpp, =X =0 (15a)

Tdeg, = Betag ; Xgy, (15b)
dX

—=uX 16

5 M (16)

dpr

— =qpX 17

a dr (17)

Where 4 is the overall specific growth rate, which is the
sum of the fraction of specific growth rates on individual
substrate combination and is given by the equation 18.

20 20
H= D M+ D Mo + 13 (18)
i=1 1

Likewise, the overall specific product formation rate (q,)
is given by equation 19.

20
qp :Zqu,i +dp3 (19)

i=1
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dSg, 20 20
i N Yyl i+ YVaols + 2Y4,2qp2,1' +Y520p5 [X (20)
i=1 i=1
AS i X Sins
[;;A = K{ ng ][ SINS]:'ISKM ]@X—[Yl,l,iul,i Yo, +Ya,idp,2,i ]X (21)
dsumm =
—an > Vi it — Yaehts = Ysdp3 | X (22)
i=1
dSiNs _ K, X4 Sins |y (23)
dr xRef | Sins +Ksa
d Xy,
XRef X
El. El,i
— = Ay ;1 + Beta . 24
dt 1,i'1,1 (H ll)X]IE{lefi ( )
d Xp,
XRef x
E2; . E2,i
= Ay 1 ;—( W+ Betay ; | —— 25
& 2,i12,i (H 2, ) ngfl (25)
XE3
Xpst * E3
= Agr3— (W + Beta 26
dt 373 ( 3 ) ngf ( )
XEq
Ref
XE4 _ 38 + Beta4 (H + Bem4 ) XE4 (27)
dt N d XRef
1+ =L B4
w

Estimation of kinetic parameters

The kinetic parameter values were estimated by fitting the
simulation profiles obtained by solving equations 16-22
to the corresponding dynamic profile determined experi-
mentally. The estimated parameter values were optimized
via a dynamic optimization algorithm "fmincon" availa-
ble in the software MATLAB (Mathworks, Natick, MA).
The routine is utilized to minimize the deviation between
the experimental and the model-predicted values of the
variables such as biomass, rifamycin B, Sy and S, An
analysis of variance (ANOVA) approach to regression
analysis was applied for the estimation of deviation The
method partitions the total sum of squares (SSTO) into
the error sum of squares (SSE) and the regression sum of
squares (SSR)[40].
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Nomenclature

Sa4, amino acids (mole.L)

Sgc Glucose (mmole.L'!)

S.mm Ammonia, (mmole.L1)

amm

X1, Concentration of the enzyme responsible for uptake

of amino acid as sole source of carbon and nitrogen,
moles.L!

Xgo, Concentration of the enzyme responsible for uptake

of amino acid as nitrogen source and glucose as carbon
source., moles.L'!

Xg3, Concentration of the enzyme responsible for uptake

of ammonia as nitrogen source and glucose as carbon
source, moles.L!

Sins Insoluble nitrogen source, moles.L!
X, Concentration of hydrolytic enzyme, moles.L!

K, Substrate half saturation constant for substrate Sy,

(substrate combination: amino acid only), moles.L-!

Kjy, Substrate inhibition constant for substrate Sy,

(substrate combination: amino acid only), moles.L-!

kyr1 i Nitrogen catabolite repression for substrate i, (sub-
strate combination: amino acid only), moles.L!

Ks, ; Substrate half saturation constant for substrate Sy,

(substrate combination:
moles.L1

amino acid and glucose),

http://www.microbialcellfactories.com/content/5/1/32

Ks, , Substrate half saturation constant for substrate S

glc
(substrate combination: amino acid and glucose),
moles.L!

K , ; Substrate inhibition constant for substrate S AA,

(substrate combination:
moles.L!

amino acid and glucose),
K; ,, , Substrate inhibition constant for substrate S, (sub-
strate combination: amino acid and glucose), moles.L-!

Ks; 5 Substrate half saturation constant for substrate S,,,,,

(substrate combination: ammonia and glucose), moles.L-
1

K| 3 3 Substrate inhibitionconstant for substrate S,,,,,,, (sub-
strate combination: ammonia and glucose), moles.L-1

Ks; , Substrate half saturation constant for substrate S

(substrate combination: ammonia and glucose), moles.L-
1

K; 5, Substrate inhibition constant for substrate Sy (sub-

strate combination: ammonia and glucose), moles.L-!

M, ; Specific growth rate on S, ;.(h'1)

4, /"> Maximum specific growth rate on Sy, .(h1)
10, Specific growth rate on Sy4. and Sy, (h?)

™ Maximum specific growth rate on Sy, and Sy, (h-
")
M5 Specific growth rate on S,,,,,,,, (h!)

H;mx Maximum specific growth rate on S,,,,,,,, (h™')
dpa,i Specific product formation rate on Sy, and Sy, (h!)

q,3 Specific product formation rate on Sy and S, (h!)

;™ Maximum specific product formation rate on S,
and S, (h'1)

Y, ; Stoichiometric coefficient of substrate j in reaction i.
(moles of j.C-mole of biomass-!)
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