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Abstract Nonribosomal peptides (NRPs), a large family of
natural products, possess numerous pharmaceutically
significant bioactivities. However, many native microbial
producers of NRPs are not cultivable or have low production
yields making mass production infeasible. The recombinant
production of natural products in a surrogate host has emerged
as a strategy to overcome these limitations. De novo
recombinant production of the NRP antibiotic valinomycin
in an engineered Escherichia coli host strain was established
with the necessary biosynthetic pathway constituents from
Streptomyces tsusimaensis. In the present study, the initially
modest valinomycin yields could be significantly increased
from 0.3 up to 2.4 mg L™ by switching from a batch to an
enzyme-based fed-batch mode in shake flasks. A subsequent
design of experiment-driven optimization of parallel fed-batch
cultivations in 24-well plates with online monitoring of
dissolved oxygen and pH led to valinomycin yields up to
6.4 mg L', Finally, repeated glucose polymer feeding to
enzyme-based high cell density cultivations in shake flasks
resulted in cell densities of ODggy >50 and a valinomycin titer
of appr. 10 mg L™'. This represents a 33-fold improvement
compared to the initial batch cultivations and is the highest
concentration of a nonribosomal peptide which has been
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produced in E. coli without feeding of specific precursors so
far to our knowledge. Also, such a small-scale optimization
under fed-batch conditions may be generally applicable for the
development and scale-up of natural product production
processes in E. coli.

Keywords Valinomycin - Nonribosomal peptides -
Escherichia coli - Fed-batch cultivation - EnBase - EnPresso

Introduction

Nonribosomal peptides (NRPs), belonging to a large class of
peptide natural products, are mainly produced by various
microorganisms like bacteria and fungi (Marahiel et al.
1997; Stack et al. 2007). These naturally originated
compounds are of great interest since they possess a broad
spectrum of biological activities and are used in many
pharmaceutical applications (Felnagle et al. 2008). NRPs are
biosynthesized in native producers via the assembly lines
called nonribosomal peptide synthetases (NRPSs), which are
composed of multiple catalytic modules (Finking and
Marahiel 2004; Fischbach and Walsh 2006). Usually, each
NRPS module contains three core domains responsible for the
recognition, activation, and incorporation of one substrate
monomer into the final peptide product and various optional
tailoring domains for the modification of the immature NRP
product (Hur et al. 2012).

The NRP antibiotic valinomycin is a
cyclododecadepsipeptide containing a triple repeating unit of
D-o-hydroxyisovaleryl-p-valyl-L-lactyl-L-valyl (Shemyakin
et al. 1963). It has a wide range of significant bioactivities,
such as antiviral (Wu et al. 2004), antifungal (Park et al. 2008),
insecticidal (Heisey et al. 1988), antimicrobial (Tempelaars
etal. 2011), and anticancer activity (Pettit et al. 1999). Several
Streptomyces strains have been reported to produce
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valinomycin synthesized by a large multifunctional NRPS
(Matter et al. 2009). However, these natural Streptomyces
hosts grow slowly and can become viscous under high cell
density conditions making large-scale production of
valinomycin infeasible and costly. Since the gene cluster of
the valinomycin NRPSs has been isolated and characterized
(Cheng 2006; Magarvey et al. 2006), the heterologous
production of valinomycin in a robust and easy to manipulate
host like Escherichia coli has become a putative strategy to
produce valinomycin and analogs thereof.

In recent years, E. coli has been used extensively to
produce bioactive natural products, including large multi-
modular enzyme-derived compounds NRPs (Watanabe et al.
2006), polyketides (PKs) (Pfeifer et al. 2001; Zhang et al.
2010), and NRP/PK hybrids (Mutka et al. 2006). However, it
is challenging to produce these natural products in high levels
using E. coli, which limits industrial production and drug
development. The antitumor agent NRP echinomycin was
reported to be totally biosynthesized in E. coli with a
microgram per liter level productivity (Watanabe et al.
2006). While for heterologous production of the anticancer
NRP/PK epothilones C and D in E. coli, the yields were
reported lower than 1 pug L™ (Mutka et al. 2006). Therefore,
it is necessary to develop a feasible approach for the
optimization and overproduction of medically relevant agents
in E. coli.

We have recently realized the reconstituted biosynthesis of
the valinomycin in E. coli as a whole-cell biocatalyst
(unpublished results). E. coli was able to provide the three
necessary precursors L-valine, o-ketoisovaleric acid (Kiv),
and pyruvate for the de novo biosynthesis of valinomycin
from its own primary metabolism (Fig. 1). Valinomycin
production was shown to correlate with E. coli cell growth
and it was hypothesized that valinomycin formation was
limited by the precursor supply from the primary metabolism
during batch cultivations. In this study, we used an enzyme-
based glucose delivery system to enhance valinomycin
production under fed-batch conditions in small scale. This
fed-batch-like cultivation system could provide a controllable
growth environment and nutrients for high cell density
cultivation. It is effective to improve the expression yields of
active recombinant proteins (Krause et al. 2010; Ukkonen
et al. 2011). A design of experiment (DoE)-guided
optimization was implemented in parallel in milliliter-scale
24-well plates, followed by glucose polymer feeding in shake
flask fed-batch cultivation. We could show that small-scale
fed-batch cultivations can easily reach high cell densities and
valinomycin titers could be improved up to milligram per liter
levels compared to the low levels (microgram per liter)
obtained in batch cultivations. Moreover, the optimized
parameters obtained from the small-scale screenings could
be utilized to rationally scale valinomycin production in a
laboratory bioreactor.
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Fig. 1 The biosynthetic pathway of valinomycin in the host £. coli. KR
ketoreductase, £ epimerase, ilvBN acetohydroxy acid synthase I, ilvC
acetohydroxy acid isomeroreductase, ilvD dihydroxy acid dehydratase,
ilvE branched chain amino acid aminotransferase, Pyr pyruvate, L-Lac
lactate, a-Kiv «-ketoisovalerate, D-Hiv D-hydroxyisovalerate, L-Val L-
valine, D-Val p-valine

Materials and methods
Bacterial strains and plasmids

For generation of the E. coli strain BJJO1, the Bacillus subtilis
PPTase sfp gene under control of a weak tryptophanase
promoter was integrated into the xy/4 gene locus of E. coli
BL21Gold (Agilent Technologies) by A Red recombineering
(Sharan et al. 2009). Before integration, the sfp gene was
fused to a chloramphenicol resistance cassette. The first
integration step was followed by a second recombination to
remove the chloramphenicol resistance gene afterwards
according to the method described in Sharan et al. (2009).
Plasmids pCTUT7-VIml and pKS01-VIm2 contained genes
viml (appr. 10 kb) and vim2 (appr. 8 kb), respectively, for
valinomycin synthetase co-expression (for details, see
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Supplementary Fig. S1). Both plasmids were constructed via
the Gateway® cloning technology with the LR reaction
(Invitrogen Life Technologies). Each plasmid had a pCTU
promoter, which is a lac promoter derivative adapted to the
consensus sequence for strong expression in E. coli (Kraft
et al. 2007). The plasmids are stabilized by insertion of
chloramphenicol and ampicillin resistance cassettes into
pCTUT7-VIml and pKSO01-VIm2, respectively. In addition,
pKSO01-VIm2 also contained the plasmid-stabilizing parB
locus (Gerdes 1988).

Batch cultivations

For all experiments, cells from freshly grown overnight plates
were used to inoculate main cultures to a starting ODggo of
0.1. The medium for batch cultivation was Terrific Broth (TB)
(Tartof and Hobbs 1987). Cultivations were performed in
500 mL baffled Ultra Yield Flasks™ (Thomson Instrument
Company, USA) containing 100 mL TB with 17 mg L'
chloramphenicol and 50 mg L™" ampicillin. The flasks were
sealed by air-permeable membranes (AirOtop™ Enhanced
Seals, Thomson Instrument Company, USA). After
inoculation, cultures were incubated on an orbital shaker
(amplitude, 25 mm; Infors HT, Switzerland) at 200 rpm and
30 °C. When ODg reached 0.6-0.8, protein expression was
induced with 20 uM isopropyl-p-D-thiogalactopyranoside
(IPTG) followed by 36 h cultivation for valinomycin
production.

Fed-batch type cultivations

The fed-batch-like EnBase® cultivations were performed with
EnPresso® B medium (BioSilta, Oulu, Finland) according to
the instructions of the supplier with small modifications due to
the long production phase for valinomycin. Briefly, 100 mL
medium in 500 mL Ultra Yield Flasks were supplemented
with 10 uL antifoam 204 (Sigma), 17 mg L'
chloramphenicol, and 50 mg L™' ampicillin. Then, the
glucose-releasing biocatalyst was added to a concentration
of 0.3 U L' as a first dose shortly before inoculation.
Afterwards, the flasks were sealed by the AirOtop Seals and
the cultivation was initiated in the shaker at 200 rpm and
30 °C. After overnight cultivation (15 h), boosting nutrients
(Booster, BioSilta) and the second dose of biocatalyst
(0.6 U L") were added to the culture for further 96 h of
cultivation.

DoE experimental design

The DoE-guided optimization was conducted in parallel 24-
well plates (PreSens Precision Sensing GmbH, Regensburg,
Germany) using EnPresso B fed-batch medium. The PreSens
24-well plate system allows noninvasive online measurement

of oxygen and pH during the cultivation process. Three key
parameters, nutrient boosting (yes/no), biocatalyst
concentration relating to glucose releasing rate (0 to 6 U L™
as the second dose), and culture volume correlating to oxygen
transfer rate (0.5 to 1.5 mL), were investigated and optimized
in relation to the product titer based on the DoE D-Optimal
design created with the software MODDE 8.0.2 (Umetrics,
Umed, Sweden) (Table 1).

These DoE-generated 20 experimental runs were carried
out as follows. Overnight cultivation was performed in shake
flasks in the same manner as described above in the section
“Fed-batch type cultivations.” In the morning, the shake flask
culture was distributed into the 24-well plates. For each well,
boosting nutrients, a second biocatalyst dose, and culture
volume were performed as shown in Table 1. Afterwards,
the 24-well plate was covered with the Duetz System
sandwich cover and clamp system (Enzyscreen, Er Haarlem,
The Netherlands) (Duetz et al. 2000). The following
cultivation lasted for 48 h in the shaker (amplitude, 50 mm,
Kiihner, Basel, Switzerland) at 250 rpm under 30 °C and,
meanwhile, online dissolved oxygen (DO) and pH values
were monitored (SensorDish Reader, PreSens).

The results of the experimental design were evaluated with
MODDE. In order to improve the model, the insignificant
factors were deleted stepwise.

Effect of glucose feeding rate on valinomycin production

In the enzyme-based glucose delivery cultivation system, the
glucose feeding rate is mediated by the applied biocatalyst
concentration in the medium. In order to obtain the optimal
biocatalyst dosage, a further screening was conducted in 24-
well plates with EnPresso B medium. Overnight cultivation
was performed as described above. After boosting (Booster,
BioSilta), I mL culture per well was distributed into the 24-
well plates. Different amounts of biocatalyst were added per
well with 1.5, 3,9, 15, or 20 U L ™! as the second dose. The
subsequent cultivation was continued for 48 h at 30 °C and
250 rpm. Oxygen and pH values were recorded online
(SensorDish Reader, PreSens).

Effect of glucose polymer feeding on valinomycin production

The EnPresso B medium was used and overnight cultivation
was performed like before. At the boosting point, additional
biocatalyst (9 U L™ as the second dose) was added to the
culture. Then, 12.5 mL of the culture was transferred into a
125-mL baffled shake flask (PreSens) with integrated sensors
for the measurement of dissolved oxygen and pH. One flask
worked as a control without glucose polymer feeding. The
second flask was fed with 30 g L™! glucose polymer (obtained
from BioSilta) after 12 h. The third flask was fed twice with
30 g L' glucose polymer after 12 and 24 h, respectively.
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Table 1 Design of experiments

for parameter optimization and Run no. Biocatalyst (U L™") Volume (mL) Boosting ODg0" Valinomycin (ug L")
experimental results including
ODggo and volumetric 1 0 0.5 No 20.82+1.12 656.48+134.42
valinomyecin titer as responses 2 6 0.5 No 17.56+2.23 529.00+76.45
3 0 1.5 No 19.04+0.70 279.38+37.08
4 6 1.5 No 7.65+1.74 204.18+24.97
5 0 1.167 No 21.21+1.40 323.73+39.32
6 6 0.833 No 17.56+1.67 369.94°
7 2 0.5 No 20.42+1.12 539.58+42.81
8 4 1.5 No 16.33+0.63 425.03+32.53
9 0 0.5 Yes 26.98+2.86 5,345.87+603.65
10 6 0.5 Yes 27.6240.70 6,364.39+546.70
11 0 1.5 Yes 19.83+0.14 1,080.51+41.57
12 6 1.5 Yes 15.444+0.21 1,194.15+50.48
13 0 0.833 Yes 29.10+4.05 2,912.11+109.16
14 6 1.167 Yes 19.29+1.05 1,610.19+21.63
15 4 0.5 Yes 29.60+0.56 6,123.16+81.03
16 2 L5 Yes 18.10+£0.07 1,155.59+16.20
“Values represent mean + 17 3 1 Yes 27.57+2.86 1,559.51+37.65
standard deviation of triplicate 18 3 1 Yes 25.70£1.19 1,435.52+35.33
measurements 19 3 1 Yes 26.64+0.56 1,469.40+4.79
°Only one measurement 20 3 1 Yes 26.00+0.07 1,542.94+21.38

available

Cell growth determination

To monitor the cell growth in shake flasks, ODg(( values were
measured at different time intervals during the cultivation with
a UV/Visible spectrophotometer (Ultrospec 3300, Amersham
Biosciences, Germany). For parallel 24-well plate samples,
5 pL culture of each well was mixed with 145 uL of 0.9 %
NaCl resulting in a 30-fold dilution in 96-microwell plates.
The automatic measurement of ODgo was performed using a
robotic platform (Hamilton Robotics, Switzerland) with a
Synergy Mx microplate reader (BioTek Instruments, USA)
at 600 nm. All ODg values were recalculated for a light path
length of 1 cm according to calibration curves. All
measurements were determined in triplicate.

Valinomycin extraction and quantitation

Samples of 1 mL culture were collected for valinomycin
extraction. After centrifugation at 16,000xg for 3 min, the
medium supernatant was transferred into a 15-mL tube and
extracted with 2 mL ethyl acetate. Pellets were resuspended in
2 mL methanol and sonicated for 3 min (30 s on/off, sonotrode
with 7 mm diameter, 30 % amplitude) (UP200S, Hielscher
Ultrasonics, Teltow, Germany). After centrifugation (16,
000xg, 15 min), the organic fractions from the medium and
pellet extracts were combined and dried by vacuum rotary
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evaporator (IKA-Werke GmbH, Staufen, Germany). The
residues were resuspended in 1 mL of methanol for
valinomycin analysis.

For valinomycin detection, 1 uL of each sample was
injected into an Agilent 6460 Triple Quadrupole LC/MS
System equipped with an Eclipse Plus C18 column (RRHD
1.8 um, 2.1x50 mm). The buffers A (H,O + 0.1 % formic
acid) and B (acetonitrile + 0.1 % formic acid) were used to
elute analytes with a flow rate of 0.3 mL min ' through a
linear gradient elution from 5 to 100 % B over 2.5 min,
followed by a 100 % B wash for 7.5 min and finishing with
a linear gradient back to 5 % B over 2 min. Before every
experimental analysis, a calibration curve was generated from
a series of valinomycin standard (Sigma) with concentrations
of'10, 100, 1,000, 2,000, and 4,000 pg L', All measurements
were performed in triplicate.

Results

Valinomycin production under batch and fed-batch cultivation
conditions

We compared valinomycin production under batch conditions
in TB medium with the production in the enzyme-controlled
fed-batch type glucose delivery EnBase system in shake
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flasks. The two valinomycin synthetase subunits VIiml
(370 kDa) and VIm2 (284 kDa) were co-expressed and
appeared dominantly in soluble form under both cultivation
modes (Fig. 2b). While in TB best expression was reached
with 20 uM IPTG inducer concentration, the highest
valinomycin synthetase expression in the EnBase system
was obtained without addition of IPTG, simply by
derepression under glucose limitation (data not shown). This
way of derepression of valinomycin synthetase without the
need for IPTG would be very beneficial in larger production
scales.

In the TB batch cultivation, IPTG was added to induce
Viml and VIm2 expression when ODg, reached 0.6-0.8
followed by 36 h cultivation for valinomycin formation. As
shown in Fig. 2a, the cells keep growing exponentially for
appr. 4 h after induction until an ODg of appr. 7 is reached.
After 8 h, cells enter into a stationary phase at an ODgg of
appr. 8.5. After 24 h, cells probably start to die as we conclude
through the remarkable drop of the ODggo. The final
volumetric valinomycin titer reached 300 pg L', while most
of the product (225 ug L") was produced within 4 h after
induction, which is consistent with the exponential growth
phase. Only 25 % of the total valinomycin was accumulated in
the subsequent 32 h presumably due to decreased cell growth
and thus precursor limitation.

To prolong cell growth and obtain high cell density, a
controlled continuous glucose diet was realized by the
EnPresso B medium. The ODg of the culture reached 9 after
15 h at the end of overnight cultivation (see Fig. 2a). After
nutrient boosting, the culture continuously grew for more than
20 h up to an ODg of appr. 20, which is more than the double
of the ODg that is reached in the TB cultivation. Meanwhile,
valinomycin formation was remarkably enhanced along with

the extended cells growth period. The final titer of 2.4 mg L™
of valinomycin represented an eightfold increase without any
optimization compared to the titer obtained in batch TB
cultivation.

DoE optimization of fed-batch type production

One principle of the EnBase fed-batch cultivation is that
glucose only gets available to the cells after it is gradually
released by a biocatalyst from the solved glucose polymer. If
the concentration of the biocatalyst is too low, cells starve for
glucose resulting in low cell densities. If the concentration of
the biocatalyst is too high, high metabolic activities and
overflow metabolism may lead to oxygen limitation and
medium acidification, which deteriorates the cultivation.
Therefore, the biocatalyst concentration, i.e., the glucose
release rate, had to be optimized. DO and pH were monitored
and evaluated as key parameters during the cultivation
because of their influence on cell growth and recombinant
protein expression in £. coli (Ukkonen et al. 2011).
Biocatalyst concentration, culture volume (as a parameter
to affect the oxygen transfer rate), and booster amount were
selected as optimization criteria for valinomycin production in
a D-Optimal design approach with the final ODgq values and
volumetric valinomycin titers as responses (Table 1). A
quadratic model with interactions was fitted to the measured
values. The regression coefficients for both models were high
(R*=0.96 for ODgpo and R*=0.97 for valinomycin
production, respectively) and both models were significant
(a<0.05). It is obvious from the effect plots (Fig. 3a, b),
which result from the analysis of variance, that boosting
causes the highest effect on cell growth and valinomycin
production. If booster was added to the culture, both cell
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Fig. 2 Valinomycin formation and valinomycin synthetase expression
with batch and fed-batch cultivations in shake flasks. a Cells were
cultivated in Terrific Broth (batch) or in EnPresso B medium (fed-batch),
respectively. b SDS-PAGE analysis of the expression of Vim1 and VIm2.
1 Vim1 and VIm2 were co-expressed in Terrific Broth with 20 uM IPTG

induction for 5 h of cultivation; 2 negative control with empty plasmids;
3 Viml and VIm2 were co-expressed in EnPresso B medium without
IPTG induction for 24 h cultivation. Vlm1 (370 kDa) and VIm2
(284 kDa) are indicated by arrows. P = insoluble protein, S = soluble
protein, M = protein molecular weight marker
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Fig. 3 Results of the design of experiments with boosting, biocatalyst
concentration, and culture volume as influence parameters on cell density
and valinomycin production performed in 24-well plates. Upper graphs:
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valinomycin titer (micrograms per liter) (R>=0.95). Lower graphs:

density and valinomycin production increased. The added
complex nutrient booster contains amino acids, vitamins,
and cofactors and thus supports the efficient synthesis of
proteins (Viml and VIm2) and supplies further precursors
for valinomycin biosynthesis. Culture volume caused the
second highest effect on both parameters. This effect is even
higher with boosting than without, which can be concluded
from the high value for the interaction between both
parameters (7 in Fig. 3a, b). Since a regression analysis is
difficult with qualitative factors, boosting was eliminated from
the model and a quadratic model is established using the
results of the experiments with boosting. The stepwise
elimination of the insignificant effects led to a reduced
quadratic model, which only contained the culture volume
as an influencing factor. The two models have again a good
regression coefficient (R>=0.84 for ODgo and R?=0.98 for
valinomycin production) and both models are significant. The
lack of fit is not significant for the ODg(,, which means the
model error is lower than the pure error and shows a good fit
of the model to the experimental data. In contrast, the lack of
fit for the valinomycin production is significant, which is
probably caused by the high reproducibility in the center
points of the experimental plan (Table 1). The variety is likely
higher with other settings of the experimental plan, which
results in the mentioned lack of fit. The effect of the culture
volume, which is related to the oxygen transfer rate, on cell
growth, and valinomycin production, is shown in Fig. 3c, d
and suggested taking the smallest culture volume, which was
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tested. The effect of the biocatalyst concentration might be
judged as insignificant because of the small range which has
been investigated. Therefore, the range was increased in the
next optimization step.

The stability of the pH was obviously not influenced by
boosting. The online data showed that a very stable pH level is
maintained in EnPresso B medium, although the values (appr.
7.0-7.5) with boosting were higher compared to those without
boosting (appr. 6.5-7.0) (Supplementary Fig. S2). These pH
values are close to the optimal pH of 7.0 for £. coli growth,
demonstrating the fed-batch-like medium could buffer the
culture system well without external pH control. In contrast,
the pH gradually increased from 7.0 to 8.5 in TB batch
cultivations (data not shown).

In the fed-batch type cultivation process, the glucose-
releasing biocatalyst was added twice to the culture to
maximize the controlled feeding of glucose. At the inoculation
point, biocatalyst was added at a concentration of 0.3 U L™".
The initial low amount of biocatalyst could provide a
consistent cultivation environment with slowly released
glucose for the cells to reach a reasonable density before the
production phase. To optimize the biocatalyst concentration,
the second addition was investigated in a range from 0 to
6 U L™'. The results revealed that higher biocatalyst
concentrations correlate with higher valinomycin titers, while
there was no obvious influence on cell density (Table 1).

The total volume of a well in the 24-well plate was 3.3 mL
and working volumes from 0.5 to 1.5 mL were tested.
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According to the online data (Supplementary Fig. S2) of the
boosting group, the change of the DO content over the time in
cultures with the same volume was similar. Along with an
increase of the culture volume from 0.5 to 1.5 mL, a prolonged
period of oxygen limitation appeared. This oxygen limitation
had a negative impact on the cell growth and on valinomycin
accumulation. The DO increase in the late phase of the
cultivation is probably due to the exhaustion of the glucose
polymer substrate, leading to the stop of cell growth and less
oxygen being consumed. In other words, a lower culture
volume and therefore a higher oxygen transfer rate led to a
higher cell density (Fig. 3¢) and an increased valinomycin titer
(Fig. 3d).

The optimized parameters determined from the DoE
experiment were addition of nutrients, a biocatalyst
concentration of 6 U Lfl, and a culture volume of 0.5 mL.
These conditions lead to a 3-fold improvement of the final
ODggo compared to the batch cultivation in TB medium
(Fig. 4). More importantly, the final volumetric valinomycin
titer dramatically increased to 6.4 mg L', which is >20-fold
higher than that in the initial batch fermentation. In addition,
DO and pH were shown to remain stable at nearly 100 % and
around 7.2, respectively, during the 48-h production process

(Fig. 4).
Effect of glucose feeding rate on valinomycin production

The investigated range of the biocatalyst concentration (0 to
6 U L") was too small to see a significant effect on
valinomycin production. Since the raw data suggested a
positive correlation between faster glucose release and
valinomycin production, we further tested a broader range of
biocatalyst concentrations. The preculture was initiated with
0.3 U L' biocatalyst in a 500-mL Ultra Yield flask. The
overnight preculture was then distributed into the 24-well
plate (PreSens) with 1 mL culture per well and biocatalyst
concentrations between 1.5 and 20 U L™ (the second dose).
Figure Sa, b shows the dynamics of online DO and pH in
each well with different biocatalyst concentrations during the
cultivation. With less biocatalyst (1.5 and 3 U L"), less
glucose is released and thus cells used complex nutrients
(e.g., amino acids) as carbon source for growth. Therefore,
deamination of amino acids generated ammonia and resulted
in a pH increase. As the specific activity of the biocatalyst
strongly depends on the pH with a maximum activity at a pH
of 4 and only a residual activity of less than 20 % at pH 7
(information from BioSilta), the glucose release rate decreases
with an increasing pH. After almost 10 h, complex nutrients
were probably exhausted and cell growth was mainly based on
the slowly released glucose. Therefore, cells needed less
oxygen for respiration and DO increased accordingly. With a
biocatalyst concentration of 9 U L', the oxygen limitation
was prolonged to 15 h and the pH increase was delayed

compared to the lower biocatalyst concentrations (1.5 and
3 U L™"). The highest biocatalyst concentrations (15 and
20 U L") resulted in faster glucose release and a medium
acidification. The decreasing pH, by contrast, increased the
activity of the biocatalyst. Therefore, the glucose polymer was
rapidly depleted after 8 or 10 h, respectively. Afterwards,
under the acidic conditions, cell growth was significantly
impaired and DO was increased.

The cell growth curves are shown in Fig. 5c. With low
biocatalyst concentrations (1.5 and 3 U L"), the final ODgg0
values were around 30, which is 3-fold higher than the
cultivations with high biocatalyst concentrations (15 and
20 U L™"). The final valinomycin titers are presented in
Fig. 5d. The results indicate that, within the range of 1.5 to
9 U L™ of biocatalyst, more biocatalyst leads to a higher
volumetric valinomycin yield. The highest valinomycin titer
of 2.4 mg L' was obtained with 9 U L™'. However, above
9 U L', the volumetric yield of valinomycin was sharply
reduced.

Effect of glucose polymer feeding on valinomycin production

The curves for the DO (Fig. 5a) and for the cell growth
(Fig. 5¢) suggested that the carbon source polymer for glucose
release was exhausted with a biocatalyst concentration of
9 U L after appr. 15 h (DO increase and no change in cell
density). Therefore, we tested if continued glucose release by
supply of additional polymer to the medium would further
enhance cell growth and valinomycin formation.

Therefore, parallel shake flask experiments were
performed (see Fig. 6). Before the first feeding point (12 h),
all three flasks had the same DO in the medium (Fig. 6a). The
DO decreased in the initial batch phase (until 5 h) under
glucose excess from 70 to 5 %. Afterwards, the DO increased
to 60 % in the following 2 h indicating the transition to
glucose-limited growth. In the flasks where extra polymer
was added to the medium (at 12 h), the DO suddenly
decreased to almost 0 %, but recovered fast to a stable level.
This short disturbance in the DO is probably because the
glucose polymer contains some degraded free glucose that
the cells consume. A comparison of the three DO profiles
clearly revealed that the growth could be maintained by
additional feeding of the polymer. With polymer feeding, the
pH slightly decreased compared to the control but still
remained close to pH 7 (Fig. 6b). ODgq values indicate that
polymer feeding was beneficial for cell growth as assumed
(Fig. 6c). Without polymer feeding, cells stopped growing
after 12 h with a final ODg of 24. Glucose polymer feeding
at two times markedly improved cell density up to an ODggo of
55. Correspondingly, the volumetric valinomycin titer
increased to 10 mg L™ (Fig. 6d), which is a 33-fold increase
compared to TB batch production. In addition, the specific
production of valinomycin with twice polymer feeding
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reached 182 png L' ODgoo ', indicating a 5.2-fold
improvement compared to the initial batch TB cultivation with
a specific yield of 35 g L™ ODggp .

Discussion

NRPs are a large group of microbial secondary metabolites
that have a wide spectrum of important pharmacological
activities (Felnagle et al. 2008). Although more and more of
the gene clusters of NRPSs are identified and sequenced

(Finking and Marahiel 2004; Fischbach and Walsh 2006;
Marahiel et al. 1997), only a few of them have been
heterologously expressed in E. coli for the total biosynthesis
of relevant NRPs (Watanabe et al. 2006). In the present work,
we report an optimization process for enhanced production of
valinomycin in E. coli through a purely physiological
approach, without any gene optimization, which also could
offer a reasonable route for the production of other NRPs. The
highest valinomycin titer reached was appr. 10 mg L', which
is comparable to the productivity of several native
Streptomyces producers (Matter et al. 2009). Therefore, we

Fig. 5 Effect of glucose feeding a b
rate on valinomycin production:
online measurement of a oxygen
and b pH, ¢ cell growth curves,
and d valinomycin titers.
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believe that E. coli is a suitable surrogate host for
heterologous valinomycin production. Further arguments are
(a) much shorter cultivation times (2 days) compared to
Streptomyces strains (6 days) to reach similar valinomycin
titers, (b) E. coli tolerates expression of the large foreign
valinomycin synthetase which is correctly folded with
biological functionality, and (c) all the three precursors for
valinomycin biosynthesis (pyruvate, x-ketoisovalerate, and
L-valine) are native parts of the intracellular £. coli metabolite
pool. Also, (d) E. coli cultivations can be easily scaled up to
high cell densities in a bioreactor.

Previous reports demonstrated that the fed-batch-like
EnBase cultivation system can efficiently promote expression
yields of small proteins (<50 kDa) (Krause et al. 2010; Siurkus
et al. 2010). Also, the dimeric Fab antibody fragments were
successfully expressed recently by the same strategy
(Ukkonen et al. 2013). Here, we report that the EnBase
strategy also benefits the production of valinomycin
synthetase (VIm1 370 kDa and VIm2 284 kDa) in E. coli, a
very large dimeric protein, and even the resultant antibiotic
product valinomycin. The specific rate of valinomycin
production is only appr. 90 ug g ' h™! in batch cultivations.
Therefore, for a high valinomycin yield, it is important to keep
the cell's production system active over a long time, which is
not possible in a batch-type shake flask. Therefore, the task of
EnBase here is to provide a prolonged controlled production
phase. With the EnBase technology, cell growth could be

maintained over appr. 50 h and, importantly, valinomycin
synthesis continued over the whole time period. Also, during
the whole cultivation process, a stable pH level between 6.5
and 7.5, depending on the specific cultivation conditions,
could be maintained (Figs. 5b and 6b and Supplementary
Fig. S2). In contrast, the pH gradually increased in TB batch
cultivations initially from 7.0 to 8.5, which exceeds the
optimal pH range of E. coli growth (data not shown). This
finding is in agreement with a previous report, suggesting
EnBase medium is a good self-buffered system to cultivate
E. coli cells with different kinds of recombinant proteins
(Krause et al. 2010).

Interestingly, in TB batch cultivations, valinomycin was
notably accumulated within the exponential growth phase,
accounting for 75 % of the total yield (Fig. 2a). In contrast,
in EnBase fed-batch type cultivations, valinomycin was
mainly produced in the glucose-limited phase after nutrients
boosting (Figs. 2a and 4). We assume the difference can be
attributed to the different cultivation modes. In the TB batch
mode, most nutrients are consumed in the exponential growth
phase for cell growth and valinomycin formation. The
following stationary phase is characterized by nutrient
starvation, and consequently, no further valinomycin can be
produced. In contrast, in the EnBase fed-batch mode, the
complex booster added during the glucose limitation phase
could be directly used for anabolic reactions including the
synthesis of valinomycin, while the cells obtained their energy
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mainly from the released glucose. Therefore, E. coli cells
have enough energy not only to cover their maintenance
requirements, but also for valinomycin biosynthesis.

According to the DoE results, addition of booster had a
significant positive effect on the valinomycin yield (Table 1).
Although E. coli cells can also grow up to high cell density
without the boosted nutrients, valinomycin yields were much
lower in this case. The booster supplies amino acids, vitamins,
and cofactors to support efficient protein expression and
probably provides additional precursors (e.g., L-valine) for
valinomycin biosynthesis. Thus, a quadratic model was
established using only the results with boosting. According
to the model, only the culture volume had a significant
influence on the ODg(, and valinomycin production. The
biocatalyst concentration had no significant influence
probably due to the small biocatalyst concentration range (0
to 6 U L' as the second dose) that was investigated. In
EnBase, the glucose feeding rate depends on the biocatalyst
concentration. Our results indicated that a higher biocatalyst
concentration gave rise to higher valinomycin titers. When the
biocatalyst concentrations were increased from 1.5to 9 U L™
(the second dose), the specific valinomycin yields were
improved by appr. 2-fold. This suggests that E. coli cells only
need a certain amount of glucose for self-maintenance during
the production phase. A surplus of glucose may provoke an
accumulation of pyruvate. Further, a higher concentration of
pyruvate may provide a higher flux into the L-valine synthesis
route which includes the third precursor x-ketoisovalerate
(Fig. 1). Consequently, more biocatalyst leads to more
precursors for valinomycin formation. However, if the
biocatalyst concentration is higher than 9 U L™, cell growth
and valinomyecin titer are drastically decreased (Fig. Sc, d) due
to accumulation of acetic acid as a side product and
acidification of the cellular cytoplasm impairing the
cultivation and the recombinant protein production (Han
et al. 1992; Jensen and Carlsen 1990; Kleman and Strohl
1994). In summary, compared to the batch cultivation,
balanced glucose polymer feeding dramatically improved
the volumetric (33-fold) and even specific (5.2-fold) yields
of valinomycin, probably due to a higher flux of glucose into
the precursor metabolic pathways.

Although we have earlier shown that a shift to anaerobic
conditions may provoke a higher flux into the branched chain
amino acid pathway by the accumulation of pyruvate (Soini
et al. 2008; Soini et al. 2011), a high glucose feeding rate and
oxygen limitation did not increase the valinomycin yield (data
not shown). The maintenance of aerobic conditions during the
whole cultivation was very important for a high valinomycin
yield. In the multiwell plates, a lower culture volume allowed
a better oxygen transfer and thus contributed to higher cell
density and valinomycin titers (Fig. 3c, d).

In conclusion, the NRP antibiotic valinomycin production
was significantly enhanced to 10 mg L' through small-scale
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high cell density fed-batch cultivation, which is 33-fold higher
compared to the yield which was detected in rich medium-
based batch cultivations. Since the EnBase fed-batch system
enables scalable cultivation from microwell plate to pilot plant
scale bioreactors (Glazyrina et al. 2012; Siurkus et al. 2010),
the optimized parameters achieved from the current small-
scale screenings could be used to rationally guide the scaling
of the valinomycin process into the bioreactor. Moreover, we
present here a feasible approach and an example to optimize
and enhance heterologous production of other complex
natural products in E. coli.
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