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A combined experimental and numerical approach identifies a strong association between
TCA cycle intermediate accumulation and clavulanic acid biosynthesis in Streptomyces

clavuligerus

Abstract

Clavulanic acid (CA) is produced by Streptomyces clavuligerus (S. clavuligerus) as a secondary
metabolite. It is of pharmaceutical interest due to its potential to inhibit B-lactamases, secreted by
bacteria as a defense mechanism against B-lactam antibiotics. Knowledge about the carbon flux
distribution along the various routes that supply CA precursors would certainly provide insights
concerning how to optimize productivity. In order to evaluate metabolic patterns and the possible
accumulation of TCA cycle intermediates during CA biosynthesis, batch and subsequent
continuous cultures with steadily declining feed rates were performed with glycerol as the main
substrate. The data were used as constraints for an in silico study aim at exploring the cell
metabolic capabilities and the accumulation of metabolic intermediates. While clavulanic acid
accumulated at glycerol excess, it steadily decreased at declining dilution rates; CA synthesis
stopped when glycerol became the limiting substrate.

A strong association of succinate, oxaloacetate, malate and acetate accumulation with CA
production in S. clavuligerus was observed. Furthermore, flux balance analysis (FBA) was used
to describe the carbon flux distribution with a 10 % deviation on average. Results coincided with

the observed intermediate metabolite consumption and/or accumulation, and clavam metabolism.

Key words: Clavulanic acid; Streptomyces clavuligerus; continuous cultivation; TCA cycle

intermediate accumulation; flux balance analysis.

Introduction
Clavulanic acid (CA), produced by Streptomyces clavuligerus (S. clavuligerus), is a secondary
metabolite with pharmaceutical interest due to its potential to inhibit B-lactamase enzymes. It is

secreted by bacteria as a defense mechanism against B-lactam antibiotics (Brown et al. 1976;
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Llarrull et al. 2010). Though CA is produced in submerged cultures under different modes of
operation, a higher productivity is achieved in continuous cultivations (Neto et al. 2005).
However, only a few studies have been conducted to evaluate cell metabolic performance under
different dilution rates (Bushell et al. 2006), although such studies may contribute to a better

understanding of CA production in submerged cultures.

In most cases, production of antibiotics is performed at growth-limiting concentrations of
inorganic phosphate (Ozcengiz and Demain 2013; Hwang et al. 2014). Phosphate deficiency
plays a remarkable role on the availability of the glycolytic precursor glyceraldehyde-3-
phosphate (GAP), and indirectly on CA synthesis, since it strongly depends on GAP (lves and
Bushell 1997; Kirk et al. 2000; Bushell et al. 2006).

There are two main steps involved in CA biosynthesis. The early step includes the condensation
of GAP and arginine to produce L-N?-(2-carboxy-ethyl) arginine by the action of the enzyme N2-
(2-carboxy-ethyl) arginine synthase (CEAS1/CEAS2) (see Fig. 1) (Khaleeli et al. 1999;
Ozcengiz and Demain 2013). Next, the (3S, 5S)-clavaminic acid intermediate is synthesized in
five - well known - reactions (Wu et al. 1995; Bachmann et al. 1998; Zhang et al. 2002), while

the following ones are not fully described yet (Ozcengiz and Demain 2013).

In Streptomycetes, antibiotic biosynthesis and regulation depends on the availability of
precursors, which are intermediates of the TCA cycle (Dekleva and Strohl 1988; Hodgson 2000).
Attempting to decipher such a puzzle would require not only data for CA and intermediate
carbon flux distribution and accumulation, but also a holistic view of its metabolic connectivity.
Such studies can be supported by flux balance analysis (FBA), which has been successfully used
to estimate the metabolic flux distribution of entire metabolic networks in diverse organisms
(Stephanopoulos et al. 1998; Villadsen et al. 2011; Antoniewicz 2015).

In this work, a combined approach that involves continuous cultivation with Streptomyces
clavuligerus DSM No 41826 and FBA analysis was used for explaining the TCA cycle flux
distribution, accumulation of TCA cycle intermediates and their potential association with CA
biosynthesis. The experimental set-up included S. clavuligerus cultivations with a chemical
defined medium in a batch and subsequent continuous cultivation with steadily declining feeding

rates.
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Materials and methods

Microorganism

Streptomyces clavuligerus DSM No 41826 was used throughout this work. Stock cultures were
stored at -80°C in a glycerol solution (16.7% Vv/v).

Culture media and experimental conditions

In this work, the seed and bioreactor batch medium, described by Roubos et al. (2002) was used.
The seed medium composition was (in g/L): glycerol 15, soy peptone 15, sodium chloride 3, and
calcium carbonate 1, at an initial pH of 6.8. Antifoam 204 (Sigma Inc., St. Louis, MO) was
applied at a concentration of 1:1000 v/v.

The final bioreactor batch medium was slightly modified as follows (in g/L): glycerol 9.3,
K2HPO4 0.8, (NH4)2SO04 1.26, monosodium glutamate 9.8, FeSO4 x 7H,0 0.18, MgSO4 x 7H.0
0.72, MOPS 10.5 and trace element solution 1.44 (mL). The composition of the trace element
solution was (in g/L): H2SO4 (96%) 20.4, citrate x 1H>O 50, ZnSO4 x 7H20 16.75, CuSO4 X
5H20 2.5, MnCl; x 4H20 1.5, H3BO3 2 and Na2MoO4 x 2H20 2. Antifoam 204 was applied at a
concentration of 1:1000 v/v. The feed medium had the same composition as the bioreactor batch
medium, except for K;HPO4 that was added at a concentration of 0.58 g/L, without MOPS. The
batch medium was designed for achieving phosphate limitation based on the phosphate/carbon
ratio of biomass composition, as reported in previous works (Roubos 2002; Roubos et al. 2002)
Cryotube cell suspensions (1.2 mL) were inoculated into 50 mL of seed medium in a 250 mL
UltraYield® shake flask (Thomson Instrument Company, Oceanside, CA). Cells were grown in a
rotary shaker incubator for 26 h at 200 rpm and 28 °C. For the second preculture, 250 mL
UltraYield® shake flasks were filled with 45 mL of bioreactor batch medium and inoculated with
5 mL of cultivated seed broth. Cells were grown for 20 h. The preculture was inoculated at 10%
v/v into the bioreactor batch medium.

Culture samples (2 mL) were withdrawn at an interval of approximately 12 h. Samples were
centrifuged at 15,000 rpm and 4 °C for 10 min. Supernatant samples were used for CA,
intermediate metabolites and glycerol quantification by HPLC-DAD and HPLC-RID (Foulstone
and Reading 1982; Junne et al. 2011; Ramirez-Malule et al. 2016a). Wet biomass was washed
with 0.9% NaCl and centrifuged. Lastly, test tubes were dried over night at 75 °C for dry cell

weight determination.
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Continuous cultivation was conducted in a 0.5 L glass-made bioreactor (Glasgeratebau Ochs,
Bovenden, Germany) with a working volume of 0.3 L. The reactor was equipped with pH and
DO sensors (Hamilton Inc, Bonaduz, Switzerland), a cooling bath for temperature control and an
exhaust gas device with an oxygen and carbon dioxide gas sensor BluelnOne Ferm (BlueSens
gas sensor GmbH, Herten, Germany). The strain was grown at 28 °C with magnetic stirring, 2
vvm of aeration rate and a constant pH of 6.8, automatically controlled by the addition of HCI (1
M). Air supply was started only 5 h after inoculation in order to initially maintain CO> as a co-
substrate, and to induce the anaplerotic reaction (carboxylation of phosphoenolpyruvate to
oxaloacetate).
After 36 h of cultivation, the batch mode was followed by the continuous feeding phase. The
dilution rate (D) was set to 0.050 h'* based on pre-experimental work. After 155 h of cultivation
a decrease in the dilution rate was performed with a constant deceleration rate (a) of 0.00039 h
so as to allow the microorganism to adapt to new environmental conditions (quasi-stationary),
and eventually obtain information about metabolic patterns at different feeding conditions in a
single experiment (Paalme et al. 1995). The dilution rate profile was controlled by the following
equation (Paalme et al. 1995):

D=Dy+axt (1)
in which D is the current dilution rate, D, is the initial dilution rate, a is the deceleration rate and
t is time.
The specific growth rate u, product formation I, and substrate consumption Ig in continuous
culture were determined based on the biomass, product and substrate balance equations,

respectively (see equations 2, 3 and 4) (Paalme et al. 1995):
1 AX 1AV

=——+——+4D 2
hex T At
AP AV
Ip = VmE + PmE + Dy PV (3)
AS AV
I; = VmA_t + SmA_t + Dme(SO - Sm) (4')

in which X,,, V,,, D,,, B, and S,, are the mean values of biomass concentration, volume,
dilution rate, product and substrate, between two consecutive data points, respectively; AX, At,
AV, AP and AS are the differences of biomass concentration, time, volume, product and

substrate, between two consecutive data points, respectively.
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For the batch stage, u and I, were quantified by applying equations 5 and 6, respectively (Lee et
al. 2009):

1 AX

=——(5
I XmAt()
L 1AP(6)
PX,, At

Analytical Methods

CA was determined by HPLC, using a method based on the work of Foulstone and Reading
(1982) and Ramirez-Malule et al. (2016a). Potassium clavulanate vetranal (Sigma-Aldrich) was
used for calibration. Samples were derivatized with imidazole and analyzed with an Agilent 1200
system (Agilent Technologies, Waldbronn, Germany) equipped with a diode array detector and
operated at 30 °C with a Zorbax Eclipse XDB-C-18 reverse phase column (5 um,4.6 x
150 mm — Agilent Inc, Santa Clara, CA), using a C-18 guard column (Phenomenex®), with a
flow rate of 1 mL/min. The mobile phase consisted of solvent A (KH2PO4 50 mM, pH 3.2) and
solvent B (HPLC grade methanol) was set in a gradient mode as follows: linear gradient from
6% to 10% solvent B for 20 min; linear gradient to 76% solvent B for 22 min; 76% solvent B for
10 min and linear gradient to 6% solvent B for 1 min. The clavulanate-imidazole complex was
detected at 311 nm.

Glycerol was quantified with an Agilent 1200 series HPLC system equipped with a refractive
index detector and operated at 15 °C with a HyperREZ™ XP carbohydrate H* column (thermo
scientific) (300 x 7.7 mm, 8 um) at a constant flow rate of 0.5 ml/min using 5 mM sulfuric acid
solution as mobile phase. This method was also used to quantify metabolite concentrations from
central carbon metabolism, e.g., oxaloacetate, malate, succinate, acetate, lactate, pyruvate, a-
ketoglutarate and formate (Junne et al. 2011).

Quantification of free amino acids was performed with an Agilent 1260 series Infinity HPLC
system (Agilent Technologies, Waldbronn, Germany), equipped with an Agilent 1200 system
fluorescence detector (excitation wavelength: 340 nm, emission wavelength: 450 nm), and
operated at 40 °C with a C18 Gemini® column (5;1, 100 A, 150 x 4.6mm), a SecurityGuard™
pre-column (both columns supplied by Phenomenex®, Aschaffenburg, Germany) at a flow rate of
1 mL/min. Ortho-phthaldialdehyde was used for precolumn derivatization as previously reported
(Lemoine et al. 2015; Lemoine et al. 2016).
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Both, phosphate and ammonium ions, were determined semi-quantitatively using a phosphate
and ammonia test (MQuant™, EMD KGaA, Darmstadt, Germany).

Genome Scale Metabolic Modeling of S. clavuligerus

The metabolic model reported by Medema et al. (2010) was manually curated and used for FBA
simulations. The model consisted of the major metabolic pathways i.e., glycolysis,
gluconeogenesis, pentose phosphate pathway (PP), tricarboxylic acid cycle (TCA cycle), urea
cycle, glyoxylate shunt, anaplerotic reactions, clavam pathway, cephalosporin C biosynthesis,
cephamycin C biosynthesis, and the biosynthesis of macromolecular components of biomass
(protein, phospholipid, carbohydrate, fatty acid, RNA and DNA). The published model has 1492
reactions (1290/202 internal/exchange fluxes) and 1173 metabolites (971/202 internal/external
metabolites) (Medema et al. 2010).

For curation purposes, the model was tested and modified according to open scientific literature
(Roubos 2002; Arulanantham et al. 2006; Bushell et al. 2006; Ozcengiz and Demain 2013),
public databases like the KEGG pathway (http://www.genome.jp/kega/) and gene-reaction

associations (http://www.enzyme-database.org/)). The model and constraint consistency checker
(MC?®) algorithm was used to identify dead-end metabolites, single-connected metabolites, and
zero-flux reactions (Yousofshahi et al. 2013). As a result, gaps were identified and as many
reactions as possible were added. The biomass reaction was modified to consider 47 molecules
of adenosine diphosphate (ADP) and 47 molecules of inorganic phosphate (pi), which are
commonly used in genome scale models of Streptomyces coelicolor and Mycobacterium
tuberculosis (Borodina et al. 2005; Jamshidi and Palsson 2007; Alam et al. 2010). The clavam
pathway was extended to consider the route of 5s clavams (10 reactions were added in total).
Besides, in the transition of clavaminic acid to CA, further reactions of the metabolites N-glycyl-
clavaminic acid and N-acetyl-glycyl-clavaminic acid were added (one reaction was removed and
three reactions were added in total) (Arulanantham et al. 2006; Ramirez-Malule et al. 2016b).
Likewise, a metabolite, named “clavam5s”, was added at the end of the 5s clavam route, as this
pathway is still under investigation (Zelyas et al. 2008; Ozcengiz and Demain 2013). The
exchange and transport reactions for oxaloacetate, clavam-2-carboxylate and alanylclavam were
inserted. In summary, a total of 18 reactions were added to the original model of Medema.

The adjusted model consisted of 1510 reactions (1305/205 internal/exchange fluxes) and 1187
metabolites (982/205 internal/external metabolites); it was validated following the standard

7


http://www.genome.jp/kegg/

O©CO~NOOOTA~AWNPE

protocols reported by Palsson and Lee et al. (Palsson 2005; Lee et al. 2009). The SBML version

of the full model is available upon request.

Computational tools
The software COBRA Toolbox v2.0 running in a Matlab® environment, using the Gurobi

optimization software, was used to solve all optimization problems (Schellenberger et al. 2011).

Results

Continuous cultivation of S. clavuligerus

Pre-experimental work was performed at different deceleration rates and dilution rates to
guarantee that the system remains at a pseudo-steady state (data not shown). In the final set-up,
the dilution rate was varied from 0.050 h* to 0.025 h* with a deceleration rate constant of
0.00039 h2, After the first 36 h of cultivation (batch mode), the culture was kept at a dilution rate
of 0.050 h for over 4 residence times (7); a change in cell morphology was observed at the
beginning of the continuous feeding mode (pellet formation). After 4z, the dilution rate was

gradually decreased within the next 50 hours to 0.025 ht.

During the batch phase, a maximum cell dry weight of 10. 45 g/L was obtained at 36 h. Biomass
concentration remained rather constant in the subsequent continuous phase at constant dilution
rates (see Fig. 2). The availability of glycerol gradually decreased within the following
continuous phase with decreasing feed rate (0.092 - 0.020 g/L of glycerol during the dilution rate
interval of 0.050 to 0.025 hl). As a result, the carbon flux through the entire metabolic network
might have gradually diminished, leading to a reduction of intermediate metabolite pools, e.g.,

TCA cycle intermediates along with biomass precursors.

The pellet formation started after the end of the batch phase (continuous mode at 0.05 ht). Cell
stress like nutrient depletion, but also aging effects might cause such a change in morphological
behavior, although only a rare number of reports of filamentous organisms describe such
relations. Nevertheless, it is clear that the shear rates present in the stirred tank reactor at this
study are low enough to support pellet formation. It was shown that the pellet formation is
strongly reduced at shear rates above a certain threshold (Kumar and Dubey 2017). It is assumed
that the average shear rates, which appear in this small scale cultivation are an order of
magnitude lower than what was observed in pilot scale of 500 L (Pinto et al. 2004). If shear rates
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of that scale were compared to a tenfold scale of 5 m3, the hyphal area would be doubled. It is
unlikely that the low shear forces in this study, compared to shear forces that prevent pellet
formation as described in literature, had an impact on the morphologic development. Thus, the
deceleration phase is characterized by a pellet morphology with low portion of hyphae on the

total biomass.

CA accumulation started after the end of the batch phase. Semi quantitative analysis of
phosphate and ammonia proved that the continuous cultivation was phosphate, but not nitrogen
limited. Consequently, CA accumulation was mainly caused by phosphate limitation (see
supplementary material 1). The highest CA titer was reached at 36 h (Fig. 2). After that, a clear
decrease of CA concentration was observed from 36 to 156 h of cultivation time (D = 0.05 h)
(see Fig. 2). At first sight, a decrease of CA concentration was caused by a lower rate of
synthesis (of CA) in the continuous mode and/or, by the dilution effect of continuous feeding
after the batch phase. However, CA has been reported to be unstable in synthetic buffer solutions
(Ramirez-Malule et al. 2016a) and fed-batch cultivations (Roubos et al. 2002). Moreover, CA
synthesis stopped when glycerol became the limiting substrate (see Figs. 2 and 3a).

Acetate and TCA cycle intermediate accumulation in continuous cultivation of
S. clavuligerus

Acetate and succinate were simultaneously accumulated from 36 to 132 h of cultivation (see Fig.
3a). Figure 3b shows the accumulation of oxaloacetate and malate from 36 h of cultivation
onwards, and from 132 to 195 h of cultivation, respectively. The highest accumulation of
oxaloacetate and malate was acquired in the stage of variation of the dilution rate, with glycerol
depletion; this accumulation progressively decreased when the dilution rate was varied from
0.050 h™*to 0.025 h' (see Fig. 3c).

Acetate and succinate had a constant level of over 1 mM as long as glycerol was available;
nonetheless both intermediates were not detectable after glycerol limitation occurred. In contrast,
oxaloacetate increased to 4 mM after glycerol became limiting, and stayed high afterwards.
Malate was slightly accumulated only during glycerol depletion (Figs. 3a and 3b). This
metabolic behavior might be explained by the likely activation of the glyoxylate pathway under
glycerol limitation (Chan and Sim 1998; Soh et al. 2001).
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Lactate, a-ketoglutarate, pyruvate and formate were not accumulated during the entire

cultivations; their concentrations stayed below detection limits.

Extracellular concentrations of aspartate, isoleucine, asparagine and threonine remained at very
low concentrations (Figs. 4a and b). Their concentrations remained constant throughout the
phase of declining dilution rates, except for aspartate whose concentration increased, possibly
due to activation of the glyoxylate shunt under glycerol limitation. In contrast, glutamate
concentrations decreased drastically after limitation of glycerol occurred. Interestingly, it
accumulated again in the decellerostat phase (Figs. 3a and 4c). Glutamate may serve as a storage
component for nitrogen, as the nitrogen to carbon ratio might increase during a reduced dilution
rate. Glycine was observed mainly within the same time frame where CA was synthesized (Figs.
2 and 4d); this was expected, as glycine is a co-substrate in at least two reactions of the later
steps in the clavam pathway (N-glycyl-clavaminic acid and 8-hydroxyalanylclavam formation)
(Arulanantham et al. 2006; Zelyas et al. 2008; Ramirez-Malule et al. 2016b).

Flux Balance Analysis in S. clavuligerus at batch stage and at three different dilution rates

FBA was used as a tool to evaluate and explain the experimental observations and to draw a
potential association between succinate, oxaloacetate, malate and acetate with CA production.
The genome scale model was constrained with data from a medium composition that mimics the
one used in experiments (Supplementary material 2). As for identifying the set of metabolic
pathways that were favored and disfavored under continuous cultivation of S. clavuligerus, and
their association with TCA cycle intermediate accumulation and CA production, an in silico
FBA study was conducted. For the purpose of performing comparative analysis among metabolic
flux distributions, four points of the cultivation were selected: one at the batch stage and three at
various dilution rates, (0.050, 0.045 and 0.035 h?). The model was constrained with
experimentally determined fluxes of succinate, oxaloacetate, malate, acetate, oxygen, glycerol,
carbon dioxide and/or CA. Intermediate metabolic fluxes were quantified by means of a two-
stage optimization procedure (Schuetz et al. 2007) as follows: firstly, a linear programming (LP)
problem was solved using the maximization of a composite objective function (biomass
synthesis and CA production). Secondly, a non-linear programming (NLP) problem was solved
while using the minimization of the overall intracellular flux as objective function. The NLP

problem formulation included two additional constraints obtained from solving the problem at

10
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stage one. The biomass flux and the intracellular flux of the reaction catalyzed by
phosphoenolpyruvate (PEP) carboxylase were used for the batch phase, whereas the biomass
flux and the intracellular flux of the reaction driven by isocitrate lyase (ICL) were used for the
phase where dilution rate was varied. The above-mentioned additional constraints, used at the
second stage, were based on experimental evidence, as found in this work. The use of
experimental constraints drastically reduced the solution space for the optimization problem, thus
leading to more consistent metabolic phenotypes. This computing environment allowed for
calculating the metabolic flux vector for each point - four metabolic scenarios - previously
selected in the cultivation. Differences among flux vectors were used to explain experimental
observations.

Figure 5 shows the metabolic flux distribution. Table 1 shows a comparison between the
observed dilution rates D and the simulated specific growth rates psim; experimental metabolic
fluxes are also presented. A good agreement between D and Wsim, 10% of difference on average,
was observed, thus indicating the general validity of the model.

Since the CA production rate is rather low in contrast to the overall fluxes, its estimated
synthesis rate were not considered for discussion. However, an analysis of the main differences
found in the metabolic carbon flux distribution between batch stage and the selected dilution
rates is presented.

Discussion
In continuous phosphate limited culture, with glycerol as the carbon source, significant changes
of precursor accumulation and concomitant flux distributions were observed. However, fluxes

from argininosuccinate to clavaminic acid and CA remained rather unchanged.

The effect of phosphate concentration on CA production by S. clavuligerus has been well studied
(lves and Bushell 1997; Kirk et al. 2000; Bushell et al. 2006). Nevertheless, the role of
accumulation of intermediate metabolites in S. clavuligerus cultures for CA production under
phosphate limitation has not been reported. Coincidentally, when the glycerol concentration
decreased below 3.8 g/L and acetate and succinate concentration were progressively decreasing
to zero, a slight increment (~1 g/L) on biomass production was observed at D = 0.050 h
(between 108 and 132 h of cultivation. See Figs. 2 and 3a). Under these circumstances, acetate

and succinate might have been co-assimilated by the cell, hence leading to a further biomass

11
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precursor production (see supplementary material 3). In this regard, Chan and Sim (1998) and
Soh et al. (2001) found a metabolic relationship between the carbon source (either glycerol or
acetate), cell growth and isocitrate lyase activity, where, for both glycerol and acetate, high
levels of ICL activity coincided with a diminution of growth (Chan and Sim 1998; Soh et al.
2001). Additionally, the authors reported that S. clavuligerus was able to grow on acetate as the

sole carbon source.

Acetate metabolism is also linked with the formation of N-acetylated clavaminic acid
compounds in the clavam pathway. Crystallographic studies and mass spectrometry analysis
have shown a close similarity between orfl4 (acetyl transferase (CBG)) and the GCN5-related
acetyltransferase (GNAT) protein (Igbal et al. 2010; Paradkar 2013). Besides, a reaction
mechanism for the acetate incorporation during N-acetyl-glycyl-clavaminic acid formation was
proposed based on a computational-based approach, a postulated new step in the later steps of
the clavam pathway (Ramirez-Malule et al. 2016b).

The role of succinate in anabolic processes of S. clavuligerus is a matter of several studies
(Dekleva and Strohl 1988; Hodgson 2000). In our experiments, succinate accumulated within a
time frame during which CA was synthesized, at a constant dilution rate of 0.05 h™* (succinate:
from 36 to 121 h of cultivation, Fig. 3a; CA: from 36 h of cultivation onwards, Fig. 2). Succinate
is produced in the TCA cycle; it is also a substrate for fumarate biosynthesis. Additionally,
succinate is related with the clavam pathway wherein it is released as a byproduct of three
intermediate clavam reactions (see Fig. 1) (Townsend 2002; Ozcengiz and Demain 2013). The
enzyme involved in these three reactions is clavaminate synthase, an a-ketoglutarate (a-KG) and
ferrous iron-dependent oxygenase. This enzyme catalyzes the following reactions: (i)
deoxiguanidino-proclavaminic acid is hydroxylated to guanidine-proclavaminic acid, (ii)
proclavaminic acid to dihydroclavaminic acid, (iii) biosynthesis of clavaminic acid (Krol et al.
1989; Salowe et al. 1991; Zhou et al. 1998; Solomon et al. 2000; Zhou et al. 2001; Zhang et al.
2002; Townsend 2002). In cephamycin C biosynthesis, succinate is also released as byproduct by
the action of o-KG and a ferrous iron-dependent oxygenase (Ozcengiz and Demain 2013;
Hamed et al. 2013). Consequently, the cephamycin C pathway, if active, is a potential source for
succinate accumulation. It has been found that S. clavuligerus produces CA and cephamycin C
simultaneously, either in batch or fed-batch mode (Belldo et al. 2013). In cultures fed with

12
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glycerol, CA production was higher than that of cephamycin C. In contrast, the concentration of

cephamycin C was higher than CA when starch was used (Bell&o et al. 2013).

Figure 3b shows an accumulation of oxaloacetate at 24 h of cultivation. At this time,
oxaloacetate may originate not only from the TCA cycle but also from the PEP carboxylase
reaction. Accumulation of oxaloacetate, as precursor for aspartate, eventually lead to higher
fluxes within the urea cycle, thereby promoting the production of arginine, the second CA
precursor (Haines et al. 2011). In fact, an increase on the concentration of aspartate, isoleucine,
asparagine and threonine (amino acids of the oxaloacetate-family (specifically) matched with CA
accumulation (Figs. 2, 4a and b). High pools of GAP and arginine might boost the first reaction
of the clavam pathway to L-N2-(2-carboxy-ethyl) arginine (Khaleeli et al. 1999; Ozcengiz and
Demain 2013). Bushell et al. (2006) observed that the yield of CA was increased when
asparagine, arginine and/or threonine were fed to chemostat cultivations of S. clavuligerus.

Following the analysis, our data show a transition stage from primary to secondary metabolism
between 24 and 36 h of cultivation, concurring with a larger accumulation of CA. Apparently,
during this period, PEP carboxylase was active and contributed to the accumulation of
oxaloacetate (see Fig. 3b) and maximum CA production (at end of batch phase, Fig. 2).
Afterwards, PEP carboxylase was likely inhibited by the constant production and accumulation
of oxaloacetate and succinate (oxaloacetate: from 36 h of cultivation onwards, Fig. 3b; succinate:
from 36 to 121 h of cultivation, Fig. 3a), while the CA concentration was approx. constant (from
36 h of cultivation onwards, Fig. 2). The role of anaplerotic reactions in primary metabolism of
Streptomycetes has been widely studied (Vorisek et al. 1969; Dekleva and Strohl 1988; Hodgson
2000). Many Streptomyces species use PEP carboxylase for the anaplerotic biosynthesis of
oxaloacetate, e.g., Streptomyces aureofaciens (Al4), Streptomyces C5 and Streptomyces
coelicolor A3(2) (A21) (Vorisek et al. 1969; Dekleva and Strohl 1988; Hodgson 2000). Dekleva
and Strohl (1988) observed a minor stimulation of PEP carboxylase by fructose 1,6-bisphosphate
and AMP in Streptomyces C5, whereas oxaloacetate, aspartate, malate, succinate, ATP, citrate
and CoASH were reported as severe inhibitors of PEP carboxylase (Dekleva and Strohl 1988).
Besides, the transition from primary to secondary metabolism led to activation of PEP
carboxylase due to the growing demand of TCA intermediates during antibiotic biosynthesis
(Dekleva and Strohl 1988; Hodgson 2000).
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Metabolite profiles of this work showed that malate concentration was increasing with glycerol
limitation, mostly between the 132 and 156 h of cultivation, at D = 0.05 h™! (see Figs. 3a and
3b). After that, when D was decreased, also the malate concentration was decreased as dilution
rate went down to 0.025 h't (see Fig. 3c). The glyoxylate shunt, a bypass in the TCA cycle,
retains two carbon dioxide molecules, and contributes to maintain cell metabolism, under limited
carbon source availability. Soh et al. (2001) found that the maximum isocitrate lyase and malate
synthase enzymatic activity, under either acetate or glycerol limitation, as the unique carbon
source, occurred at the same time and was not associated with biomass accumulation. The
authors suggested that the glyoxylate pathway in S. clavuligerus was active under limited carbon
source conditions due to the demonstrated isocitrate lyase and malate synthase activities (Soh et
al. 2001). Hence, considering the malate and acetate accumulation, observed in this work, we
argue that the glyoxylate pathway was active under phosphate limitation and glycerol depletion.
Interestingly, the likely activation of the glyoxylate pathway matched with the absence of CA at
the period when the dilution rate varied from 0.050 h'* to 0.025 h™.

Accumulation of TCA cycle intermediates has also been observed in genetically modified
Streptomyces strains (Viollier et al. 2001; Colombié et al. 2005). Interestingly, the accumulation
of succinate, oxaloacetate, malate and acetate found in this work - using a wild type strain - were
comparable with levels reported in Streptomyces ambofaciens and Streptomyces coelicolor
strains, which had been subject to genetic modification (Viollier et al. 2001; Colombié et al.
2005).

Regarding the change in cell morphology, as observed in this work (see supplementary material
3), pellet formation has been reported to have a negative effect on antibiotic production. Several
reports describe an increased release of antibiotics, when the portion of branched hyphae is
larger as if pellet formation is dominant (Qi et al. 2014), as it is the case at elevated shear rates.
However, an optimum exists, while production declines if shear rates harm the structures of the
filamentous organisms further (Olmos et al. 2013). A threefold increase in lavendamycin methyl
ester was observed in S. flocculus (Xia et al. 2014). The decrease of CA concentration matched
pellet formation during S. clavuligerus cultivation at 0.050 h™. Under the presence of pellet
formation, oxygen and nutrient transport to the cells is limited, thus leading to lower CA titers in

submerged cultures. In this regard, recent works have reported on the kinetics of pellet growth
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along with studies on adding cations or components to prevent/enhance pellet formation (Kumar
and Dubey 2017; Kurakake et al. 2017; Osadolor et al. 2017). Pellet formation is mainly
influence by pH, substrate and product concentration, and agitation. Kumar and Dubey (2017)
recently studied the role of different carbon and nitrogen sources, metals, pH, inoculum volume
and agitation rate on pellet formation in Streptomyces toxytricini. In that work, the results
showed that galactose, ammonium sulfate, sodium nitrate, Cu®*, Zn?*, an inoculum volume
higher than 5% (v/v) and agitation rate of 300 rpm triggered a decrease not only in pellet size,
but also in biomass. Nevertheless, a relation between pellet size and maximum shear rates still
has to be investigated. Although many growth factors have been described (Ser et al. 2016), the
observation of the morphologic evolution of a culture under controlled, low shear stress
conditions as e.g., in a shake flask, remains to be investigated, since in both, the stirred tank
reactors and even bubble columns, a certain shear stress cannot be avoided without a loss of

power input (Cerri and Badino 2012).

The FBA simulation results show a slight reduction in the pool of GAP and arginine under the
four tested environmental conditions (pool levels stayed approximately constant, considering the
significant change in the dilution rate), and an adverse effect on CA biosynthesis (see fluxes of
arginine, CA and the reactions where GAP is involved in Fig. 5). This instance was consistent
with the decline of a-ketoglutarate carbon flux (76.4%) towards glutamate, a reaction mediated
by glutamate dehydrogenase (probably caused by activation of the glyoxylate pathway). Both
compounds are direct precursors of the urea cycle where arginine is synthesized. Furthermore,
the oxidative activity in the TCA cycle was limited leading to a lower level of TCA cycle
intermediates (39.4% and 43.8%, less flux, for isocitrate and a-ketoglutarate, respectively) and
an active glyoxylate pathway. Moreover, pools of GAP and arginine - as precursors of the
clavam pathway — are bottlenecks for CA synthesis as suggested by (lves and Bushell 1997).
GAP, as a glycolytic intermediate, is highly demanded for glycolysis and gluconeogenesis.
Accordingly, GAP availability rather than arginine is commonly considered as rate-limiting for
CA production (lves and Bushell 1997).

FBA results showed that the reaction driven by PEP carboxylase, wherein oxaloacetate is
produced from PEP, was not active since the carbon flux through this irreversible reaction was

zero, under the three dilution rates evaluated. In contrast, PEP carboxylase was highly active -
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with a flux value of 1.773 mmol/(gcow*h) - at the batch stage where CA acquired its highest
yield.

Likewise, a substantial increment of the flux from PEP towards pyruvate was observed during
the four evaluated environmental conditions (see pyruvate in Fig. 5). Interestingly, while the
metabolic flux mediated by pyruvate kinase incremented, PEP carboxylase was turned off at the
three dilution rates evaluated, clearly a presumed tradeoff between pyruvate kinase and PEP
carboxylase. Indeed, in the batch stage the highest flux value of PEP carboxylase coincided with
the lowest flux value of pyruvate i.e., CA biosynthesis is related with a high PEP carboxylase
enzymatic activity and a reduced activity of pyruvate kinase. Undoubtedly, oxaloacetate
production, via PEP carboxylase, plays an important role in CA biosynthesis. In a coincident
manner, in this work, the accumulation of oxaloacetate, succinate and amino acids from
oxaloacetate-family agreed with a larger CA production. The positive influence of amino acids,
derived from oxaloacetate, on CA production has been already studied by means of feeding
experiments, using aspartate, threonine, isoleucine, glutamate and arginine as supplements, in

chemostat cultivation (Bushell et al. 2006).

Regarding the reaction mediated by ICL, the model predicted the experimentally proven
activation of the glyoxylate pathway at the interval in which dilution rate was varied; the
irreversible reaction catalyzed by ICL was active (see glyoxylate flux in Fig. 5). The activation
of ICL was ultimately caused by glycerol and phosphate depletion during the variation of the
dilution rate from 0.050 h'* to 0.025 h™.

As previously highlighted, CA concentration was close to zero at the period when the dilution
rate was varied from 0.050 h'* to 0.025 h'. In this regard, we now analyzed the effect of the
possible physiological flux ratio that eventually would regulate carbon flux distribution in early

steps of the clavam pathway.

The flux-ratio for aspartate/glutamate had a substantial increment (237% on average, from batch
to D = 0.035 h1), thus showing a clear decreasing trend of carbon flux in the oxidative direction
of the TCA cycle (see Fig. 6). This instance might be caused mainly by glycerol and phosphate
depletion, which triggered the activation of the glyoxylate pathway within the period when the

dilution rate was varied. The flux-ratio for aspartate/arginine was rather constant since aspartate
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is a direct precursor of arginine. In mammals, the reaction mediated by argininosuccinate
synthetase - where citrulline and aspartate condense to form argininosuccinate - has been
reported to be the rate-limiting step under circumstances where the urea cycle runs maximally
(Haines et al., 2011, Morris Jr, 1992). Then, argininosuccinate synthetase might regulate carbon
flux towards the synthesis of arginine, hence rendering an invariable flux-ratio profile for the
ratio aspartate/arginine. In contrast, the glutamate/arginine flux-ratio decreased by 71%. Here,
the intracellular flux toward glutamate (a reaction mediated by glutamate dehydrogenase where
o-ketoglutarate, together with urea, were used as co-substrate), experienced a severe diminution
(76.9%), while metabolic flux for aspartate ceased around 20.1%. The trend for the flux-ratio of
aspartate/o-ketoglutarate increased moderately. The activation of the glyoxylate shunt allows for
producing succinate and malate; the latter is used as substrate to generate oxaloacetate, which is
a precursor of aspartate. This instance let to obtain more aspartate than a-ketoglutarate. The lack
of succinate accumulation and the absence of CA during the variation of the dilution rate was an
indicator of a low activity of the clavam pathway. Certainly, the in silico results showed an
imbalance between aspartate and glutamate fluxes - when the dilution rate was varied from 0.050
h™ to 0.035 h! - with a strong negative effect on arginine biosynthesis (see arginine in Figs. 5
and 6).

A clear relationship between aspartate and glutamate with CA production was observed; this
association affects TCA cycle intermediate flux distribution. Accordingly, the reactions driven
by glutamate dehydrogenase and aspartate aminotransferase could eventually be considered as
potential metabolic targets for further genetic modification so as to obtain S. clavuligerus over-

producer strains.

Finally, findings in this study have shown a strong association between the accumulation of
succinate, oxaloacetate, malate and acetate with CA production in S. clavuligerus. The reaction
catalyzed by PEP carboxylase was consistent with oxaloacetate accumulation and the highest CA
production. Furthermore, CA biosynthesis coincided with the accumulation of oxaloacetate,
succinate and acetate during the initial batch phase, and at a dilution rate of 0.050 h%. In contrast,
when CA was depleted, malate was accumulated just before starting the variation of dilution rate
and at the point when D decreased to 0.025 ht. These results demonstrated the existence of a

metabolic relationship between the accumulation of TCA intermediates and CA production,
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which gives rise to potential metabolic targets for obtaining a desired CA-overproducing strain;
as previously stated, the reactions conducted by glutamate dehydrogenase and aspartate

aminotransferase might be potential candidates for this purpose.
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Table Legends

Table 1 Observed dilution rates from continuous cultivation and experimental and simulated

specific growth rates of S. clavuligerus.

Figures Legends

Fig. 1 A condensed scheme of the clavam pathway in S. clavuligerus. Succinate is a byproduct in
three reactions catalyzed by clavaminic acid synthase in the presence of a-ketoglutarate (a-KG)

and an iron-dependent oxygenase

Fig. 2 Continuous cultivation of S. clavuligerus: Cell dry weight (- A-) and (-e-) clavulanic acid
concentration as a function of cultivation time. Numbers above pictures describe the portion of

pixels, which depict biomass

Fig. 3 Accumulation of tricarboxylic acid cycle intermediates during continuous cultivation of S.
clavuligerus. a) Time course of glycerol consumption (- A -), and accumulation of succinate (-e-)
and acetate (-=-) in continuous cultivation of S. clavuligerus. b) Concentration of oxaloacetate (-
A-) and malate (-e-) during continuous cultivation of S. clavuligerus. c) Accumulation of
oxaloacetate (- A-) and malate (-e-) from 0.050 h! to 0.025 h* of dilution rate in continuous

cultivation of S. clavuligerus

Fig. 4 Course of extracellular concentration of amino acids in continuous cultivation of S.
clavuligerus: a) Aspartate (- A-) and isoleucine (-e-). b) Asparagine (- A -) and threonine (-e-).

c) Glutamate (- A -) and glutamine (-e-). d) Glycine (- A -) and arginine (-e-)
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Fig. 5 Carbon flux distribution in CA production by S. clavuligerus, at batch stage and at three
different dilution rates. Units for fluxes are mmol/(gcow*h). Notation: from top to down, flux
values correspond to a metabolic flux distribution of S. clavuligerus growing in batch culture (36
h of cultivation), and three selected dilution rates 0.050, 0.045 and 0.035 h, within the

continuous mode, at 155, 180 and 195 h of cultivation, respectively

Fig. 6 Flux ratio profiles for the intracellular fluxes of aspartate (ASP), glutamate (GLU), a-
ketoglutarate (a-KG) and arginine (ARG). Notation: The flux ratio values correspond to data
from a metabolic flux distribution of a continuous cultivation at 36 h of cultivation (end of batch
stage) and three selected dilution rates (0.050, 0.045 and 0.035 h'l)
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Table 1

Table 1 Observed dilution rates from continuous cultivation and experimental and

simulated specific growth rates of S. clavuligerus.

Observed dilution rate D (h'!), experimental, p (h'), and simulated

specific growth rate, psim (h?)

Compounds i
Batch stage Continuous mode
used as
. V1 Msim D Msim D Msim D Msim
constraints
0.063 | 0.054 | 0.050 | 0.050 | 0.045 | 0.045 | 0.035 | 0.044
Metabolic fluxes™
Glycerol - 0.7280 1.1098 0.9679
02 - 1.8481 1.6648 1.6205
CO; - 0.2529 0.0672 0.0228
Malate 0.0016 0.0016 0.0057 0
Succinate 0.0140 0 0 0
Acetate 0.0150 0 0 0
Oxaloacetate 0.0007 0.0440 0.0291 0

*Flux units [mmol/(gcow*h)]. All fluxes were experimentally quantified and used
as constraints for simulation purposes. D or i were compared with psim. The
specific growth rate p was determined according to eq. 5 (for the batch stage). The

observed dilution rate was quantified by the quotient of real medium flow rate (F)

and real reactor volume (V), (D = g)
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