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Abstract: To successfully design expression systems for industrial biotechnology and biopharmaceutical applications; plasmid
stability, efficient synthesis of the desired product and the use of selection markers acceptable to regulatory bodies are of utmost
importance. In this work we demonstrate the application of a set of IPTG-inducible protein expression systems — harboring different
features namely, antibiotic vs auxotrophy marker; two-plasmids vs single plasmid expression system; expression levels of the repres-
sor protein (Lacl) and the auxotrophic marker (glyA) - in high-cell density cultures to evaluate their suitability in bioprocess conditions
that resemble industrial settings. Results revealed that the first generation of engineered strain showed a 50% reduction in the pro-
duction of the model recombinant protein fuculose-1-phosphate aldolase (FucA) compared to the reference system from QIAGEN.
The over-transcription of glyA was found to be a major factor responsible for the metabolic burden. The second- and third-generation
of expression systems presented an increase in FucA production and advantageous features. In particular, the third-generation ex-
pression system is antibiotic-free, autotrophy-selection based and single-plasmid and, is capable to produce FucA at similar levels
compared to the original commercial expression system. These new tools open new avenues for high-yield and robust expression of
recombinant proteins in E. coli.

Keywords: High-cell-density fed-batch cultures, Recombinant protein production, Antibiotic-free expression system, Escherichia coli,
Bioprocess optimization

Introduction vast majority of expression systems for lab-based investigations
include antibiotic resistance markers that enable screening of
positive clones and help in plasmid retention. However, the use of
expression systems with antibiotic markers is considered unac-
ceptable by regulatory authorities in relevant areas of industrial
biotechnology (e.g., medical, therapeutic, and agricultural appli-
cations; Glenting & Wessels, 2005) and follows current trends in
improvements in antibiotic use and stewardship to reduce antimi-
crobial resistance (Mignon et al., 2015).

In order to produce high levels of protein, it is often useful to
clone the gene of interest downstream to a well-characterized,
strong, and tightly regulated promoter. The E. coli lac promoter
is arguably the most extensively studied (Germéan et al., 2019).
Within the realm of E. coli expression, the T5 promoter system
(and its derivatives) available from QIAGEN is one of the most
popular choices for protein production (Ferndndez-Castané et al.,
2012a; Calleja et al., 2014). This IPTG-induced promoter has a high
transcription rate that can only be tightly regulated in the pres-
ence of high levels of the Lac repressor protein (Lacl), which is
encoded by the lacl gene (Xu & Matthews, 2009). The commercial
PQE- vectors commercialized by QIAGEN utilize two lac operator

Escherichia coli is the most widely used host for the development of
bacterial expression systems for overexpression of recombinant
proteins and remains the first choice for laboratory investigations
and industrial production of recombinant proteins within the
biopharmaceutical sector (Rosano & Ceccarelli, 2014; Castifieiras
et al.,, 2018). The main advantages of E. coli are rapid growth rate,
capability to reach high cell densities, growth on inexpensive sub-
strates, well-characterized genetics, and the availability of excel-
lent tools for genetic manipulation (Brown, 1995).

A wide range of expression systems with different features
have been developed for recombinant protein production (RPP) in
E. coli, comprising plasmids for constitutive or inducible expres-
sion, different mechanisms of induction (e.g., temperature and
IPTG-inducible systems), the use of strains with different geno-
types (Waegeman & Soetaert, 2011), and additional features to aid
production (e.g., use of tuneable strains or co-expression of chap-
erones; Marschall et al., 2017). Moreover, expression systems may
incorporate fusion tags to increase protein solubility or enable pu-
rification using affinity chromatography (Costa et al., 2014). The
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(lacO) regions in order to guarantee strong repression under non-
induced conditions (Rosano & Ceccarelli, 2014).

It is widely recognized that RPP consumes cellular energy and
metabolites (Rahmen et al., 2015), whereby high level expres-
sion of heterologous proteins has a direct impact on the central
metabolism of cells and causes the activation of stress responses
(Weber et al., 2002; Neubauer et al., 2003). This physiological re-
sponse is known as the metabolic burden caused by RPP draining
the host cell’s resources, either in the form of energy such as ATP
or GTP, or nutrients such as amino acids and nucleotides that are
required to express and synthesize the protein of interest and its
associated cellular machinery (Glick, 1995). Typically, cells over-
come the metabolic burden by triggering stress-response mecha-
nisms that adapt and readjust the metabolism in order to restore
functionality and viability. However, such cellular responses often
negatively affect growth parameters such as growth rate, biomass
yield, and cellular viability, as well as recombinant protein pro-
ductivity (Carneiro et al., 2012).

Plasmid-based expression systems are not always stable, par-
ticularly in cultivation strategies where cells are grown for many
generations, that is, in high-cell-density or continuous cultures
(Plerce & Gutteridge, 1985). Hence, vector stability is of utmost im-
portance. Expression systems using two or more plasmids may
present high instability, thus enabling their use only as “‘tran-
sient” expression systems (Al-Allaf et al., 2013). During cell growth
in high-cell-density cultures, overexpression of recombinant pro-
teins often results in (i) cell aggregation and (ii) bacteria becoming
viable but non-culturable, a phenotype which means the loss of
the ability to form colonies on agar plates (Jeong & Lee, 2003; Wyre
& Overton, 2014a; Fernandez-Castané et al., 2017). Flow cytometry
(FCM) has been extensively used as a rapid and high-throughput
analytical technique to determine the viability and physiology of
cells and to detect heterogeneities in cultures (Hewitt et al., 1999;
Wyre and Overton, 2014b).

Previous studies carried out in our laboratory developed aux-
otrophic selection systems based on glycine auxotrophy derived
from the commercial two-plasmid pQE-based expression system
(QIAGEN), comprising an expression plasmid (pQE), where the T5
promoter regulates expression of the recombinant gene of inter-
est, and pREP4, which expresses lacl that allows tight regulation
of the TS promoter on the pQE plasmid (Gronenborn, 1976). The E.
coli glyA gene encoding serine hydroxymethyl transferase (SHMT),
which catalyzes the reversible interconversion of L-threonine and
glycine and is essential for cell growth in the absence of glycine
(Plamann & Stauffer, 1983), was used as a selective marker. In
the first generation auxotrophic system (Vidal et al., 2008), glyA
was cloned into the pQE-FucA vector expressing fucA, encod-
ing fuculose-1-phosphate aldolase (FucA). The resultant plasmid,
PQEaBFucA, was transformed into the glycine auxotroph E. coli
M15AglyA[pREP4] yielding M15AglyA[pREP4] pQEaSFucA. Expres-
sion studies in shake flask cultures revealed that this strain pre-
sented a slight decrease in recombinant protein yield compared
to the commercial reference strain (Pasini et al., 2016).

In the second generation of the expression system (named
“Puzzle”), we optimized expression levels of lacl and glyA us-
ing the weak, constitutive J23110 synthetic promoter (Registry for
Standard Biological Parts, http://parts.igem.com) and cloned both
as cassettes into the pQE-FucA vector, which was transformed
into E. coli M15AglyA, removing the need for the pREP4 plasmid
and thus alleviating the metabolic burden. This resulted in im-
proved plasmid maintenance while substantially increasing the

production levels of the protein of interest in shake flasks ex-
periments (Pasini et al., 2016). Finally, the third generation strain
(“AmpR™") was generated by deleting the ampicillin resistance
gene (bla) from the pQE-FucA plasmid, resulting in solely aux-
otrophic selection.

In this work, we demonstrate that the third generation of
antibiotic-free pQE-derived expression systems developed re-
cently in our laboratory can be successfully used in industri-
ally relevant bioprocessing strategies (i.e., in high-cell-density
cultures) for the expression of FucA, an enzyme of interest for
biocatalytic pharmaceutical applications (Koeller & Wong, 2000;
Clapés et al,, 2010) . Growth and production of FucA were com-
pared in the reference and three generations of auxotrophic sys-
tems, and cell physiology was measured using FCM. Our third gen-
eration system is advantageous as it does not require antibiotics
and comprises a single plasmid.

Materials and Methods
Strains and Plasmids

The K-12 derived E. coli M15 (QIAGEN) and M15AglyA strains were
used for recombinant FucA expression. These strains were stored
at -80°C in cryo-stock aliquots prepared from exponential phase
grown cultures in Luria-Bertani (LB) medium. The list of E. coli
strains, plasmids, and the expression systems used in this study
and their abbreviated names are summarized in Table 1.

Culture Media

All chemicals and reagents were purchased from Sigma-Aldrich
unless otherwise indicated. Luria-Bertani medium, containing
10 g L~! peptone, 5 g L™ yeast extract, and 10 g L~ NaCl, was used
for pre-cultures.

Defined medium (DM) used for shake flasks cultures and biore-
actors contained per liter: 5 g glucose; 2.97 g K;HPOy; 0.60 g
KH,PO,; 0.46 g NaCl; 0.75 g (NH,),SO0x; 0.11 g MgS04-7H,0; 0.006 g
FeCls; 0.025 g thiamine; 1.44 g CaCl,-2H,0; and 0.7 mL of trace el-
ements solution (TES). TES contained per liter: 0.04 g AlCl3-6H,0;
1.74 g ZHSO4'7HQO; 0.16 g COC]Q'6HQO; 2.18 g CUSO4'5H20;
0.01 g H3BOs; 1.42 g MnCl,-6H,0; 0.01 g NiCl,-6H,0; and 0.23 g
Na,Mo04-5H,0.

Stock solutions of kanamycin and chloramphenicol were dis-
solved in dH,0 at a concentration of 100 mg mL~* and 30 mg mL?,
respectively and stored at -20 °C. Ampicillin was dissolved in ab-
solute EtOH and prepared at a concentration of 100 mg L™ and
stored at —20 °C. IPTG stock was prepared at 100 mM, and stored
at-20 °C.

Vitamins, antibiotics, TES, FeCls, MgSO4-4H, 0, CaCl,-2H,0, and
inducer were sterilized by filtration (0.2 um syringe filter made
from a blend of cellulose esters, Sartorius). Glucose and saline
solutions were separately sterilized by autoclaving at 121°C for
30 min.

Feeding media for the fed-batch phase contained per litre:
490 g glucose; 9.56 g MgS04-7H,0; 0.49 g FeCls; 0.33 g thiamine;
0.10 g CaCly-2H,0; and 63 mL of TES. Phosphates (P) were not in-
cluded in the feeding solution in order to avoid co-precipitation
with magnesium salts. Instead, a 5-mL pulse of a concentrated
phosphates solution containing 500 g L.=* K,HPOy, and 100 g L=?
KH,PO,4 was added every 30-ODgg step increase based on a cal-
culated biomass from phosphates yield (Yys) of 18 g DCW g P!
(Vidal et al., 2003).
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Table 1. Bacterial strains and plasmids used in this work and abbreviation for the four E. coli expression systems used in this study

3

Reference or source

Deletion of the glyA locus of the

PQE-40 derived (QIAGEN) with fucA

Name Characteristics
Strains
M15 K12 derived
M15AglyA

chromosome
Plasmids
pQE-FucA

gene cloned
pPREP4 Laclq kan®
PQEaBFuCA

pQE-FucA_puzzle

PQE-FucA_puzzle_ AmpR~

PQE-FucA derived with fragment,
containing the glyA gene, under
the P3 promoter transcriptional
control

PQE-FucA derived with insertion of
the cassette (J23110-lacl-glyA) for
lacl and glyA genes transcription

PQE-FucA_puzzle (j23110) derived
without the bla gene

QIAGEN (Zamenhof & Villarejo, 1972;

Villarejo & Zabin 1974)

Vidal et al. (2008)

Pasini et al. (2016)

QIAGEN
Pasini et al. (2016)

Pasini et al. (2016)

Pasini et al. (2016)

Abbreviation
M15[pREP4]
M15AglyA[pREP4]

Expression system name
M15[pREP4] pQE-FucA
M15AglyA[pREP4] pQExSFucA

M15AglyA pQE-FucA_puzzle (]23110) Puzzle

M15AglyA pQE-FucA_puzzle (J23110)_AmpR~ AmpR~

Generation Number of plasmids
Reference system 2
First generation 2
system
Second 1
generation
system
Third generation 1
system

Cultivation Conditions

Cryo-stocks stored at —80°C, were used to inoculate 50 mL Fal-
con tubes with 15 mL of LB medium supplemented with the
corresponding antibiotic when necessary. Growth was performed
overnight at 37 °C at 200 rpm.

A total of 3 mL of overnight pre-inoculum were transferred into
a 500 mL conical flask containing 100 mL of DM, following the
same growing conditions as pre-inoculum cultures for approxi-
mately 4.5 hr until an ODgq of 1.1-1.2 was achieved.

Bioreactor experiments were carried out using two types of
stirred tank bioreactors: Braun Biotech Int. Biostat® B (Germany)
and Electrolab Fermac 310/60 (Tewkesbury, UK). For both biore-
actors, the temperature was maintained at 37°C and the pH was
kept at 7.00 £+ 0.05 by adding 15% (v/v) NH4OH solution (NHs*
from base addition served also as a nitrogen source). Dissolved
oxygen level (pO,) was kept above 60% saturation. After glucose
was depleted during the batch phase, feeding was started with the
addition of the feed solution.

Induction of cultures was carried out by a single-pulse of 70 uM
IPTG as previously described by (Fernandez-Castané et al., 2012b).
During the induction period, 1.5 mL samples were removed from
the bioreactor every 10-30 min intervals. One sample was re-
moved prior to induction for the measurement of basal FucA
expression.

For experiments performed in the Biostat® B bioreactor, a vol-
ume of 80 mL of the inoculum culture was added to 720 mL of DM
in a 2-L vessel (Vidal et al., 2005; Calleja et al., 2014). pO, set point
was fixed at 60% saturation, and pO, was controlled by adapting
the stirring speed between 350 and 1120 rpm and by supplying
air (enriched with pure oxygen when necessary) at a flow rate of
1.5 vvm. A microburette was used for the discrete addition of feed.

The pH was set at 7 and maintained by adding a 15% (v/v) NH40H
solution.

For experiments performed in the Fermac 310/60 bioreactor,
the volume of inoculum was 200 mL and the DM volume was
1300 mL, making up a total of 1500 mL batch volume in a 5-L jar
equipped with 4 baffles and an agitator with 2 six-bladed Rushton
turbines. Aeration was achieved by sparging air from below the
lower impeller at a rate of 3 L hr? (2 vvm). pO, was measured on-
line using a D150 Oxyprobe (Broadley James) and was maintained
above a set point of 50% by increasing agitation to a maximum of
1000 rpm from a minimum of 200 rpm. Off-gas passed through a
condenser, an autoclavable 0.22-um filter (Sartorius, Goettingen,
Germany), and a HEPA filter (Millipore, Darmstadt, Germany). pH
was measured using an F-695 FermProbe (Broadley James). The
temperature was maintained at 37°C by a heating jacket and a
cold finger. The pH was set at 7 and maintained by adding a 15%
(v/v) NH40H solution.

Bioreactor off gasses were automatically collected for
subsequent compositional analysis using a PrimaDB gas-
chromatograph mass spectrometer (Thermo) and compared
to atmospheric air in order to calculate the O, uptake rate, CO,
evolution rate, and subsequent estimation of the respiratory
quotient (RQ). These data were logged automatically by Gas-
Works v1.0 (Thermo). The increase of pO,, O, and pH values,
together with a decrease in CO, values, indicate the complete
consumption of the 10 g L™ of initial glucose and the end of the
batch phase (Supplementary data, Fig. S2-1), (Sooan at al., 2009).

The feeding strategy was performed to maintain the specific
growth rate (usy) constant through the fed-batch phase, using
a pre-defined exponential feeding profile (Pinsach et al., 2008).
Feeding was manually and periodically interrupted and restarted
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in order to avoid glucose accumulation during the induction
phase.

Analytical Methods

Cell concentration was determined by optical density measure-
ments at 600 nm (ODgqo) using a spectrophotometer (Uvicon 941
Plus, Kontrol, and Evolution 300 UV-vis, Thermo Scientific, for the
Biostat® B and the Fermac 310/60 bioreactors, respectively). ODggo
values were correlated to biomass concentration expressed as
Dry Cell Weight (DCW), being 1 ODgoo equivalent to 0.3 gDCW L
(Pinsach et al., 2008).

Glucose and acetate concentrations in the fermentation broth
were analyzed. One milliliter of culture medium was separated
from biomass by centrifugation at 14 000 rpm for 6 min and
filtered (0.45 um membrane filter of cellulose esters, Millipore)
prior to analysis. Glucose concentration was determined en-
zymatically using an YSI 2070 biochemical analyzer (Yellow
Spring Systems). Acetic acid was analyzed by HPLC (Hewlett
Packard 1050) equipped with an ICSep COREGEL 87H3 ICE-99-9861
(Transgenomic) column and an IR detector (HP 1047), using 6 M
H,S04 (pH 2.0) as the mobile phase at a flow rate of 0.3 mL min.
The column was kept at 40°C.

The maximum specific growth rate (umax) of the strains was
estimated from microbial growth curves. Equation 1 shows the re-
lationship between the cell concentration (X), maximum specific
growth rate (umax), and time (t). Log-linearized Equation 2 yields a
linear relationship, where the pumax is represented by the slope of
the linear portion in the plot of the natural log of cell concentra-
tion versus time.

X =X - et (1)
InX; = InXo + pmax - t, )

where Xy and X; are the ODgo or cell concentration at the start
and during the exponential phase of growth.
The biomass yield, Yy, was calculated using the following

equation:
(DCW ax — DCWo)

YX/S - (GlCo — Gle) ’ (3)

DCWmax and DCWy (g L*l) are the maximum and the initial
biomass values, respectively. Gl and Gley (g L) are initial and
final value of glucose concentration, respectively.

FucA Quantification

Samples from fermentation broth were withdrawn, adjusted to a
final ODggo of 4, centrifuged, and subsequently processed as de-
scribed elsewhere (Durany et al., 2005; Vidal et al., 2008). Briefly,
pellets were resuspended in 100 mM Tris HCI (pH 7.5). Cell suspen-
sions were placed in ice and sonicated [Vibracell™ model VC50
(Sonics & Materials)], over four pulses of 15 s each at 50 W with
2 min intervals in ice between each pulse. Cellular debris was then
removed by centrifugation, and the cleared supernatant was col-
lected for FucA analysis. One unit of FucA activity is defined as
the amount of enzyme required to convert 1 umol of fuculose-1-
phosphate in DHAP and L-lactaldehyde for minute at 25 °C and
pH 7.5 (vidal et al., 2008).

Total protein content was determined by means of the Bradford
method using a Coomassie® Protein Assay Reagent Kit (Thermo
Scientific). To quantify the amount of FucA relative to total intra-
cellular soluble proteins, NUPAGE® 12% Bis-Tris gels were used
according to the manufacturer’s instructions (Invitrogen). Protein

concentration was quantified using Kodak Digital Science® 1D
3.0.2 densitometry software.

Average values of triplicates experiments were plotted with er-
ror bars. The error indicates the confidence interval of 90%.

Flow Cytometry

Bacterial samples taken directly from the bioreactor were resus-
pended in phosphate-buffered saline to a final concentration of
10°-10° cells mL™ and then analyzed directly or after staining
with various fluorescent dyes using a BD Accuri™ C6 flow cy-
tometer (Becton, Dickinson and Company, Oxford, UK). Samples
were stained with bis (1,3-dibutybarbituric acid) trimethine ox-
onol (0.05 ug BOX mL™?) to determine membrane potential; pro-
pidium iodide (4 ug PI mL™) to determine membrane integrity;
or Congo red (CR) (40 ng CR mL™) to determine amyloid content
and thus the presence of inclusion bodies (IBs). During FCM on
fluorescently labeled cells, samples were excited using a 488 nm
solid-state laser, and fluorescence was detected using two differ-
ent filters: a 533/30 BP (filter FL1-A) for BOX; and a 670 LP filter
(FL3-A) for PI and CR. Particulate noise was eliminated using a
FSC-H threshold. A total of 20 000 data points were collected at a
maximum rate of 2500 events s™'. Data were analyzed using BD
CFlow software.

Results
Comparison of Cell Growth, Substrate
Consumption, and Acetate Formation

The performance of the three generations of auxotrophic expres-
sion systems (Table 1) was compared to that of the initial QIA-
GEN pQE/pREP4 system in fed-batch fermentations for the pro-
duction of FucA. These strains had previously only been compared
in shake flask cultures (Pasini et al., 2016). In this study, triplicate
fed-batch fermentations were performed using defined medium
and glucose as a carbon source in BioStat bioreactors to determine
the robustness of each expression system in terms of growth yield,
plasmid stability, and RPP.

The time-profiles of the biomass, glucose consumption, FucA
mass, specific activity, and acetate production of the four expres-
sion systems evaluated in this work are represented in Fig. 1. Key
fermentation parameters are listed in Table 2.

The comparison of the maximum specific growth rate (umax) in
the batch phase between the reference commercial M15[pREP4]
E. coli strain and the three M15AglyA-derived generations shows
that the latter present slightly lower umax, decreasing from
0.49 + 0.01 hr!, of the reference strain to 0.44 + 0.01 hr?,
0.45 + 0.01 hr'?, and 0.41 4+ 0.01 hr? of the first, second, and third
generations, respectively (Table 2). Furthermore, in both the ref-
erence and the first generation strains, the concentration of the
biomass progressively increased until 2.5 hr after induction and
then stopped around 4 hr after induction, reaching a final value
of 40 g DCW Lt While for the third generation strain the fermen-
tation ended with a final biomass concentration of 53.5 £ 0.7 g
DCW L, with a concentration of dissolved oxygen dropped be-
low 10%, after 26.3 hr (Fig. 1).

Substrate uptake rates (qs) along the induction phase for both
reference and the first generation strains were calculated, being
0.37 + 0.04 and 0.50 + 0.13 g Glc g DCW hr?, respectively. As
a consequence, the first generation strain accumulated higher
amounts of acetate throughout, reaching a final concentration of
0.54 + 0.03 g L. Both strains started to accumulate glucose and
acetate in the medium after 2 hr of induction, remaining below
inhibitory levels (32 gL~ and 2.4 g L™, respectively) (Fig. 1A and B)

220z 1snBny 61 U 19n6 AQ Z6€1099/8 L 09ENY/1/61/3I0IE/quuIl/W0d"dNOdILSPED.//:Sd)lY WO PaPEOjUMO]



FED-BATCH  INDUGTION
Al BATCH cl UCTION
“° ,-g% 1400
L 500
o T e s
Q d F1200 &5
— = 20 | —D b 400 g
' Q / 1000 ‘o
2e1 8 35 a
— iy 4 =
= 0 T rhao o
g 20 | = £
i o _n§|3§§ w0 B <
g e o 2 3
@ 200 3
[ E 5 w
a § 10 400 3
o t 100
< [ 200
.E/&,a
0 4] 0 a
o 5 10 15 20
Time (h)
ATCH FED-BATCH  INDUCTION
B| , BATC 1600 600
40 1400
— | so0
13 1200 g
-] Q
E L3 Q 400 g
EXEE: to0e a
@ S 2 -
2|3 Eq
o g0 =300 &
T | vy & E
g41o -~ &0 § %
< |=a ~ < foo0 8
§ \\ w B *
2|0 ~ 2
=1 k100
3 200
od o — 0 0
0 H 10
Time (h)
c BATCH FED-BATCH INDUCTION
10 [ 600
I 1600
50
N F 1400 [ soo
8 2 g
= 40 I 1200
. = —,E' b 400 g
< k=
—61 8 1000 & 2
2 - 30 4 2l @
2 | aso = [ 2
% 418 T e o % =
2 -
8| = . w Gl §
8 \v o -1 B 5 w
2{ 2 \ o | 3
o 10 N ? w00
2 200
o o o—o—o-@‘ééﬁ&}ow & [ [
[ 5 10 15
Time (h)
D BATCH FED-BATCH INDUCTION
10 1800 800
L 1600
— 500
= 1400 £
D40 Q
s = |2m)—f3 400 g
~eqQ o =1
- a Z k:
2 |~ 1000 5 o
- Zlao o
% =) 800 %‘ £
i1 D s E
§ 320"__""-‘ 600 < 2nn§
8 N K =
-] N a0 S
® 104 Y 1100
\ 200
o 0 - - 0 o
0 s 10 15 20 25
Time (h)

Fig. 1. Time profiles of fed-batch cultures of FucA production strains
performed under the following conditions: [IPTG], 70 uM; Xing, 20 g-L7;
Way, 0.22 hrt. (A) Reference strain, M15[pREP4] pQE-FucA; (B) first
generation, M15AglyA[pREP4]; (C) second generation, Puzzle; (D) third
generation, AmpR™. Key to symbols: (O) biomass DCW (g L™); (V)
glucose concentration (g L™1); (A) FucA activity (AU g”' DCW); () FucA
specific mass (mgFucA ~* DCW); and (O) acetate concentration (g L™).
Batch, fed-batch, and induction phases are indicated. Triplicate
fermentations were performed and mean =+ SD are presented. The
arrows indicate the stop of the feeding.

(Kazan et al., 1995; Phue et al., 2005). It is widely known that glu-
cose acts as a catabolite repressor, thus repressing the genes in-
volved in metabolizing other sugars and, in IPTG-inducible sys-
tems, to repress the expression of recombinant proteins (Amma et
al., 2018). The accumulation of glucose and acetate during the in-
duction phase occurred at the same time as a decrease in the FucA
activity and production in the first-generation system (Fig. 1B).
This accumulation is probably due to the high energy demand
imposed to the cell for the synthesis of the recombinant protein.
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Table 2. Calculated maximum specific growth rate and biomass
from substrate yield of the E. coli strains used in this work along
the batch phase

Escherichia coli strains Kmax (hr?) Yus (8871
M15[pREP4] (reference strain) 0.49 + 0.02 0.43 + 0.04
M15AglyA[pREP4] (first generation strain) 0.44 £0.01 0.36 £0.06
Puzzle (second generation strain) 0.45 £0.01 0.37 £0.09
AmpR~(third generation strain) 0.41+£0.01 0.35 +£0.02

Note. Determination of FucA expression levels.

Recently, it has been demonstrated that this “metabolic burden”
is not caused by energy limitation; on the contrary, this is due to
restrictions in anabolic functions (Weber et al., 2021). This energy
excess due to RPP causes a reduction of catabolic carbon process-
ing, hence, (i) affecting negatively the growth rate; (i) enhancing
acetate formation, and (iii) reducing the carbon substrate uptake,
evidenced by the accumulation of glucose (Weber et al., 2002,
2021).

The feeding strategy of our fed-batch cultivations was pre-
set to maintain constant values of p and Yy, and these were
not modified during the induction phase, that is, the substrate
feeding program assumed these parameters were constant even
though they changed as a result of the metabolic imbalance gen-
erated by RPP, leading to an accumulation of glucose into the
medium. When this state was reached, glucose feeding was man-
ually stopped to avoid its further accumulation and re-established
once the residual glucose was depleted.

Remarkably, the second and third generation strains (each with
a single plasmid), unlike the previous two-plasmid systems, did
not generate acetate or accumulate glucose during the induction
phase (Fig. 1C and D). Thus, the tuning of lacl-glyA expression
by the weaker constitutive J23110 promoter leads to a reduction
in the transcription levels of these genes, resulting in a reduction
of the metabolic load imposed to the cells.

In order to evaluate the levels of FucA production in fed-
batch cultures of the different strains, specific protein produc-
tion (mg g *DCW) and activity (AU g* DCW) were measured as
shown in Figs. 1 and 2, respectively. Overall, FucA activity and
FucA production decreased more than 35% when comparing the
first generation to the reference strain, which reached a final pro-
duction of 240 + 16 mg FucA g-! DCW, with an activity of 1214 £ 47
AU g! DCW. These values were reduced to 165 + 13 mg FucA g
DCW and 806 =+ 12 AU gt DCW, respectively, in the first genera-
tion strain (Fig. 2). These effects may be caused by the increase in
the metabolic burden due to the maintenance of the pQE«SFucA
expression vector in the first generation auxotrophic strain. The
glyA gene, even though encoded by the low-copy number plas-
mid (ColE1 replication origin) under the control of the P3 from the
gen blarem-1a (Lartigue et al., 2002), leads to substantially higher
amounts of SHMT protein products which accumulate in the cy-
toplasm compared to the reference strain, which contains a single
genomic copy of glyA (Pasini et al., 2016).

The maximal FucA specific productivity, both in terms of
activity and mass, was highest for the reference strain, being
62.04 £ 0.26 AU g DCW hr' and 14.95 + 0.39 mg g DCW hr?,
respectively (Table 3). Clearly, the first generation strain showed
reduced specific productivity of 44.02 + 0.68 AU g* DCW hr?
and 7.61 £ 0.17 mg g DCW hr'. A slight improvement was ob-
tained in the third generation strain, obtaining a final value of
48.51 + 0.31 AU g* DCW hr? and 8.95 &+ 0.39 mg g* DCW hr.
Nevertheless, this strain showed volumetric productivity in terms
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Fig. 2. (A) Maximum enzyme activity (AU gt DCW) and (B) maximum
specific mass (mgFucA g DCW) for the strains presented in this study.
The dashed line indicates the reference value corresponding to the
reference (M15[pREP4]) strain.

of enzymatic activity comparable to the reference strain, despite
still being 22% lower in terms of enzyme mass.

Unlike the first generation, previous results in shake flasks
showed that FucA production improved in the second and third
generation expression strains, both of which have a single plas-
mid, compared to the reference (Pasini et al., 2016). The results
obtained in shake flask were consistent with the results pre-
sented in this study in bioreactor cultures where the maximum
FucA specific production and specific activity increased up to
202 + 18 mg™' FucA g' DCW and 1176 £+ 19 AU g' DCW for

the second generation, and 1322 + 19 AU g' DCW with a spe-
cific mass of 245 + 13 mg FucA gt DCW for the third generation
strain (Fig. 2). Comparing these values with those obtained with
the reference strain, both the specific activity and the amount of
the recombinant protein are comparable.

Remarkably, the AglyA strain generations based on a single-
plasmid expression system allow for an improvement of FucA pro-
duction levels compared to the two-plasmid system. In particu-
lar, the down-regulation of the glyA gene is a key factor that is
likely to contribute to improve the regulation of fucA expression,
thus leading to a higher FucA specific activity. These conclusions
are in accordance with the results obtained with the third gener-
ation strain. When comparing the first and the third generations,
FucA specific activity increased more than 60% (from 806 + 12 to
1322 £ 19 AU g*! DCW) and FucA specific mass increased c.a. 50%
(from 165 + 13 to 245 + 13 mgFucA g™* DCW) (Fig. 2).

SHMT Production Levels

A potential drawback of using SHMT as an auxotrophic marker is
accumulation to high concentrations, leading to metabolic bur-
den, and resultant decreases in biomass and RPP (Vidal et al.,
2008; Pasini et al., 2016). The second and third generation strains
aimed to reduce SHMT levels by regulating glyA expression from
the weak, constitutive, J23110 promoter (Pasini et al., 2016).

Figure 3 depicts the concentration of the SHMT protein both
pre-induction and during the induction phases in the high-cell-
density fed-batch cultures carried out in Fig. 1. It can be seen how
the SHMT levels are around 130 mg SHMT g 'DCW in the first
generation strain, which corresponds to a c.a. 4.5-fold increase
compared to the reference system (20 mg SHMT g! DCW). The
constitutive high SHMT production can be clearly observed in
Supplementary data, Fig. S1A, which as an example presents the
SDS-PAGE analysis of the samples taken during the induction
phase of the first generation fed-batch culture. Hence, it is clear
that the glyA gene encoded on a high-copy number plasmid leads
to substantially higher amounts of SHMT accumulated in the
cytoplasm compared to the reference strain containing a single
genomic copy of glyA.

However, by tuning glyA expression levels, SHMT production
decreased in the single-plasmid constructs (second and third
generations), resulting in an overall reduced metabolic burden
(Pasini et al., 2016). As it can be seen in Fig. 3 and Supplementary
data, Fig. S1B, even though there is constitutive overexpression of
the SHMT protein in both pre-induction and induction phases, for
the second and third generation strains, these values were almost
50% reduced compared to the first generation strains. Thus, these
data confirm that the reduction of SHMT production is observed
in both bioreactors and shake flasks. As an explanatory exam-
ple, 85 £ 0.5 and 72 + 13 mg SHMT g DCW~! were produced af-
ter 4 hr of induction for the second and third generation strains,
respectively. In contrast, 132 + 4 mg SHMT g DCW! was produced

Table 3. Specific productivity and volumetric productivity for both fuca activity and mg for the four strains presented along this work

Specific productivity

Volumetric productivity

Escherichia coli strains AU FucA g'DCW hr?

mgFucA gt DCW hr? AU FucA L7 hr? mgFucA L7 hr?

M15[pREP4] (reference strain) 62.04 +0.26
M15AglyA[pREP4] (first generation strain) 44.02 £0.68
Puzzle (second generation strain) 45.46 +£0.26
AmpR~(third generation strain) 48.51+£0.31

14.95 £ 0.39 2536 + 44 611 + 24
7.61+0.17 1652 £13 241 £ 80
7.86 £0.18 2328 £ 67 407 £19
8.95+£0.39 2597 + 56 479 &+ 26
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Fig. 3. SHMT production (mg g DCW-!) for the four strains presented along this study during pre-induction (pre-Ind) and induction phase of

high-cell-density fed-batch cultures run in triplicate.

for the reference strain (Fig. 3). These findings are equivalent to a
1.6-fold reduction in the accumulation of the SHMT protein in the
cytoplasm as a result of replacing the strong P3 promoter with the
weaker J23110 constitutive promoter (Pasini et al., 2016). There-
fore, this enabled a reduction of the metabolic burden imposed
to the cells. These results are in accordance with the observations
by Mairhofer et al., (2013), who demonstrated that the folding ma-
chinery is severely overstrained in plasmid-based expression sys-
tems compared with plasmid-free cells (i.e., with a single copy of
the gene of interest integrated into the genome) and this is due to
different expression vector dosage.

As stated earlier, similarities can be observed among all the
strains when comparing the fed-batch culture results presented
here with the previous experiments performed in shake flask
cultures (Pasini et al., 2016): (i) the reference strain presents a
slightly higher maximum specific growth rate compared to the
new set of engineered strains; (i) the SHMT production increased
significantly when moving from the reference to the to the first
generation strain; (iii) tuning glyA levels is a key factor to allow
for improved fucA expression regulation, leading to a higher FucA
specific activity in the second and third generations strains; (iv)
the second and third generation strains presented a reduction in
the amount of acetate production and glucose accumulation.

Flow Cytometry Study of Physiological

Responses Caused by FucA Expression

To gain new insights into the physiology of the strains upon
FucA overexpression, FCM analysis was performed on the high-
cell-density fed-batch culture experiments performed in Fermac
310/60 bioreactors. The time profiles of the biomass, pH, pO,,
COy, 0y, and RQ of the four expression systems evaluated in
these bioreactors are represented as an example in Supplemen-
tary data, Fig. S2. Importantly, pO, time profile between the set

of experiments carried out in Biostat® B and the Fermac 310/60
bioreactors were similar.

Propidium iodide (PI), which only stains cells with compro-
mised membranes, and bis-oxanol (BOX), which only stains cells
with a collapsed membrane potential, were used to determine vi-
ability (Fig. 4). Cells were classified as “‘healthy” with a membrane
potential (PI7/BOX"), “damaged”, being intact but with no mem-
brane potential (PI"/BOX"), or ““dead”, having a non-intact mem-
brane and no membrane potential (PIT/BOX™).

As can be seen in Fig. 4A, from the pre-induction sample to the
end of the fermentation, the reference strain presented a signif-
icant percentage of unhealthy and dead cells even under unin-
duced conditions. The high proportion of damaged or dead cells
present before the induction stage is probably due to the pres-
ence of the antibiotic in the medium, which is used to maintain
plasmid stability (Feizollahzadeh et al., 2017). The percentage of
damaged cells remained relatively constant through growth (3-
5%). The percentage of dead cells reached the maximum value
(18%) after 15 min of induction, which indicates the stress caused
to the cells by the induction of FucA expression.

For the two-plasmid based expression systems (the reference
and the first generation strains), it can be seen that at the end of
the fed-batch cultures, the proportion of damaged and dead cells
increased (Fig. 4A and B). It is well known that the production of
a foreign protein causes additional stress for the host strain and
leads to a decrease in the overall cell fitness (Hoffmann & Rinas,
2004). The dead population at the end of the fermentation corre-
sponded to 16% and 8% for the reference and the first generation
strains, respectively. This reflects the stress caused to the cells due
to the induction. The state of the cells of the reference strain is
more unhealthy than the first generation strain, probably due to
a higher FucA overexpression and also due to the presence of the
antibiotic. In addition to PI&BOX staining, we also stained cells
with CR, which stains amyloids such as IBs (Carrié et al., 2005).
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Fig. 4. BOX/PI co-staining, indicating the percentage of (CJ) live
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the four expression systems presented along this study during
pre-induction (pre-Ind) and induction phase (from 5 to 7 hr) of duplicate
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(A) The reference strain; (B) the first generation; (C) the second
generation; and (D) the third generation.

Figure 5A and B shows that, for the reference and first generation
strains, there were around 1% of cells containing IBs; for the first
generation strain, this increased after 3 hr of induction.

FCM data reveal that for the second generation strain, Puzzle,
more than 95% of cells were healthy throughout the fermentation
(Fig. 4C). Similar observations were obtained for the third genera-
tion strain (AmpR") (Fig. 4D), with even fewer unhealthy cells (96%
healthy throughout). Almost no change in PI or BOX staining was
observed through the induction phase for the second and third
generation strains, indicating that physiology was not negatively
impacted by RPP.
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Fig. 5. Time profiles of the percentage of Congo red-stained cells as
determined by FCM. (A) The reference strain; (B) the first generation; (C)
the second generation; and (D) the third generation. Average values and
error bars are presented from two independent experiments.

Only at the very end of the fermentation a slight increase of
both damaged and dead cells appears, for the Puzzle and the
AmpR™ strains, indicating an initial loss of viability. This is in ac-
cordance with previous works, where the number of cells identi-
fied as either being stressed or dead increased at the end of the
fermentation, due to stress condition (Lewis et al., 2004). This in-
crease 1s probably due to the non-optimal conditions presented
at the end of the fermentation, in particular the low pO, lev-
els due to the high oxygen demands of the culture (data not
shown). This stress condition can also be observed in the FCM
analysis of cells stained with CR (Fig. 5C and D), showing an in-
crease in the proportion of cells containing IBs (up to 2% and 3%
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of cells, respectively). This result can be explained by an increase
of the stress condition of the protein folding machinery resulting
in an increase of aggregated protein. This can be reflected also
in the specific enzyme activity values of the strains presented in
this study, being: 5.06 + 0.01 UA mg™ for the reference strain;
4.88 + 0.01 UA mg™* for the first generation; 5.82 + 0.01 UA mg™*
for the second generation; and 5.40 + 0.01 UA mg™ for the third
generation. These results indicate that the first generation strain
presents the lower FucA enzyme activity/protein concentration
ratio indicating a lower folded enzyme activity, in accordance with
the CR results thatindicate the higher amount of IBs. It is interest-
ing to note that the second generation strain showed the higher
specific enzyme activity.

Bacterial exposure to environmental stress (including glu-
cose/oxygen availability) often triggers protein misfolding and
the formation of aggregates as IBs (Kwiatkowska et al., 2008;
Schramm et al., 2020). These results are consistent with those
presented by Castellanos-Mendoza et al.,, where IB formation
(as detected using CR) increased at uncontrolled pH conditions
(Castellanos-Mendoza et al., 2014).

The presence of IBs is generally not desirable in the recombi-
nant production of enzymes because a further refolding step dur-
ing purification is often required (Vallejo & Rinas, 2004). In future
studies, a trade-off between maximizing protein production and
correct folding of the enzyme should be taken into consideration
if further downstream processing—harvesting, purification, and
application of FucA—is intended (Mukhopadhyay, 1997; Kim atel.,
2020).

Conclusion

We have demonstrated that by tuning the expression levels of the
repressor (lacl) and the auxotrophic gene (glyA) using synthetic bi-
ology tools and methods, the strains developed in our lab can be
used for efficient and stable expression of an industrially relevant
enzyme, namely, FucA, in cultivation conditions that resemble in-
dustrial production settings. FucA production (mg FucA g DCW™)
in the optimized third generation strain was c.a. 5%, 50%, and 10%
higher comparing with the reference, first generation, and second
generation strains, respectively. FucA activity (AU g ' DCW) was in-
creased through the different stepwise improvements performed
along this work. The best performing engineered strain reached
more than 60% higher values in terms of activity compared to the
first generation of M15AglyA strain.

Tuning of glyA transcriptional levels using the weak constitu-
tive promoter J23110 resulted in the reduction of more than 50% of
SHMT expression levels in the single plasmid expression system
strains, which led to a reduction of the energy demand toward
SHMT production, thus redirecting nutrients/energy for recombi-
nant FucA production.

To conclude, the optimized third generation strain presented
a reduction of the metabolic burden and an improvement of the
strain fitness and overall performance of the expression. The ex-
pression levels were similar to the commercial strain, but our
novel expression system presented advantageous features: (i) it
is a single-plasmid tightly regulated expression system; (ii) it pre-
sented significant reduced metabolic burden to the cells, resulted
in no acetate production nor glucose accumulation and in healthy
cells with intact and polarized cytoplasmatic membrane all along
the fermentation; and (iii) no antibiotic is needed.

Remarkably, all this is achieved by means of (i) a system with
a reduced number of genetic components and, importantly, (ii)
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antibiotic-free, which makes it suitable for biopharmaceutical
and agritech applications.

We envisage that our antibiotic-free expression system has the
potential to become an attractive platform for the production of
a wide range of proteins as well as for other applications, where
the use of antibiotics is restricted, such as vaccine delivery (Saubi
etal,, 2014).
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