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Abstract

The expression of heterologous proteins in Escherichia coli is strongly affected by the type of carbon source used. In this work,
the expression of a synthetic codon-optimized gene of human interleukin-2 in E. coli BL21-SI, carrying plasmid pET12a-rhIL2
is presented. Glucose, fructose or Agave syrup from Agave salmiana, were used as carbon sources for production of recombinant
human IL-2 (rhIL-2) in 1.5-L bioreactor aerobic cultures using mineral medium. Codon optimization of the native hIL-2 gene
eliminated the presence of 35 rare codons for E. coli, and improved the codon usage up to 76% compared with the native
gene sequence. Cultures using 10 g/L glucose showed the lowest production of rhIL-2, and in contrast, cultures using fructose
improved the production of rhIL-2 1.9-times. The utilization of fructose from Agave syrup enhanced the rhIL-2 production
3.9-times in comparison with cultures using glucose, reaching 103.42+6.61 mgy »/L. Also, the specific rhIL-2 production rate
(5.52+0.33 mgyr »/gpcw-h) and the biomass production (3.09+0.04 gpcw/L) using Agave syrup were the highest observed.
These results indicate that Agave syrup is an effective carbon source that stimulates the production of rhIL-2 and biomass. This
research shows the potential utilization of Agaves to generate alternative and valuable biotechnological products along with the
alcoholic beverages.

Keywords: Codon optimization, fructose, NaCl inducer, recombinant protein, synthetic gene.

Resumen

La expresion de proteinas heterdlogas en Escherichia coli es afectada fuertemente por el tipo de fuente de carbono utilizada.
En este trabajo se presenta la expresion de un gen sintético con codones optimizados de la interleucina-2 humana en E. coli
BL21-SI, que porta el plasmido pET12a-hIL2. Se emplearon glucosa, fructosa y jarabe de Agave de Agave salmiana como
fuentes de carbono para la produccién de IL-2 humana recombinante (rhIL-2) en cultivos aerobios en biorreactores de 1.5 L,
utilizando medio mineral. La optimizacion de codones del gen nativo hIL-2 eliminé la presencia de 35 codones raros para E.
coli, y mejord la utilizacién de codones hasta en un 76% en comparacién con la secuencia nativa del gen. Los cultivos con 10 g/L.
de glucosa mostraron la produccién mds baja de rhIL-2 y en contraste los cultivos que usaron fructosa la produccién de rhIL-2
mejoré 1.9-veces. El uso de fructosa de jarabe de Agave increment6 hasta 3.9-veces la produccién de rhIL-2 en comparacién
con los cultivos utilizando glucosa, alcanzando 103.42+6.61 mgy /L. Ademads, la velocidad especifica de produccién de rhIL-2
(5.52+0.33 mgpeso seco IL-2/&'h) y la produccion de biomasa (3.09£0.04 gpeso seco/L) usando jarabe de Agave fueron las mds
altas observadas. Estos resultados indican que el jarabe de Agave es una fuente de carbono eficiente para estimular la produccién
de rhIL-2 y biomasa. Este trabajo demuestra el uso potencial de los Agaves para generar productos biotecnoldgicos alternativos
y valiosos ademads de la produccién de bebidas alcohdlicas.

Palabras clave: Optimizacién de codones, fructosa, inductor NaCl, proteina recombinante, gen sintético.
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1 Introduction

The genus Agave includes plants native to Mexico,
Central America and southwest regions of the USA,
while Mexico harbors 75% of the total Agave plants
diversity (Delgado-Lemus et al., 2014). Agaves have
a high ecological, cultural and economic value to
Mexico; their fibers are used as a multipurpose
manufacturing material, as well as in bioremediation
applications (Hernandez-Botello et al., 2019), heavy
metal removal (Alcazar-Medina et al., 2019, 2020)
and biofuels production (Garcia-Amador et al., 2019;
Goémez-Guerrero et al., 2019). But more importantly
Agaves are used for production of alcoholic beverages
(Torres et al., 2015). Nearly 53 Agave species are
utilized to produce alcoholic beverages such as, tequila
(Ifiguez-Mufioz et al., 2019), pulque (fermentation
of the fresh sap) (Escalante et al., 2016), comiteco
(Lara-Hidalgo et al., 2019), aguamiel (Romero-Lépez
et al., 2020), and mezcal; a distilled spirit obtained
from fermented Agave syrup (De Ledén-Rodriguez
et al., 2006; Torres et al., 2015). A. mapisaga, A.
atrovirens, A. Americana, and A. salmiana are the
main species used for alcoholic beverages production.
The syrup (or must) is obtained by thermal hydrolysis
from these plants which contains high levels of
carbohydrates where fructans represent up to 60%
of the total soluble carbohydrates (Mancilla-Margalli
and Lépez 2006; Solis-Garcia et al., 2019). Fructans
are composed of polymeric units of fructose, and
minor amounts of glucose and sucrose, although
distributional composition will vary depending of the
specie, age, growth conditions of the plant and the
hydrolysis process (Michel-Cuello et al., 2015). This
non-expensive high content of fermentable sugars is
an attractive carbon source to be used in a vast range
of biotechnological applications (Singh et al., 2019),
such as the production of prebiotics for the specific
stimulation of probiotic bacteria growth (Althubiani et
al., 2019; Loépez and Urias-Silvas 2007), production
of organic acids and biofuels (Davis er al., 2011;
Mielenz et al., 2015; Nufiez et al., 2011), production
of important biotechnological enzymes (Oliveira et al.,
2016), or production of recombinant proteins (Cui et
al., 2011; Ueno et al., 2018).

In this sense, utilization of non-complex culture
media, such as defined media made with salts and
a non-expensive sugar carbon is preferred in order
to economically produce proteins on a commercial
scale (Ahmad et al., 2018). Besides, complex media

such as Luria-Bertani Broth (LB) or Terrific Broth
that are routinely used for protein production, but
they might contain insufficient concentration of
fermentable sugars. This might cause a quick loss of
the balanced growth of Escherichia coli culture, that
will result in compromise the growth rate and final
biomass production (Sezonov et al., 2007). In contrast,
E. coli efficiently consumes fructose in minimal media
M9, and interestingly this monosaccharide improves
the biomass yield by 40% and up to 70% and
the production of recombinant protein by 50% in
comparison with cultures using glucose (using same
E. coli strain and same sugar concentration) as carbon
source (Aristidou er al., 1999). Along with other
advantages, such as short duplication time, consuming
non-expensive sugars, simple growth conditions,
ability to growth under different concentrations of
oxygen (Valdez-Cruz et al., 2017), broad molecular
tools for transformation and expression, and extensive
knowledge of its metabolism and genetics, E. coli
remains as the primary host to produce recombinant
proteins (Rosano and Ceccarelli 2014). Among the
vast array of recombinant proteins produced in
E. coli, cytokines are a large family of small
proteins with central therapeutic applications such
as mediating and regulating immunity, inflammation
and hematopoiesis, and immune cell proliferation
and differentiation (Feldmann 2008; Ramani et al.,
2015; Tayal and Kalra 2008). Recombinant human
cytokines are used in therapeutics for the treatment
of malignant human illnesses, especially those related
to anticancer immune responses. Also, recombinant
cytokines are broadly used in research and are key
players for the production of monoclonal antibodies
and the development of diagnostic tests (Dinarello
2007; Ramani et al., 2015). The recombinant human
interleukin 2 (rhIL-2) was one of the first cytokines
exploited for development of tumor immunotherapy
(Choudhry er al., 2018). hIL-2 is a globular,
glycosylated protein of 15.5 kDa, is produced by
human lymphocytes that have been stimulated by
mitogens or antigens. The mature protein secreted
by T cells has 133 amino acids, it consists of
4 antiparallel, amphipathic o helices that form a
quaternary structure indispensable for execution of
hIL-2 function, is variably glycosylated, but this
glycosylation is not necessary for its biological
activity (Malek 2008). Since hIL-2 can induce
proliferation and differentiation of T-cells without
affecting its activity, rhIL-2 is one of the three FDA
approved cytokine-based therapeutics for metastatic
melanoma. Administration of rhIL-2 has induced
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curative and durable regressions in patients with
metastatic melanoma (Glitza et al., 2018; Rosenberg et
al., 1994) or with renal cell cancer (Alva et al., 2016;
Curti et al., 2017).

The aim of this work was to utilize fructose
from Agave salmiana syrup as carbon source for the
production of recombinant hIL-2 (rhIL-2) using a
synthetic gen whose codon usage was optimized for
its expression in the bacterial system E. coli BL21-SI.

2 Materials and methods

2.1 Synthetic gen, plasmids, strains and
culture media

The synthetic hIL-2 gene (Entelechon, Regensburg,
Germany) was cloned in pET12a vector expression
(Novagen, Darmstadt, Germany) under the control of
T7 promoter, using Ndel and BamHI restriction sites.
The resulting construction was confirmed by DNA
sequencing. The E. coli DH5« strain used for routine
cloning and plasmid screening was grown at 37 °C in
LB medium (containing per liter: 10 g peptone, 5 g
yeast extract, 5 g NaCl). The strain E. coli BL21-SI
(GIBCO, Darmstadt, Germany) used for the cloning
and expression of the recombinant protein, was grown
in LBON medium (LB without NaCl, since NaCl is the
inducer of T7 polymerase under the control of proU
promoter in the BL21-SI strain) at 37 °C (Donahue
and Bebee 1996). The LB and LBON media were
supplemented with ampicillin 100 pg/mL.

Minimal medium was used for production
cultivations in bioreactor, containing per liter: 10 g
of fructose (from Agave syrup) or glucose or fructose
(analytical grade), 1.0 g MgSQOy4, 3.5 g KHyPO4,3.5 ¢
(NHy4)2HPO4, 40 pg thiamine, 100 mg ampicillin and
3 mL of trace elements stock (containing per liter: 1 g
CuCl;, - 2H;0, 27 g FeCl3, 2 g CoCl; - 6H0, 0.5 g
H3BO3, 2 g NaMoOy - 2H,0, 1 g CaCl, - 2H,0,
2 g ZnClp, and 100 mL HCI). pH was buffered to
7.4 with NaOH IM prior to sterilization (15 min at
121 °C). Bacterial inoculum was cultured in minimal
medium supplemented with yeast extract 5 g/L.. Agave
syrup (must) was kindly provided by Mezcalera Ipifia
(Ahualulco, San Luis Potosi, Mexico) and it was
obtained by cooking the Agave salmiana pineapples
in a stone oven (thermal hydrolysis) for 48 h and
then the syrup was obtained by mechanical pressing.
In the laboratory, Agave syrup was centrifuged at
7000 x g for 10 min and pasteurized at 65 °C prior
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to be used, also its content of glucose and fructose was
characterized by HPLC. But only traces of glucose
were detected.

2.2 Bioreactor cultivation

A 1.5 L total volume bioreactor (Applikon, The
Netherlands) equipped with pH, oxygen and
temperature controller was used for batch culture
experiments. The agitation rate was 250 rpm.
Dissolved oxygen (DO) was measured with
a polarographic oxygen electrode (AppliSens,
Applikon, The Netherlands). Mixtures of air, Ny and
O, were supplied at 0.5 vvm to maintain the DO
at 9% (0.48 mg/L, at 37 °C and 0.9 atm) during all
cultivation period. The temperature was maintained at
37 °C by a water-recirculating heat exchanger. The pH
was measured with a potentiometric sensor AppliSens
(Applikon, The Netherlands). The pH of the medium
was controlled at pH 7 by the automatic addition of
2 M NaOH. 1 L of minimal medium was inoculated to
obtain an initial optical density at 620nm (ODgyg) of
0.2. The expression of rhIL-2 was induced with 0.3 M
NaCl when the ODgrgnm Was 0.6, around 3.5 h after
post-inoculation. Samples were periodically taken to
measure protein and total sugars concentration, and
rhIL-2 production. Batch cultures were performed by
triplicate using different lot of agave syrup.

2.3 Analytical methods

Total protein was measured by Lowry method
(Lowry et al., 1951) at 590 nm using a UV-visible
spectrophotometer (Varian Cary BIO-50, Palo Alto,
CA), bovine serum albumin (BioRad, Hercules, CA)
was used as standard. Concentration of glucose and
fructose were measured by high-performance liquid
chromatography system (Waters 600, Milford, MA,
USA) equipped with a Shodex SP0810 column
(Shodex, Jing An, Shanghai) maintained at 80 °C,
and water (milliQ grade) as mobile phase at flow of
1 mL/min, coupled with a high sensitivity evaporative
light scattering detector (Eurosep Instruments DDL
31, Cergy - Pontoise Cedex, France). Biomass was
measured as optical density at 620nm (ODgyp) using
a UV-visible spectrophotometer (Varian Cary BIO-50,
Palo Alto, CA), and then converted to dry cell weight,
where one OD at 620 nm was equivalent to 0.37 g
(dry cell weight, DCW)/L (Balderas-Hernandez et al.,
2020).

Proteins were separated by 5-20% SDS
polyacrylamide gradient gel using standard methods
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with Tris-glycine buffer. Proteins were either stained
with Coomassie Brilliant Blue R-250 (Bio-Rad,
Hercules, CA) or transferred to nitrocellulose
paper for Western blot in Trans-blot semi dry
electrophoretic transfer cell (Bio-Rad, Hercules, CA).
The nitrocellulose paper (Amersham Biosciences,
Piscataway, NJ) was blocked with 3% skimmed
milk for 1 h. In order to detect rhIL-2, a polyclonal
antibody anti-hIL2 (PeproTech, Rocky Hill, NIJ,
USA) was used at 0.2 uyg/mL and goat anti-rabbit
immunoglobulin conjugated with alkaline phosphatase
(Bio-Rad, Hercules, CA) diluted to 1:3000 was
used as secondary antibody. The blot was developed
with p-Nitro Blue Tetrazolium Chloride and 5-
Bromo-4-Chloro-3-Indolyl Phosphate, p-toluidine
salt (Amersham Biosciences, Buckinghamshire UK).
The production of total rhIL-2 was quantified by
densitometry analysis of nitrocellulose membranes
using the Quantity One™ v4.5 software (BioRad,
Hercules, CA) and commercial thIL-2 (Peprotech) as
standard.

2.4 Kinetic parameters calculation

For the characterization of the strains used in this
work, specific growth rate (u), glucose or fructose
consumption rate (gs), and rhIL-2 production rate
(q11-2), were determined. y and gs were calculated
during exponential growth phase. Since growth rates

A P T S| S 5 T K K T Q L Q L E
1 gca cct act tca agt tct aca aag aaa aca cag cta caa ctg gag cat
gcc cca acc tcc tcc tct  acc
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tta ctg ctg gat tta cag
17
L L L
N P K L T R M
33 aat ccc aaa ctc acc agg atg

T E L

E L

E E Vv

65 cct ctg gag gaa gtg

81

Aminoacid/codon position number

97
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I S T L T STOP

120 Atogtea aca  cta act  toa
att tcc acc tta act taa
I S T L T STOP

g ag
ta tta ttg gac ttg cag atg att ttg aat ggt att aat aac tat aaa
D L Q M I L N G I N N Y
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K A K H E E E
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gc a,

cta aat
cca ctg gaa gag gtc ctg aac
P L E E ) L N

and rhIL-2 production kinetics differed among studied
conditions, gj;—» was calculated considering only the
rhIL-2 production phase, defined as the time period
starting one sample (1 h) before rhIL-2 was detected
up to the point when a sharp decrease in accumulation
was observed. Bioreactor cultures were performed in
triplicate, and the reported values represent the mean
of the experiments performed.

3 Results

3.1 Design of synthetic hIL-2 and codon
optimization

The nucleotide sequence of the coding region of the
native hIL-2 was redesigned and optimized to improve
the average codon usage for its expression in E. coli.
The hIL-2 native sequence contained 35 codons with
low usage frequency for E. coli ranged from 0.29
to 8.03% (using a 10% threshold and the Class II
gene frequencies (Hénaut and Danchin 1996)), that
accounted for the 26% of the entire gene sequence.
Codon ACA was the most prevalent codon (n = 8) for
threonine in the native sequence (Fig. 1), however it
has the lower codon usage among the triplets that code
for this amino acid.

H

aaa act cag ttg cag ttg gag cat
K T Q L Q L E H

L N G I N N Y K

ttg aat a_att aat aat tac aag
K

T F K P Y M P K
aca ttt aag ttt tac atg ccc aag
act ttc aaa ttc tat atg cca aaa
T F K F Y M P K

Q C L L K

A Q s H L
t caa agc aaa aac Tttt cac tta
caa tct aaa aac ttt
Q K N F

Fig. 1. Comparison of nucleotide and protein sequences of the native and optimized hIL-2. Grey sections correspond
to the native hIL-2 codon sequence and its coding amino acid sequence. Black sections correspond to the optimized

hIL-2 codon and its coding amino acid sequence.
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Codon position in IT-2 sequence

41-ACT
38-CGT

34-CCA
33-AAC

32-AAA
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27-GGT

21-TTG
20-GAC
13-CAG
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10-ACT
8-AAA

7-ACC

5-TCC
4-TCC
3-ACC
2-CCA

[=]
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% of Codon usage improvement

Fig. 2. Codon usage improvement in the optimized rhIL-2 gene. The % of improvement was considered using a 10%
threshold and the Class II gene frequencies, (Hénaut and Danchin, 1996) in comparison with the native h/L-2 gene

codon sequence.

Thus, all ACA codons were replaced with codons
of higher usage frequency in the optimized sequence.
Codon usage in the synthetic /L-2 gene sequence was
improved in a range of 4 to 76% compared to the
codons from the native sequence (Fig. 2). Triplets
coding for leucine (L), asparagine (N), arginine (R),
threonine (T) and lysine (K) were among the codons
with the higher usage improvement up to 50% and
above (Fig. 2). Comparison between synthetic and
native IL-2 gene sequences showed a 39% of codon
identity (Fig. 1).

3.2 rhIL-2 production using glucose

Bioreactor fermentations of E. coli BL21-SI/pET12a-
rhIL2 strain for the production of rhIL-2 were

evaluated using glucose, fructose or agave syrup,
as carbon source. The culture of E. coli BL21-
SI/pET12a-rhIL2 strain using glucose 10 g/L showed a
specific growth rate (1) of 0.18+0.01 h™!, and reached
a maximum final biomass of 1.33+0.05 gpcw/L (Table
1) after 13.5 h of cultivation (Fig. 3). Glucose was
completely consumed after 15.5 h of cultivation, and
showed a specific glucose consumption rate (gs)
of 0.51+0.12 g/gpcw-h, the highest of all observed
gs (Table 1). Although, E. coli BL21-SI/pET12a-
rhIL2 strain showed a proficient growth on glucose,
the production of the rhIL-2 protein was low, the
lowest observed for all the evaluated sugars (Table 1),
accumulating 26.2+1.15 mgy 5 /L at the end of the
cultivation (Fig. 3).
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Table 1. Kinetic parameters of fermenter cultures of E. coli BL21-SI/pET12a-rhIL2 for the production of
recombinant hIL-2, using different carbon sources.

Carbon Final biomass u
source (gncw/L) (h™h)

(g/gpcwh)  (mgm2/gpew-h)

qs qIL-2 Final rhIL-2
(mgy-2/L)

1.16+0.22 0.12+0.02
1.33+0.05 0.18+0.01

Fructose

Glucose

Fructose
from Agave

syrup

3.09+0.04 0.23+0.02

0.45+0.05
0.51+0.12

0.29+0.03

4.30+0.05
2.46+0.11

50.17+8.17
26.2+1.15

5.52+0.33 103.42+6.61

A)

N w
w (5]
-

Biomass (gpcy /L)
SN ; N o

B) oT

C)

rhiL-2 (mglL)
3

[0} 5 10 15 20 25
Time (h)

Fig. 3. Batch cultures in 1.5-L bioreactors of E.
coli BL21-SI/pET12a-rhIL2 for the production of
recombinant hIL-2. (A) Growth curves, (B) glucose
or fructose consumption, and (C) recombinant hIL-
2 production. Symbols: open circle (O), cultures
using fructose from Agave syrup; open square (O),
cultures using fructose; open triangle (), cultures
using glucose. Graphs show results from the mean of
triplicate experiments.

3.3 rhIL-2 production using fructose or
agave syrup fructose

Concerning to the utilization of fructose (analytical
grade) as carbon source for the production of rhIL-
2. Strain E. coli BL21-SI/pET12a-rhIL2 showed a
specific growth rate of 0.12+0.01 h~! (Table 1),

33.4% lower than the observed for the cultures
with glucose. This slow growth was reflected in a
lower biomass accumulation of 1.16+£0.22 gpcw/L
after 20 h of cultivation (Fig. 3), accompanied
of slower gg of 0.45+0.05 g/gpcw-h (Table 1).
Interestingly, strain E. coli BL21-SI/pET12a-rhIL2
produced 50.17+8.17 mgy 5 /L, with a specific rhIL-2
production rate (gyz—2) of 4.30+0.05 mgy »/gpcw-h,
when fructose was used as carbon source (Fig. 3).
Those values, were 1.9- and 1.7-times higher than the
obtained for cultures using glucose, respectively.

For a final set of bioreactor cultures of E. coli
BL21-SI/pET12a-hIL2 strain, the production medium
was supplemented with 10 g/L of fructose from Agave
syrup. As observed in figure 3A, a final biomass of
3.09+0.04 gpcw /L was reached in 13 h of cultivation,
this biomass accumulation was 2.3- and 2.6-times
higher than the obtained for the comparative cultures
using glucose and fructose, respectively (Table 1).
And as the biomass, the value of u of 0.23+0.02 h!
followed a similar increment pattern (Table 1). rhIL-
2 reached a maximum production of 103.42+6.61
mgy > /L, with a gy of 5.52+0.33 mgy2/gpcw-h,
at 13.5 h of cultivation, when using fructose from
Agave syrup (Fig. 3 and Table 1). These IL-2
production values were 3.9- and 2.0- times higher
than the values obtained for the recombinant protein
using glucose or fructose, respectively (Table 1).
The SDS-PAGE analysis from the cultures using
fructose from Agave syrup showed the presence of
recombinant hIL-2 with a band signal at 15.3 kDa,
that corresponds to the expected molecular weight of
the recombinant protein (Fig. 4a). The intensity of the
band increased with respect of the cultivation time,
reaching its maximal between 13-16 h (Fig. 4a). The
identity of the band signal for rhIL.-2 was confirmed
by western blot analysis. As observed in Figure 4b,
recombinant hIL-2 was detected with a molecular
weight of 15.3 kDa, observing a band signal at same
level as the commercial rhIL-2 standard (Fig. 4b).
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Fig. 4. Protein analysis of the production of rhIL-2 by strain E. coli BL21-SI/pET12a-rhIL2 using fructose from
Agave syrup as carbon source. (A) SDS-PAGE electrophoretic protein pattern. Lane 1 shows protein molecular
weight marker. Lanes 2-9 are 10 uL of total cells lysate at different time points of the culture, 3.5, 5.5,7.5,9.5, 11.5,
13.5, 15.5, 17.5, and 19.5, respectively. (B). Analysis of the expression of rhIL-2 by western blot. Lanes 1 and 2
are total cells lysate at 13.5 and 15.5 h of cultivation, respectively. Lane 3 is 50 ng of commercial rhIL-2 used as

standard.

4 Discussion

E. coli remains as a model host for production
of recombinant proteins, as around 30 to 40%
of the approved therapeutic proteins are currently
produced using this expression system (Baeshen
et al., 2015; Walsh 2018). In order to surpass
some of the drawbacks of using E. coli as system
expression, the utilization of synthetic genes whose
codon components have been optimized for its
efficient transcription has improved (Elena et al.,
2014). The codon-usage is a crucial factor that can
influence the protein production efficiency through
different mechanisms. It has been suggested that the
translational elongation rate is influenced by codon
bias, based on the correlation among the available
levels of the different aminoacyl-tRNAs and their
matching codons (Bulmer 1987; Ikemura 1985). Also,
has been shown that genes encoding highly expressed
proteins hold a strong bias toward codons with
high frequency of usage in their sequence (Karlin
et al., 2001). Besides, codon usage will affect the
mRNA stability, protein secretion, protein folding and
will impact on multiple aspects of mRNA/protein

quality, quantity and function, and cellular physiology
(Komar 2016). This indicates that genes whose codons
have low frequency of usage will result in a lower
amount of its correspondent expressed protein. As
described, the native hIL-2 gene contained in its
sequence 26% of codons with low preference of
usage for its expression on E. coli. In contrast, the
optimized version of hIL-2 gene contained codons
with improved usage frequency (>50%), in order to
avoid possible translation interrupts that potentially
will affect its heterologous expression in E. coli. The
multiple advantages of codon optimized genes have
been demonstrated for the heterologous expression
and efficient production of functional proteins at
industrial scale (Elena et al., 2014; Gupta and Shukla
2016). Concerning to hIL-2, Williams et al., (1988)
reported the expression of an optimized version of
hIL-2 gene, where the percentage of preferred codons
was increased to 85% in comparison with the native
sequence. This optimization increased the production
up to 16 times more rhIL-2 than the native cDNA
sequence when expressed in E. coli IM101. In another
report, human IL-2 gene was optimized to avoid
rare codons and improve its efficient production
using tobacco (Nicotiana benthamiana) as expression
system (Matakas et al., 2013).
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Strain E. coli BL21-SI/pET12a-rhIL2 reached the
maximum production of the recombinant protein of
103.42+6.61 mgp /L, using fructose from Agave
syrup as carbon source. In comparison with previous
reports, rhIL-2 was expressed in E. coli BL21-
SI/pEMR-hIL-2, reaching a final concentration of
200 mgy»/L, in 20 h of cultivation (Medina-Rivero
et al., 2007). High cell density cultures (around 100
ODggonm) of E. coli HW21-2/pFC54.t, using glucose
as carbon source, produced around 1830 mgy > /mL
(MacDonald and Neway 1990). Recombinant hIL-
2 also has been expressed in other microorganisms,
different from E. coli. Plasmid pPLGN1HIL2a, that
contains human /L-2 gene under the thermal inducible-
pL promoter, was expressed in Erwinia chrysanthemi,
E. carotovora and Serratia marcescens, producing
600, 525, and 780 U/mL of recombinant hIL-2,
respectively. However, in contrast, the same plasmid
expressed in E. coli MC1061 produced 4200 U/mL
of recombinant hIL-2 (Leemans et al., 1987). In
a comparative study, the fusion protein of hIL-2
and green fluorescent protein was expressed in E.
coli BL21, yeast Pichia pastoris GS115, Spodoptera
frugiperda Sf-9 insect cells, insect Tricoplusia ni
larvae, and in Drosophila melanogaster S2 insect
cells. The maximum total yield reported was 6.79,
1.70, 1.03, 22.74 and 2.55 mgy »/L, respectively
(Hyung et al., 2005).

Carbon source utilization by E. coli is an important
factor to be considered since it has strong implications
on its metabolism, cell growth, and ultimately on
the production of the target recombinant protein
(Hempfling and Mainzer, 1975). In most conditions,
glucose is the preferred carbon source for E. coli
since it provides faster growth and is consumed first
in a mixture of sugars. As described, E. coli BL21-
SI/pET12a-rhIL2 grew faster on glucose than with
fructose (analytical grade), however the production of
the rhIL-2 was the lowest observed. An explanation
of this effect, might be that even when glucose
utilization is related to high growth rates in E. coli,
it may cause a high production of acetate even
when oxygen is available (Szenk et al., 2017). This
high accumulation of the conjugate base might cause
osmostress perturbing the anion balance (Roe et al.,
1998) of cells and affecting their metabolism, limiting
its growth and its concomitant recombinant protein
production, as extensively reported (Eiteman and
Altman 2006; Lecina et al., 2013; Shi et al., 2017,
Shiloach and Rinas 2009). In addition, it has been
shown that E. coli is prone to a higher accumulation
of acetate when is a host for recombinant protein

overexpression, using glucose (Carneiro et al., 2013;
Zeng and Yang 2019).

In contrast to the observed for cultures using
glucose, the utilization of fructose or fructose from
Agave syrup improved the expression of the IL-2
in E. coli BL21-SI/pET12a. A similar result was
observed for the production of an exopolysaccharide
(EPS) in Scleroderma areolatum Ehrenb, where the
utilization of fructose as carbon source maximized the
final EPS-yield and also its antiproliferative activity,
in comparison to glucose-cultivations (Wu et al.,
2019). Comparative cultivations of recombinant E.
coli GJTO01 overexpressing S-galactosidase showed
that 40 mM of acetic acid was accumulated when
glucose was supplemented. In contrast, no acetic
acid was detected in cultures using defined media
supplemented with fructose. This significant reduction
in the wasteful acetate secretion resulted in an
improved biomass yield, but more importantly a
65% recombinant S-galactosidase yield enhancement
was obtained when equated to glucose cultivations
(Aristidou et al., 1999). Du et al., (2016) reported
that when strain E. coli K12f-pACLYC (crtE, crtB and
crtl) containing the metabolic pathway for lycopene
synthesis was grown in fructose, the final biomass
accumulation and the final lycopene yield increased
3-fold and 7-fold than when growing on glucose,
respectively. An explanation for this improved growth
and product yield when fructose is used resides
in the catabolic pathways of this hexose. Fructose
utilization changed the gene expression patterns in
comparison with glucose, enhancing the expression
of genes related to the Embden-Meyerhof-Parnas
pathway, the tricarboxylic acid cycle, and the oxidative
phosphorylation. In addition, the expression of ldhA,
aceE and poxB, which corresponding enzymes
catalyze the production of lactate and acetate, were
down-regulated by fructose (Du et al., 2016). These
results are indicative that fructose is an optimal
carbon source that promotes carbon flux through
metabolic paths that will improve the availability of
precursors, cofactors and energy carriers that support
growth, and will decrease the accumulation of weak
organic acids that lower the global performance of
E. coli. Besides the observed benefits of fructose
as carbon source, the utilization of Agave syrup
as a source of fructose significantly improved the
growth of E. coli BL21-SI/pET12a-hIL2, and more
importantly the expression of recombinant hIL-2.
This might be explained by the fact that besides
fructose, Agave syrup contains other carbon skeletons,
lipids, fatty acids and proteins, that might serve as
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extra-carbon sources to improve growth of E. coli
and it expression performance (Martinez-Aguilar and
Pefia-Alvarez 2009; Pinos-Rodriguez er al., 2008).
Further investigation is needed to elucidate if short-
chain fructooligosaccharides present in the Agave
syrup might serve as extra carbon sources to improve
production of IL-2 by E. coli BL21-SI/pET12a-rhIL2.
As previously reported, 2% w/v of short chain (-
fructans obtained from Salsify roots, improved the
growth of E. coli PTCC 1330 in comparison with
cultures using commercial inulin (Nourbakhsh et al.,
2012). A similar improvement was observed for E.
coli, under anaerobic conditions when 2% chicory
inulin was supplemented into BSM-culture media, in
contrast with control culture using glucose (Ldpez-
Molina et al., 2005). Due to its complex composition
further analyses, such as metabolite profiling using
GC/MS and LC/MS, are recommended to describe
better the composition of Agave syrup and the
reproducibility during the production process. The
results of present study indicate that the use of sugars
from Agave syrup could be an alternative to other
carbon sources for the production of rhIL-2 and others
recombinant proteins of biotechnology interest. In the
best of our knowledge, this is the first report focused
in the utilization of Agave syrup for the production of
a therapeutic recombinant protein.

Conclusions

Gene optimization of hIL-2 eliminates the presence
of rare codons for its expression in E. coli BL21-SI
and the utilization of Agave syrup as carbon source
by E. coli BL21-SI/pET12a improves the production
of biomass and the production of recombinant human
IL-2, in comparison with cultures using glucose
or fructose analytical grade. This research abilities
the potential use the Agaves to produce alternative
and valuable biotechnological products instead the
alcoholic beverages.
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