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Co-expression of enzymes allow to produce multiple enzymes in a single host,
representing a cost-effective alternative in biocatalytic processes which can be
used for pectin bioconversion. Pectin-rich biomass is an abundant by-product
from the fruit and sugar industries that is usually disposed in landfill or sold as a low
value feedstock. The aim of this work was to co-express a thermophilic pectin
methyl esterase (PME) and exo-polygalacturonases (exo-PGs) in a single host for
pectin bioconversion into D-galacturonic acid (GalA) using different pectic
substrates such as apple, citrus and sugar beet pectin. To achieve this, a PME
from Bacillus licheniformis (BLI09) with either an exo-PG from Thermotoga
maritima (TMA01) or from Bacillus licheniformis (BLI04) were cloned in
pETDuet-1 and co-expressed in E. coli BL21 (DE3). Four co-expression
plasmids containing both pectinases were constructed and factors such as the
effect of the genes’ cloning order and their expression were evaluated. Co-
expression constructs 3 and 4 (pETDuet-TMA01-BLI09 and pETDuet-BLI04-
BLI09, respectively) showed better expression of both pectinases compared to
co-expression constructs 1 and 2 (pETDuet-BLI09-TMA01 and pETDuet-BLI09-
BLI04, respectively). Co-expression constructs 3 and 4 were the most efficient for
pectin bioconversion into GalA reaching 3 and 2.5 mM GalA, respectively from
apple and citrus pectin after 4 h reaction. In conclusion, this work demonstrates
that the co-expression of pectinases can potentially contribute to reduce the cost
associated to their production and purification as well as to increase their
applicability for exploiting pectin-rich biomass to obtain bio-based chemicals.
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1 Introduction

Pectin-rich biomass obtained mainly from agro-industrial residues is an important
renewable feedstock to obtain valuable compounds within a biorefinery concept (Martins
et al., 2020). Pectin is a heteropolymer composed by several substructures being the
homogalacturonan (HG) the most abundant since accounts around 65% of the molecule.
HG consists of α-(1→4)-linked D-galacturonic acid (GalA) that can be methylated at the
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carboxyl group of C6 and acetylated atO-2 orO-3 positions (Bonnin
et al., 2014; Gawkowska et al., 2018; Dimopoulou et al., 2019). The
bioconversion of pectin using pectinases has important economic
and environmental advantages respect to the other treatments. Due
to the heterogenicity of pectin structure, different kinds of pectinases
are involved in its degradation, such as pectin methylesterases
(PMEs) and polygalacturonases (PGs) (Voragen et al., 2009;
Satapathy et al., 2020; Haile & Ayele, 2022). In addition, pectin
acetylesterases (PAEs) are also relevant in highly acetylated pectin
substrates (e.g., sugar beet pectin) (Bonnin et al., 2014; Leijdekkers
et al., 2013; C Remoroza et al., 2014). These pectinases act in a
synergistic and sequential manner to release GalA; the esterases first
remove methyl and/or acetyl groups from the HG backbone, and
subsequently exo-PGs catalyze monomeric GalA release by cleaving
α-(1→4)-glycosidic bonds from the non-reducing ends (C
Remoroza et al., 2014; Voragen et al., 2009).

Pectin-rich biomass has been hydrolyzed by synergistic
pectinases cocktails to obtain pectic-derived oligosaccharides
(POS) and monomerization of pectin. Some of these
pectinases are commercially available as individual enzymes or
as a mixture. Combo et al. (2013) used a commercial PME and
endo-PG for sugar beet pectin hydrolysis to obtain POS with
potential applications in medical and food industry; Leijdekkers
et al. (2013) used a commercial pectinases cocktail for sugar beet
pulp conversion into GalA and arabinose and; Leh et al. (2017)
used a lyophilized fermented solid produced by Aspergillus
oryzae with pectinolytic activity to the conversion of citrus
pectin into GalA. Furthermore, pectinases have been mixed
with cellulases, xylanases and cutinases for the hydrolysis of
agricultural residues to improve processes in the textile and
food industries (Xia et al., 2020; Degani, 2021; Olawuyi et al.,
2022). Most of the commercial pectinases used for pectin
hydrolysis has been produced by fungi (e.g., Aspergillus niger)
showing their highest activity and stability at acidic conditions
and temperatures below 50°C (Martens-Uzunova et al., 2006;
Cerreti et al., 2017; Sudeep et al., 2020). TMA01 as well as
BLI04 and BLI09 pectinases from Thermotoga maritima and
Bacillus licheniformis, respectively are thermophilic enzymes
which have been demonstrated to be active and stable in a
wide range of pH and temperature (Flores-Fernández et al.,
2022).

For multi-enzymatic reactions, including synergistic enzymatic
reactions, the enzymes are usually cloned separately in an adequate
plasmid and host cell. Then, they are mixed in different ratios for
subsequent applications following their expression and purification;
which demands extra costs and time (Roongsawang et al., 2010;
Comlekcioglu et al., 2017). The co-expression of multiple enzymes
in a single host is gaining more interest since it allows the cost-
effective production of biocatalysts increasing their applicability in
biocatalysis. Additional advantages of co-expression include the
reduction of improper folding, ease of simultaneous purification
and even the use of the clarified lysates as such (Dzivenu et al., 2004;
Kumar et al., 2015). Some studies about enzymes co-expression have
been carried out with different purposes. Among then, to reduce the
production cost of carbohydrate degrading enzymes either to exploit
sustainable biomass (Kumar et al., 2015; Comlekcioglu et al., 2017;
Panpetch et al., 2018) or to be used as additives in animal feed
(Roongsawang et al., 2010). Also, to develop whole cell biocatalysts

through the co-expression of several degrading enzymes in bacteria
or the construction of multi-enzymes synthetic pathways (Lan et al.,
2006; Zhu et al., 2015). Finally, to enhance soluble and extracellular
expression of enzymes by co-expressing them with chaperones or
phospholipase C (Peng et al., 2016; Su et al., 2017).

Two main strategies for the co-expression of enzymes in a
single host such as E. coli have been reported including the use of
a single or multiple plasmids (Kumar et al., 2015). In the first
strategy, the expression levels depend on the presence or absence
of promoters and terminators as well as on the cloning order of
the genes (Chen et al., 2017); here, two or more genes are cloned
and expressed in a single plasmid and three options are possible.
Firstly, all the genes could be under the control of a single
promoter and terminator; secondly, each gene can be under
the control of its own promoter and all share one terminator;
and thirdly, each gene be under the control of its own promoter
and its own terminator (Romier et al., 2006; Chen et al., 2017).
pETDuet-1 is one of the most used plasmids that allows the co-
expression of two target genes, it contains two multiple cloning
sites (MCSs) and each cloned gene is under the control of its own
T7 promoter, and both share one T7 terminator (D. Held et al.,
2003; Lan et al., 2006). In the strategy using multiple plasmids,
the genes are cloned and expressed in different plasmids with
different origins of replication and resistance markers; one of its
drawbacks is the maintenance of the plasmids by the host due to
the high metabolic and bioenergetic burdens that it involves.
Also, the copy number and expression levels of one plasmid are
influenced by the presence of the others (Romier et al., 2006;
Kumar et al., 2015). To the best of our knowledge, co-expression
of pectinases has not been reported yet. The co-expression of
PMEs and exo-PGs in a single plasmid and in E. coli as well as
their synergistic with other pectinases including PAEs represent a
promising alternative to improve GalA release from pectin rich-
biomass.

This work aims to co-express thermophilic pectinases in a
single plasmid and host for a cost-effective pectin bioconversion
into GalA. To achieve this, four co-expression plasmids were
constructed and the influence of the cloning order of the genes in
enzymes expression was evaluated. Then, the synergistic action
between the PME and exo-PG as co-expressed enzymes was
tested in apple, citrus and sugar beet pectin, and compared
with the synergistic action using the pectinases expressed
separately. Also, the addition of a PAE into the synergistic
reactions was evaluated to improve GalA release from sugar
beet pectin. Product inhibition was also performed to
determine if GalA release was limited by this effect.

2 Materials and methods

2.1 Bacterial strains, plasmids, enzymes and
chemicals

All chemicals were purchased from Merck KGaA (Sigma-
Aldrich) (Darmstadt, Germany) and molecular biology reagents
were from New England Biolabs (Hitchin, United Kingdom) unless
otherwise stated. The thermophilic pectinases used in this work
include a PME from Bacillus licheniformis DSM13 (BLI09) and two
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exo-PGs from Thermotoga maritima DSM 3109 and Bacillus
licheniformis DSM 13 coded as TMA01 and BLI04, respectively.
The genomic DNA of the bacterial sources was extracted following
the protocol described by Bahri & Ward (1990), and the genes
encoding the pectinases were amplified using the primers described
in Supplementary Table S1. Then, they were cloned in pET plasmids
with a C-terminal His6-tag and successfully expressed individually
in E. coli BL21(DE3).

2.2 Construction of co-expression plasmids
containing a PME and exo-PGs

Four co-expression plasmids containing a thermophilic PME
and exo-PGs were constructed in pETDuet-1 (Merck-Novagen)
(Supplementary Table S2). In co-expression constructs 1 and 2,
BLI09 was cloned in the MCS-1 and either TMA01 or BLI04 in the
MCS-2. In co-expression constructs 3 and 4, TMA01 or BLI04 were
cloned in the MCS-1 and BLI09 in the MCS-2. The genes encoding
BLI09, TMA01 and BLI04 were amplified using the primers
described in Supplementary Table S2.

The genes were cloned in the MCS-1 using the restriction
enzymes BamHI and NotI and in the MCS-2 using NdeI and
XhoI. The flowchart of the construction of all co-expression
plasmids containing both pectinases and detailed cloning
schematic representations are shown in Supplementary Figures
S1–S6. Briefly, in all cases the first gene was cloned in MCS-2 of
the pETDuet-1 with a C-terminal S-tag. The resulting plasmids were
transformed into E. coli NovaBlue(DE3) using 0.05 mg mL−1

ampicillin. Following the plasmids purification, the second gene
was cloned in MCS-1 with a N-terminal His6-tag. All the co-
expression plasmids containing both genes were transformed
again into E. coli NovaBlue(DE3). Then, they were extracted and
validated by sequencing. Finally, these plasmids were transformed
into E. coli BL21(DE3) as expression host.

2.3 Proteins co-expression

For proteins expression, E. coli BL21(DE3) cells harbouring
the co-expression constructs were grown in 150 mL of LB broth
containing 0.05 mg mL−1 ampicillin. Cultivation was carried out
in 1 L baffled shake flasks at 37°C and 250 rpm in a shaker
incubator (Climo-shaker ISF1-X, Kuhner, Switzerland) until
the OD600 reached 0.45. At this point, the cells were induced
with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and
incubated at 25°C and 250 rpm until 24 h. The cells were
harvested by centrifugation (8,500 g at 4°C for 10 min), the
cell pellets were re-suspended in lysis buffer and disrupted by
sonication (MSE Soniprep 150 sonicator, Sanyo, Japan) with
20 cycles of 10 s ON and 15 s OFF at 12 μm amplitude. Then,
the clarified cell lysates were recovered by centrifugation
(18,000 g at 4°C for 15 min) and kept at 4°C until further
analysis. Pectinases expression in the co-expression constructs
was confirmed with SDS-PAGE analysis using Novex™ 10% Tris-
Glycine Mini Gels, WedgeWell™ format and NuPAGE™ MOPS
SDS running Buffer (Thermo Fisher Scientific Inc.,
United Kingdom).

2.4 Purification of co-expressed PME and
exo-PGs

Pectinases cloned in MCS-1 (with an N-terminal His6-tag) were
purified using a His-Tag Ni-affinity resin (Ni-NTA Agarose,
Thermo Fisher Scientific Inc., United Kingdom); 10, 50 and
500 mM imidazole (in buffer 20 mM sodium phosphate and
300 mM NaCl pH 7) were used for equilibration, washing and
elution, respectively. The eluted proteins were precipitated with
ammonium sulphate to a final saturation of 70% (w/v). Pectinases
cloned in MCS-2 (with a C-terminal S-tag) were purified using a
S-protein agarose (Merck-Novagen, Darmstadt, Germany), 20 mM
sodium phosphate containing 150 mMNaCl and 0.1% Triton X-100
pH 7 was used as bind/wash buffer and the enzymes were eluted with
3 MMgCl2. The elution fractions were desalted and concentrated by
using Amicon® Ultra-15 centrifugal filters (Merck, Carrigtwohill,
Ireland). After the purification process, the clarified lysates and the
collected fractions were stored at 4°C until further analysis.
Purification was confirmed by SDS-PAGE gels and protein
quantification was carried out using Quick Start™ Bradford
Protein Assay (Bio-Rad Laboratories Inc., Hemel Hempstead,
United Kingdom) and bovine serum albumin as standard
(Bradford, 1976).

2.5 Synergistic action of co-expressed
pectinases for pectin bioconversion

Synergistic activity of co-expressed BLI09 PME with either
TMA01 or BLI04 exo-PGs was carried out by mixing 0.5 mL of
0.5% (w/v) apple pectin, citrus pectin, or sugar beet pectin (CP
Kelco, New Jersey, USA) (in 20 mM sodium phosphate pH 7) and
0.5 mL of clarified lysate of each co-expression construct (enzymatic
activity described in Supplementary Table S3). The mixture was
incubated at 50°C and 300 rpm for 24 h. Control reactions contained
only TMA01 or BLI04; and blank reactions were prepared without
addition of the clarified lysates containing the co-expressed enzymes
and with addition of a similar amount of buffer instead. Samples
were taken periodically and used for methanol and GalA
quantification according to the procedures described in Sections
2.8.2. For GalA yield (%) calculations, 74% GalA content was used
for apple and citrus pectin (manufacturer information).

2.6 PAE cloning, expression and application

To improve pectin bioconversion into GalA in sugar beet pectin,
a PAE from Bacillus licheniformis (PAE21) was successfully cloned
and expressed (Supplementary Section 1; Supplementary Figure S7).
For he synergistic activity, the clarified lysate containing PAE21
(expressed separately) was mixed with the clarified lysates of the co-
expressed pectinases. These synergistic reactions were carried out
only with the co-expression constructs 3 and 4 and using 0.5% (w/v)
sugar beet pectin (in 100 mM sodium phosphate pH 7). The
reactions were performed as described above using 22 mUmL−1

of PAE21. Blank reactions were prepared without addition of
enzymes solution and with addition of a similar amount of
buffer instead. Samples were taken periodically and used for
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methanol, GalA and acetic acid quantification. For GalA yield (%)
calculations, 65% GalA content was used for sugar beet pectin
(manufacturer information).

2.7 Product inhibition assays

The effect of methanol, GalA and acetic acid on BLI09,
TMA01 and BLI04 was determined in co-expression constructs
3 and 4. Methanol and GalA were tested at final concentrations
from 0.2 to 20 mM. Clarified lysates were pre-incubated for 10 min
at room temperature in 20 mM sodium phosphate pH 7 containing
the respective methanol or GalA concentration in a final volume of
500 μL. Pectinases (PME and exo-PG) activities were measured by
adding the previous mixture to 500 μL of 0.5% (w/v) apple pectin.
The reactions were carried out at 50°C and 300 rpm for 30 min.
Methanol and GalA were quantified according to the procedures
described in Section 2.8.2. The residual activity was expressed as
percentage compared with a control assay without addition of
methanol or GalA.

Similarly, acetic acid inhibition was tested from 0.2 to 10 mM
final concentration. Clarified lysates were pre-incubated for 10 min
at room temperature in 100 mM sodium phosphate pH 7 containing
the respective acetic acid concentration in a final volume of 500 μL.
Pectinases activities were measured under the same conditions
mentioned above using apple pectin. Methanol and GalA were
quantified following the procedures described in Section 2.8.2.
The residual activity was calculated as the percentage of activity
compared with a control assay without addition of acetic acid.

2.8 Analytical methods

2.8.1 Pectinolytic activity assays
PME activity (~0.3 μg mL−1) was carried out following the

method reported by (M. T. Held et al., 2015). Briefly, 0.3 mL of
0.5% (w/v) apple pectin pH 7 were mixed with 0.2 mL of enzyme
solution and incubated at 50°C for 15 min (Thermomixer™ C,
Eppendorf, United Kingdom). Then, the reaction was cooled
down on an ice bath and centrifuged at 10,000 g for 3 min. The
colorimetric reaction was carried out in a 96-well plate where 25 μL
of the supernatant, 175 μL of 50 mMHEPES buffer at pH 7, 10 μL of
36 mg mL−1 Fluoral-P and 10 μL of 20 U mL−1 alcohol oxidase (AO)
were mixed. The mixture was incubated at room temperature for
30 min and the methanol was quantified at 410 nm in a plate reader
(CLARIOstar Plus Microplate Reader, BMG LabTech, Germany). A
calibration curve using formaldehyde as standard (ε =
0.0388 mM−1 cm−1) was used for calculations (Supplementary
Figure S8). One unit (U) of PME activity was defined as the
amount of enzyme that releases 1 μmol of methanol equivalent
per min at pH 7°C and 50°C.

Exo-PG activity (~2 μg mL−1) was performed following the
method described by (Miller, 1959). Briefly, 0.5 mL of 0.5% (w/v)
polyGalA pH 6.5 were mixed with 0.5 mL of enzyme solution and
incubated at 50°C for 15 min. Then, 0.5 mL of 3,5-Dinitrosalicylic
acid (DNS) were incorporated to the reaction, the mixture was
heated at 100°C for 15 min and centrifuged at 10,000 g for 5 min.
The reducing groups were quantified in the supernatant at 540 nm

in 96-well plates. A calibration curve using GalA as standard (ε =
0.127 mM−1 cm−1) was used for calculations (Supplementary Figure
S9). One unit (U) of exo-PG activity was defined as the amount of
enzyme that releases 1 μmol of GalA equivalent per min at pH 6.5°C
and 50°C.

PAE activity (~0.6 mg mL−1) was measured according to the
method reported by (C Remoroza et al., 2014) using 30 µL of
10 mM 4-nitrophenol acetate (pNPA) in DMSO as substrate,
which was pre-incubated with 270 µL of 100 mM sodium
phosphate pH 7 for 3 min at 50°C. Then, 0.2 mL of enzyme
solution were added and the mixture was incubated at 50°C
and 500 rpm for 5 min. Then, the reactions were cooled down
on ice and centrifuged at 10,000 g at 4°C for 3 min. The released
p-nitrophenol was quantified in the supernatant at 405 nm in 96-
well plates. A calibration curve using p-nitrophenol as standard
(ε = 8.3424 mM−1 cm−1) was used for calculations
(Supplementary Figure S10). One unit (U) of PAE activity was
defined as the amount of enzyme that releases 1 μmol of
p-nitrophenol equivalent per min at pH 7°C and 50°C.

All activities assays were carried out in duplicates, and a blank
reaction was also performed following the procedures described
above without the addition of the enzyme solution and a similar
amount of buffer was added instead.

2.8.2 Methanol, GalA and acetic acid quantification
For methanol quantification, the samples were taken

periodically and then cooled down on an ice bath and
centrifuged at 10,000 g for 3 min. Methanol was quantified in
the recovered supernatants. Thus, 25 μL of the supernatant,
175 μL of 50 mM HEPES pH 7, 10 μL of 36 mg mL−1 Fluoral-P
and 10 μL of 20 U mL−1 AO were mixed in a 96-well plate. The
mixture was incubated at room temperature for 30 min and the
absorbance was measured at 410 nm. The calibration curve using
formaldehyde as standard was used for calculations
(Supplementary Figure S8).

For GalA quantification, the samples from the synergistic
reactions were stopped using 0.1% trifluoroacetic acid. The
mixtures were centrifuged at 18,000 g for 15 min and the
supernatants were recovered and used for the analysis. GalA was
analyzed following the method reported by Ward et al. (2015) using
Ion Chromatography System (ICS 5000+, Thermo Scientific, Hemel
Hempstead, United Kingdom) equipped with a Dionex Aminopac™
PA1 anion exchange column 4 × 250 mm fitted with a Dionex
Aminopac™ PA1 guard column 4 × 50 mm. The analysis was
carried out using 5% (v/v) 1 M sodium acetate (electrochemical
detection grade, Fisher Scientific, United Kingdom) as mobile phase
and 95% (v/v) Milli Q water at 0.25 mL min−1 for 8 min at 30°C. An
external standard calibration curve of GalA was used for quantitative
analysis, which was performed by measuring the peak area. The
retention time of GalA was 4 min.

For acetic acid quantification, the samples were taken
periodically, then cooled down on an ice bath and centrifuged at
10,000 g for 3 min. Acetic acid was quantified in the recovered
supernatants using the Megazyme acetic acid kit K-ACETRM 04/20
(Megazyme, Wicklow, Ireland). For this assay, the microplate
procedure was followed using 210 μL samples. A calibration
curve using acetic acid as standard (ε = 3.7541 mM−1 cm−1) was
used for calculations (Supplementary Figure S11).
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3 Results

3.1 Construction, expression and
purification of co-expression constructs

In order to achieve a cost-effective pectin bioconversion into GalA,
co-expression plasmids containing a thermophilic PME and exo-PGs
were constructed in pETDuet-1 and the enzymes were expressed in
E. coli BL21(DE3). Thus, four co-expression plasmids were constructed
in which the effect of the cloning order of the genes in the pectinases
expression was investigated. Co-expression constructs 1 and 2 were
pETDuet-BLI09-TMA01 and pETDuet-BLI09-BLI04, respectively
(Figures 1A1, A2), where BLI09 PME was cloned in MCS-1 and the
exo-PGs in MCS-2. Co-expression constructs 3 and 4 were pETDuet-
TMA01-BLI09 and pETDuet-BLI04-BLI09, respectively (Figures 1B1,
B2), where the exo-PGs were cloned in MCS-1 and BLI09 PME in
MCS-2. In all the co-expression constructs, each gene was under the
control of its own T7 promoter, and both shared one T7 terminator.

BLI09, TMA01 and BLI04 with a molecular weight of 35, 50 and
48 kDa; respectively, were expressed in all the co-expression
constructs and in their soluble form as shown in Figure 2. In co-
expression constructs 1 and 2, TMA01 and BLI04 showed good
expression levels, whilst BLI09 presented low expression. On the
other hand, in the co-expression constructs 3 and 4 where the
cloning order of the genes was inverted, both exo-PGs presented
good expression and BLI09 cloned downstream the exo-PGs in
MCS-2 with a T7 terminator behind, showed improved expression
levels compared to co-expression constructs 1 and 2. Overall, the co-

expression of the studied pectinases was better for the co-expression
constructs 3 and 4.

The co-expressed pectinases from all four co-expression constructs
were purified by affinity chromatography (Supplementary Figures S12,
S13). The purpose of this purification was to determine the enzymatic
activity, protein concentration and specific activity of each purified co-
expressed pectinase and compare these values between all the co-
expression constructs (Table 1). BLI09 enzymatic activity was
around 9-fold in co-expression constructs 3 and 4 compared to co-
expression constructs 1 and 2. The highest BLI09 activity and protein
concentration were 2556 UmL−1 and 0.142 mgmL−1, respectively and
they were observed in the co-expression construct 3. Regarding
TMA01 and BLI04, similar enzymatic activities and protein
concentrations were observed in all the co-expression constructs
ranging from 23 to 36 UmL−1 and 0.182–0.228 mgmL−1,
respectively. Specific activities of BLI09, TMA01 and BLI04 were
similar in all the co-expression constructs with values around
17,800, 166 and 118 Umg−1, respectively.

In addition, purification of co-expressed pectinases was carried out
to compare the information from Table 1 with that from single
expressed enzymes (Supplementary Table S4), both BLI09 enzymatic
activity and protein concentration in single expression (9,000 UmL−1

and 0.5 mgmL−1) were 3.5 and 7.5-fold higher than in co-expression
constructs 3 and 4, respectively. TMA01 and BLI04 enzymatic activities
and protein concentrations in enzymes expressed separately (33 and
24 UmL−1, respectively and 0.2 mgmL−1) were similar to those in co-
expressed enzymes. Specific activities of the three pectinases were
similar in single expression and in the co-expression constructs.

FIGURE 1
Co-expression constructs containing BLI09 PME with either TMA01 or BLI04 exo-PGs in pETDuet-1. (A1) Co-expression construct 1: pETDuet-
BLI09-TMA01, where BLI09 is in MCS1 (green) and TMA01 in MCS2 (pink); and (A2) co-expression construct 2: pETDuet-BLI09-BLI04, where BLI09 is in
MCS1 (green) and BLI04 in MCS2 (light blue). (B1) Co-expression construct 3: pETDuet-TMA01-BLI09, where TMA01 is in MCS1 (pink) and BLI09 in MCS2
(green); and (B2) co-expression construct 4: pETDuet-BLI04-BLI09, where BLI04 is in MCS1 (light blue) and BLI09 in MCS2 (green). Co-expression
constructs were plotted using SnapGene 4.2.11 software. PME: pectin methylesterase, exo-PG: exo-polygalacturonase, MCS: multiple cloning site.
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3.2 Synergistic action of co-expressed
pectinases on pectins

The activity of the four co-expression constructs was tested
using apple, citrus and sugar beet pectin with different degree of
esterification and GalA content (Supplementary Table S5). The

reactions were performed at compatible conditions for both
enzymes (pH 7°C and 50°C) using the clarified lysates from
the co-expression experiments. The pectinolytic activity of the
co-expression constructs used for the synergistic reactions is
presented in Supplementary Table S3. Based on our previous
findings using individually expressed pectinases, we observed
that the synergistic reactions for GalA release are more
dependent on exo-PGs activity rather than PME (fast
reaction) (Flores-Fernández et al., 2022). Thus, 0.5 and
2 U mL−1 of TMA01 and BLI04, respectively, were used in the
synergistic reaction using co-expressed enzymes. The
BLI09 activity was then determined as 4.5- (40.8 U mL−1) and
9.5-fold (86 U mL−1) higher in co-expression construct 3 and
4 compared to the individually expressed enzyme activity used
for the synergistic reactions (9 U mL−1). Despite BLI09 enzymatic
activity was higher in individual expressed enzymes, its levels in
the co-expression constructs 3 and 4 were enough for the
synergistic reactions.

Methanol release using the four co-expression constructs was
similar for apple and citrus pectin (Figures 3A1, B1). Methanol
levels were slightly higher using the co-expression constructs
3 and 4, reaching around 4 mM of methanol after 4 h of reaction.
In sugar beet pectin, methanol release was also similar using all
four co-expression constructs, but 50% less than in apple and
citrus pectin (2 mM after 4 h of reaction) (Figure 3C1). Regarding
GalA, similar concentrations were released using the four co-
expression constructs for apple and citrus pectin (Figures 3A2,
B2) at the end of the reaction (24 h). Remarkably, exo-PGs from
co-expression constructs 3 and 4 showed faster reactions rates
despite using the same activity units as the co-expression
constructs 1 and 2; reaching concentrations around 3 and
2.5 mM GalA, respectively after 4 h of reaction. Therefore,
assuming a 9 mM total GalA content in the reaction (based on
74% GalA in pectic), the synergistic reaction yields are around
35% and 29% GalA, respectively. For sugar beet pectin, GalA
release was lower in comparison with apple and citrus pectin,
around 0.1 and 0.2 mM were released after 24 h of reaction for all
the co-expression constructs (Figure 3C2).

FIGURE 2
SDS-PAGE showing the co-expression of BLI09 PME with either
TMA01 or BLI04 exo-PGs in pETDuet-1 and E. coli BL21(DE3). Lanes: 1,
co-expression construct 1 (pETDuet-BLI09-TMA01); 2, co-expression
construct 2 (pETDuet-BLI09-BLI04); 3, co-expression construct
3 (pETDuet-TMA01-BLI09) and 4, co-expression construct 4
(pETDuet-BLI04-BLI09). MW, molecular weight marker (PageRuler™
Plus Prestained Protein Ladder, 10–250 kDa).

TABLE 1 Comparison of protein concentrations and enzymatic activities between purified pectinases (BLI09, TMA01 and BLI04) from the constructed co-expression
constructs.

Co-expression
construct

1 - (pETDuet-BLI09-TMA01) 2 - (pETDuet-BLI09-BLI04) 3 - (pETDuet-TMA01-BLI09) 4 - (pETDuet-BLI04-BLI09)

Enzymatic activity (U mL−1)

PME BLI09 (MCS1): 319 BLI09 (MCS1): 125 BLI09 (MCS2): 2556 BLI09 (MCS2): 1188

Exo-PG TMA01 (MCS2): 36 BLI04 (MCS2): 23 TMA01 (MCS1): 31 BLI04 (MCS1): 28

Protein concentrationa (mg mL−1)

PME BLI09 (MCS1): 0.018 BLI09 (MCS1): 0.007 BLI09 (MCS2): 0.142 BLI09 (MCS2): 0.067

Exo-PG TMA01 (MCS2): 0.221 BLI04 (MCS2): 0.200 TMA01 (MCS1): 0.182 BLI04 (MCS1): 0.228

Specific activityb (U mg−1)

PME BLI09 (MCS1): 17 722 BLI09 (MCS1): 17 857 BLI09 (MCS2): 18 000 BLI09 (MCS2): 17 331

Exo-PG TMA01 (MCS2): 163 BLI04 (MCS2): 115 TMA01 (MCS1): 170 BLI04 (MCS1): 0.123

aProtein concentration was calculated after purification (95% of enzymes recovery) using Bradford Protein Assay.
bSpecific activity is defined as U per mg of protein. PME: pectin methylesterase, exo-PG: exo-polygalacturonase.
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3.3 Synergistic action of pectinases as co-
expressed enzymes along with a PAE

As low GalA concentrations were released using sugar beet
pectin, it was hypothesized that its initial deacetylation by a PAE
would improve GalA release. Thus, synergistic reactions between
pectinases from co-expression constructs 3 and 4 along with
PAE21 were carried out in a one-pot reaction (Figure 4). Acetic
acid release was 0.6 mM after 4 h of reaction reaching a plateau at
this point. Methanol levels were around 2 mM similar to those
obtained using only co-expressed pectinases (Figure 3C1),
indicating that the addition of PAE21 into the synergistic
reactions did not affect BLI09 activity. Despite sugar beet
pectin being demethylated and deacetylated, low GalA

concentrations were released (around 0.7 mM) in comparison
with apple and citrus pectin. However, these low concentrations
were a 7- and 3.5-fold increase compared to co-expression
constructs 3 and 4 with no PAE21, respectively. Thus, it can
be inferred that the addition of PAE21 does not enhance GalA
release which might be related to other issues such as substrate or
product inhibition, or the unknown chemical features of the
commercial substrate.

3.4 Product inhibition assays

The effect of product inhibition using methanol, GalA and acetic
acid was tested on the co-expressed BLI09 with either TMA01 or

FIGURE 3
Synergistic activity between BLI09 PME with either TMA01 or BLI04 exo-PG as co-expressed enzymes using different pectic substrates. (A) Apple
pectin, (B) citrus pectin and (C) sugar beet pectin. (A1,B1,C1) methanol release and (A2,B2,C2) GalA quantification. ( ) co-expression construct 1,
( ) co-expression construct 2, ( ) co-expression construct 3 and ( ) co-expression construct 4. The reactions were carried out at
50°C using 0.5% (w/v) substrate (in 20 mM phosphate buffer pH 7), and 0.5 and 2 U mL−1 of TMA01 and BLI04, respectively for all the co-expression
constructs. The BLI09 activity was calculated in the volumes containing the U mL−1 of exo-PGs mentioned above (Supplementary Table S3). Error bars
represent one standard deviation from the mean (n = 2).
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BLI04 of co-expression constructs 3 and 4, since they were the most
efficient for GalA release.

3.4.1 Methanol and GalA effect on co-expressed
pectinases

Methanol had an inhibitory effect on BLI09 from 6 mM and
caused a complete inhibition from 14 mM (Figure 5A). Our results
also showed a slight inhibitory effect of methanol on both exo-PGs
from around 7 mM (Figures 5B, C). Regarding GalA, high
concentrations (>7 mM) inhibited BLI09 (Figure 6A). Meanwhile,
inhibition of TMA01 and BLI04 by this product occurred from 3 to
2.5 mM, respectively (Figures 6B, C).

3.4.2 Acetic acid effect on co-expressed pectinases
Low GalA concentrations were released in the synergistic

reactions between co-expressed pectinases along with
PAE21 using sugar beet pectin as substrate, which might be due
to a potential pectinases inhibition by the released acetic acid.
However, all pectinases (BLI09, TMA01 and BLI04) maintained
more than 90% of their activity up to 10 mM acetic acid
concentration (Supplementary Figure 14), showing good stability
even at high concentrations of this compound.

4 Discussion

Pectin has a very complex chemical structure and its
biodegradation involves the synergistic action of pectinases
mainly PMEs and PGs. This synergistic action allows accessing
to bio-based chemicals such as GalA which is found in the highest
concentration in pectin from different sources. Moreover, co-
expression of pectinases with synergistic activities in a single
culture represent a cost-effective alternative for pectin
bioconversion. Co-expression plasmid systems such as pETDuet-
1, pACYCDuet-1, pCDFDuet-1, pCOLADuet-1 and pRSFDuet-1
allow the cloning of up to two target genes. In all these plasmids, the

genes can be cloned in the MCS-1 with a N-terminal His6-tag and in
the MCS-2 with a C-terminal S-tag; however, they contain different
antibiotic resistance genes and plasmid replicons as well as variable
relative copy numbers which influence in the expression levels of the
target proteins. pETDuet-1 has ampicillin resistance marker, ColE1
(pBR322) replicon and presents one of the highest copy numbers
(~40) (D. Held et al., 2003). Furthermore, in all the plasmids
mentioned above, each gene is under the control of its own
T7 promoter which ensures that the mRNA be transcribed for
every gene independently of the read-through transcript. In
addition, studies have suggested that the presence of a
T7 promoter for each gene could increase the expression of the
genes (Chen et al., 2017). Likewise, the sharing of a single
T7 terminator by the two genes in all these plasmids suggests an
influence from the first gene in the expression of the second one
(Romier et al., 2006). In this work, pETDuet-1 was used to clone the
pectinases BLI09, TMA01 and BLI04 which allowed to obtain four
co-expression constructs.

Our results showed that the co-expression constructs 3 and 4
(with the PME in MCS-2) showed better expression levels of both
pectinases based on SDS-PAGE analysis in comparison with the co-
expression constructs 1 and 2. The expression of both exo-PGs was
similar in all co-expression constructs regardless of their cloning
position. However, BLI09 expression levels were higher in co-
expression constructs 3 and 4 compared with those in co-
expression constructs 1 and 2, which might be related to the
cloning position as also reported by Chen et al. (2017).
Expression and activity of BLI09 were significantly improved
when cloned in MCS-2, this might be either associated to the
presence of T7 terminator behind, since it has been reported that
its presence can enhance the expression level of some genes (Liu
et al., 2013; Chen et al., 2017); or to the S-tag in the C-terminus since
studies have described that some fusion tags (such as S-Tag) can
improve protein solubility in recombinant expression due to the
presence of polar and charged amino acid residues (Costa et al.,
2014; Paraskevopoulou & Falcone, 2018). In addition, protein

FIGURE 4
Synergistic activity of pectinases from co-expression constructs 3 and 4 along with PAE21 individually expressed using sugar beet pectin where
methanol, acetic acid and GalA were quantified. The reactions were carried out at 50°C using 0.5% (w/v) substrate (in 100 mM phosphate pH 7), and
0.5 and 2 U mL−1 of TMA01 and BLI04, respectively. The BLI09 activity was calculated in the volumes containing the UmL−1 of exo-PGsmentioned before
(Supplementary Table S3). The results shown correspond to a reaction time of 24 h. Error bars represent one standard deviation from the mean (n =
2). CexCons: co-expression construct, PAE: pectin acetylesterase.
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expression can be improved by selecting a more appropriate
expression host or optimizing the growth conditions such as:
IPTG concentration, induction time, post-induction temperature
and medium composition (Lan et al., 2006; Liu et al., 2013). These
factors were not explored in this work, as the levels of the co-
expressed pectinases (especially BLI09) were enough for subsequent
experiments.

From the synergistic activity of the co-expressed pectinases,
similar methanol concentrations were released from apple and citrus
pectin (4 mM) since both substrates used in this work presented
similar degree of methylation (Supplementary Table S5). However,
low methanol concentrations were released from sugar beet pectin,
which could be explained by the lower methylation of this substrate
in comparison with apple and citrus pectin (35% in comparison with

58% and 55%, respectively). Regarding GalA, 3 and 2.5 mM were
released in the synergistic reactions using the co-expression
constructs 3 and 4, respectively after 4 h of reaction. However,
using the co-expression constructs 1 and 2, similar
concentrations were released after 24 h of reaction. These
findings demonstrated that the co-expression constructs 3 and
4 were the most efficient for GalA release, despite same exo-PGs
activities were used for all co-expression constructs. This could be
due to the very high BLI09 activities in the co-expression constructs
3 and 4 (around 9-fold higher compared to co-expression constructs
1 and 2) causing a quick demethylation and therefore a faster
depolymerization of the GalA backbone by the exo-PGs. In
addition, GalA concentrations released using the clarified lysates
of co-expressed pectinases were comparable to those using a cocktail

FIGURE 5
Product inhibition effect of methanol on pectinases from co-expression constructs 3 and 4. (A)Methanol effect on BLI09, (B) TMA01 and (C) BLI04.
The reactions were carried out at 50°C and 300 rpm for 30 min using 0.5% (w/v) apple pectin (in 20 mM phosphate pH 7), and 0.5 and 2 U mL−1 of
TMA01 and BLI04, respectively. The BLI09 activity was calculated in the volume containing the UmL−1 of TMA01mentioned before (Supplementary Table
S3). Error bars represent one standard deviation from the mean (n = 2). PME: pectin methylesterase, exo-PG: exo-polygalacturonase.
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of purified pectinases expressed separately (Flores-Fernández et al.,
2022). These findings confirm that co-expression of enzymes is more
efficient in terms of bioprocess performance and cost.

In sugar beet pectin, using all the co-expression constructs, low
amounts of GalA were released (below 0.25 mM). It could be due to
the presence of a high acetylation levels (20%) in comparison with
apple and citrus pectin (~1.5%) (Ma et al., 2020). The presence of
acetyl groups hinders the exo-PGs activity (Bonnin et al., 2014). In
this study, PAE21 improved GalA release but the concentrations
obtained were lower than for apple and citrus pectin; this might be
related to PAE21 mechanism of action and the position of acetyl

groups in the GalA residues. It has been described that in sugar beet
pectin, GalA is acetylated at the O-2 and O-3 positions. In addition,
PAE21 deacetylates sugar beet pectin specifically at theO-3 positions
in non-methylated GalA residues, leaving O-2 still acetylated (C
Remoroza et al., 2014). This O-2 acetylation may still hinder exo-
PGs activity and therefore GalA release. Another possible
explanation might be the distribution of acetyl groups in the
substrate associated to the deacetylation pattern of PAEs. A
blockwise distribution of acetyl groups in HG from commercial
sugar beet pectin has been reported (Ralet et al., 2008). Moreover,
PAEs similar to PMEs, catalyze pectin deacetylation either in a

FIGURE 6
Product inhibition effect of GalA on pectinases from co-expression constructs 3 and 4. (A) GalA effect on BLI09, (B) TMA01 and (C) BLI04. The
reactions were carried out at 50°C and 300 rpm for 30 min using 0.5% (w/v) apple pectin (in 20 mM phosphate pH 7), and 0.5 and 2 U mL−1 of TMA01 and
BLI04, respectively. The BLI09 activity was calculated in the volume containing the U mL−1 of TMA01 mentioned before (Supplementary Table S3). Error
bars represent one standard deviation from themean (n = 2). PME: pectin methylesterase, exo-PG: exo-polygalacturonase, GalA: galacturonic acid.
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random or blockwise pattern (Limberg et al., 2000; Remoroza et al.,
2015; Kent et al., 2016). Therefore, if acetyl groups in sugar beet
pectin are blockwise distributed and assuming that
PAE21 deacetylates in a random manner, blocks of deacetylated
pectin will not be produced. Thus, the presence of acetyl groups will
obstruct exo-PGs activity and GalA release (Figure 7).

Product inhibition assays revealed that BLI09 inhibition by
methanol occurred from 6 mM, whilst TMA01 and BLI04 were not
inhibited even at high methanol concentrations. These findings
indicated that BLI09, TMA01 and BLI04 were not inhibited by
methanol product during the synergistic reactions where up to
4 mMmethanol was released. In situ removal of methanol may also
improve the synergistic reaction performance, this could be
achieved by increasing reaction temperature to the methanol
boiling point (65°C) which would not affect thermophilic
pectinases activity used in this work as these enzymes are
highly thermostable at this temperature (Flores-Fernández et al.,
2022).

Regarding pectinase inhibition by GalA, concentrations higher
than 7 mM inhibited BLI09 indicating that this enzyme was not
under GalA inhibition in the synergistic reactions where around
3 mMwas obtained. GalA concentrations higher than 3 and 2.5 mM
GalA inhibited TMA01 and BLI04, respectively. Thus, product
inhibition might explain why only GalA below of 3 and 2.5 mM
were achieved in the synergistic reactions with TMA01 and BLI04,
respectively. Competitive inhibition by GalA has been reported for
some exo-PGs (Kester et al., 1996; Baciu & Jördening, 2004; Bélafi-
Bakó et al., 2007), where GalA binds to the active site of the enzyme

by competing with the substrate and the inhibition effect can be
reduced by increasing substrate concentration (Baciu & Jördening,
2004). From the bioprocesses perspective, product inhibition could
be tackled through a simultaneous reaction (Bechtold & Panke,
2009), or in situ recovery using electrodialysis (Molnár et al., 2009)
or bioreactors incorporating ultrafiltration membranes (Bélafi-Bakó
et al., 2007; Kiss et al., 2009). Hence, although synergistic action
between PMEs and exo-PGs is a promising strategy to release
monomeric GalA from pectin, factors such as product inhibition
limit the efficiency of the process. Respect to PAE21, this enzyme
released low acetic acid levels (0.6 mM) from sugar beet pectin,
which demonstrates that did not inhibit BLI09, TMA01 and
BLI04 in the synergistic reactions. Finally, sugar beet pectin is
highly branched (arabinans and galactans) compared to other
pectic sources (Cárdenas-Fernández et al., 2017), which can also
hinder the activity of the pectinases used in this work.

This work allowed co-expressing a thermophilic PME and
exo-PGs which act synergistically to obtain GalA from pectin-
rich sources. The co-expression constructs obtained here will
ease the production of the two pectinases in a single culture.
Likewise, the synergistic activity of the pectinases as co-expressed
enzymes using the clarified lysates was efficient for pectin
bioconversion into GalA. These together are very
advantageous as it reduces the bioprocess cost associated to
enzyme production and purification. Finally, this study
contributes to a better understanding of pectin composition in
different substrates as well as the mechanisms of action of
pectinases; providing further insights for the applicability of

FIGURE 7
Schematic representation of the synergistic action between BLI09 PMEwith either TMA01 or BLI09 exo-PGs along with PAE21 on the HG backbone
in sugar beet pectin. The blockwise demethylation pattern of BLI09, the blockwise distribution of acetyl groups and the deacetylation of PAE21 at O-3
positions of non-methylated GalA suggesting a random deacetylation pattern are illustrated. In addition, the exo-PGs action in the non-reducing end of
demethylated and deacetylated pectin leading to monomeric GalA release is presented. No major increase in GalA release was observed with the
addition of PAE21 into the synergistic reactions. GalA monomers highlighted in red (from 1 to 4) can be released by BLI09 with either TMA01 or BLI04.
While the additional GalA monomer highlighted in purple (number 5) can be released with the addition of PAE21. ( ) GalA, ( ) methyl groups and ( )
acetyl groups. PME: pectin methylesterase, exo-PG: exo-polygalacturonase, PAE: pectin acetylesterase, HG: homogalacturonan and GalA: galacturonic
acid.
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pectinases and for improving pectin rich-biomass bioconversion
into valuable compounds.
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