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Enzymatic cellulose hydrolysis is an important step for the production of second-generation biofuels.
The filamentous fungus Trichoderma reesei is among the most important organisms for obtaining
cellulolytic enzymes. The Cel6A (CBH II) cellulase from T. ressei plays an important role in cellulose
hydrolysis and acts on the non-reducing end of cellulose, in contrast to Cel7B (CBH I), which acts on
the reducing end of cellulose thus releasing cellobiose. Therefore, Cel6A deficiency becomes a limiting
factor in cellulose saccharification. This work attempted to use codon optimization to enhance Cel6A
expression in Escherichia coli. A plasmid expression vector, pUCITD04, was designed; this vector
contains: the cel6a gene, regulatory regions (the promoter and terminator T7 sequences), the OmpT
signal peptide that allows the secretion of proteins into the culture medium, and a 6His tail to allow
purification of the protein by affinity chromatography. The protein expression experiment using a strain
of E. coli transformed with pUCITDO04 resulted in a 31 kDa polypeptide being secreted into the culture
medium that did not possess enzymatic activity, meanwhile, the control strain transformed with the
empty plasmid did not secrete any protein fragments, indicating that a truncated Cel6A was being
produced by the experimental strain. This phenomenon has been reported during the production of
recombinant cellulases in E. coli. In this research, we discuss probable causes of this phenomenon, as
well as the drawbacks in the production of cellulases by E. coli, directing efforts to elucidate the causes
of the production of truncated cellulases by this bacterial factory.
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INTRODUCTION

Lignocellulose materials are mainly composed of hemicellulose are sugar-rich fractions of interest for use
cellulose, hemicellulose, and lignin. Cellulose and in fermentation processes, as many microorganisms can
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use these sugars for growth and the production of various
compounds, such as ethanol, food additives, organic
acids, enzymes, pigments, and drugs (Robak and
Balcerek, 2020). Cellulose is the most important glucose
reservoir in the world; however, its industrial utilization is
limited by its polymerization degree and crystallinity
index, as well as its association with hemicellulose and
lignin polymers. Particularly, the recalcitrant lignin
compound can reduce the efficacy of lignocellulosic
feedstocks. To resolve these limit, it is necessary to
subject these materials to pre-treatment procedures
(Zoghlami and Paés, 2019; Meneses et al., 2020).

The hydrolysis of cellulose may be achieved via
chemical or enzymatic procedures. Specifically, the
enzymatic procedure requires a consortium of cellulolytic
enzymes, including endoglucanases, cellobiohydrolases,
and R-glucosidases (Jstby et al., 2020). This consortium
is produced by numerous microbial groups, with
Trichoderma reesei highlighted as a principal producer of
cellulolytic enzymes (Runajak et al.,, 2020). These
enzymes are key to developing a viable biorefinery
process, which requires the cost-effective production of
fermentable sugars from lignocellulosic biomass.
Supplementing these various enzymes to optimize the
ratio of cellulase components in the enzyme cocktail is an
important strategy to obtaining an efficient cellulose
hydrolysis; however, implementing this strategy, requires
obtaining sufficient amounts of individual cellulase
proteins (Fubao et al., 2016). Due to this requirement,
research efforts have been oriented towards the
development of recombinant procedures such as
recombinant enzyme production, particularly recombinant
enzymes expressed on prokaryotic systems, such as
Escherichia coli, as this is the most widely used host and
presents rapid and elevated expression levels
(Parisutham and Sung, 2012; Rosano and Ceccarelli,
2014; Demain and Vaishnav, 2016). This recombinant
system has been widely demonstrated to be useful for
expressing non-glycosylated proteins; additionally, the
machinery that performs the transcription, translation,
and protein folding of this system is known (Wruck et al.,
2017). Moreover, the genome can be easily modified, the
promoter control is not complex, and the number of
plasmids copies can easily be altered (Virolle et al.,
2020). This system is able to accumulate up to 80% of its
dry weight in recombinant proteins and survive at various
environmental conditions (Demain and Vaishnav, 2016;
Kent and Dixon, 2019). However, heterologous proteins,
which are frequently expressed intracellularly in
Escherichia coli, require an expensive separation process
that includes cell lysis and target protein purification
(Zhou et al., 2018). On the other hand, overexpressed
proteins often form inclusion bodies or aggregates in the
cytoplasmic space, thus requiring complicated and costly
pretreating processes to obtain biologically active
proteins and resulting in low active protein yields (Choi et
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al., 2006; Cui et al., 2016; King-Batsios et al., 2018). The
likelihood of incorrect folding increases with the routine
uses of strong promoters and elevated inducer
concentrations, which can result in product yields that
exceed 50% of the total cell proteins (Sandomenico et al.,
2020). One solution to this problem may be the
extracellular production of heterologous proteins, which,
in most cases, facilitates further processing as well as
provides in vivo folding and stability, thus allowing the
production of soluble and biologically active proteins at a
reduced cost (Mergulhao et al., 2005; Clark and
Pazdernik, 2016). Although transfer of proteins to the
periplasm is an approach used to facilitate the recovery
of recombinant proteins, this method can also increase
the rate of protein degradation and the accumulation of
secretion precursors, which induces the heat-shock
stress response and leads to increased proteolysis
(Sandomenico et al., 2020). Full knowledge of the target
protein enables the choice of an appropriate method of
protein production and facilitates the design of the signal
peptide needed to transfer the protein to the periplasmic
space (Kleiner-Grote et al, 2018). Given the
aforementioned, the aim of this work was to demonstrate
that the expression of an optimized gene codifying the
production of cellobiohydrolase Cel6A recombinant
enzyme results in protein production and transfer to the
periplasm.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growing conditions

The E. coli strains ToplOF and BL21 (DE3) were acquired from
Invitrogen and Novagen, respectively, while the pUCITD04
expression vector was derived from a pUCIDT cloning plasmid
engineered to express the codon optimized cel6a gene from T.
ressei, AmpR (Table 1). Luria-Bertani culture medium was used to
spread the strains, while M9 culture medium was used in the
recombinant protein production assays (Miller, 1972). The cells
were cultured in a liquid medium with vigorous agitation at a
temperature of 37°C while cell growth was monitored via
measurements of the absorbance at 600 nm. The recombinant
strains were selected via the addition of 50 mg/mL kanamycin, sold
by SIGMA-ALDRICH.

Design of the gene encoding
cellobiohydrolase Cel6A

the synthesis of pB-

The gene used to encode the synthesis of the recombinant Cel6A
was designed using the sequence encoding the synthesis of T.
reesei Cel6A (XM 006962518.1) as a target; this sequence was
obtained from the NCBI database and was optimized for its
recognition by E. coli. The designed synthetic construct contains
the T7 promoter, a lac operating region, a ribosome binding site, an
OmpT signal peptide, the optimized coding sequence of T. reesei
Cel6A, six codons for 6His tail synthesis, and the T7 transcriptional
terminator. This construct was synthetized by Integrated DNA
Technologies (IDT) Inc.
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Table 1. Relevant strains and plasmids utilized in the current study.

Strain/plasmid Genotype: Relevant characteristics Source
E. coli Strains
. . F'[laclq Tn10(tetR)] mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 deoR nupG .
E. coli Top10F recA1 araD139 A(ara-leu)7697 galU galK rpsL(StrR) endA1 A- Invitrogen
. E. coli str. B F— ompT gal dcm lon hsdSB(rB—mB-) A(DE3 [lacl lacUV5-T7p07 ind1 sam7
E. coli BL21 (DE3) nin5]) [malB+]K-12(AS) Novagen
Plasmid
pUCITDO4 Expression vector derivative of pUCIDT cloning plasmid, expressing the codon optimized This study

Cel6A gene from T. ressei, AmpR.

Native and synthetic B-cellobiohydrolase Cel6A structure

Three-dimensional structures of the native and synthetic Cel6A
enzymes were constructed using Raptor X structures tool (Morten
et al.,, 2012) and visualized with Discovery Studio software
(Dassault, 2017).

Cloning of synthetic cellobiohydrolase cel6éa gene and
transformation of E. coli

The construct was cloned in the pUCIDT KanR plasmid by the
Integrated DNA Technologies company (IDT). This plasmid was
named pUCITDO4. The synthetic plasmid contains the BamHI and
Hindlll restriction sites for gene subcloning. This sequence was
verified by the Synthesis and Sequencing Unit of the Biotechnology
Institute of Autonomous National University of Mexico (UNAM).
Insertion of the cel6a gene in the pUCITDO4 plasmid was verified
by restriction analysis using BamHI and Hindlll endonucleases and
electrophoresis on agarose gel stained with EtBr.

Molecular biology techniques

Preparation of CaCl, competent cells, transformation tests, and
plasmidic DNA extraction from E. coli were performed using the
Sambrook technigues (Sambrook and Green, 2012). The E. coli
BL21 (DE3) strain transformed with the pUCITDO4 plasmid was
used to produce the recombinant protein. Insertion of the plasmid
with the synthetic cel6a gene in the E. coli BL21DE3 strain was
verified by extraction of plasmidic DNA from the transformed strain
and subsequent restriction analysis with BamHI and Hindlll
enzymes. The transformed strain was inoculated on 50 mL of M9
culture medium supplemented with kanamycin and incubated at
37°C for the time necessary to reach an optical density (OD600) of
0.5.

SDS-PAGE analysis

The production of recombinant Cel6A enzyme was induced via the
addition of 0.2 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and
the samples were incubated for 4 h at 37°C. During the incubation,
a 1 mL sample was taken every 30 min and centrifuged, after which
the supernatant was used to obtain protein via precipitation with a
methanol:chloroform:water solution in a 4:1:3 V/V ratio. The
precipitated proteins were resuspended in 100 pL of phosphate-

buffer solution and 10 pL of the sample was analyzed by SDS-
PAGE, applying a voltage of 100 V for 90 min.

Enzymatic activity determination

To determine enzymatic activity, 250 pL of enzyme extract was
incubated with 750 pL of 0.1 M acetate buffer (pH 4.8) and 1%
microgranular cellulose (as a substrate) for 1 h at 50°C (Montoya et
al., 2015). Next, the samples were centrifuged for 5 min at 13,000
RPM, after which 500 pL of the supernatant was taken and the
reducing sugars were determined via the DNS method (Miller,
1959).

RESULTS AND DISCUSSION
Design of cel6a gene

The sequence encoding synthesis of the enzyme Cel6A
(XM 006962518.1) that is produced by T. reesei was
obtained from the NCBI database and then optimized to
be recognized and synthesized by E. coli. This protein
(Figure 1) has a length of 471 amino acids, a homology
of 100% with respect to the Cel6A protein, and a
homology of 74% with respect to the gene sequence
encoding the synthesis of Cel6A that is produced by T.
reseei.

Modeling of native and synthetic structures of (-
cellobiohydrolase Cel6A

According to Raptor X portal, the protein structures of the
cellulose-binding domains (Figure 2) demonstrate minor
differences due to the signal peptide added to the cel6a
synthetic gene (Figure 2A) being slightly longer than the
signal peptide of native Cel6A (Figure 2B). The catalytic
domains of the native and synthetic Cel6A (Figures 3A
and 3B) do not show any visual differences between their
tertiary structures. The cellulose-binding domain is
located between amino acids Methionine-1 and Glycine-
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Figure 1. Alignment of the synthetic Cel6A sequence and the XM_006962518.1 sequence corresponding to the
Trichoderma ressei native Cel6A. The nucleotides of both sequences are highlighted by a black shadow, identical
nucleotides between both sequences are shown with dots, the OmpT signal peptide added to the synthetic
sequence is framed with a solid line box, and the signal peptide of the native Cel6A from T. ressei is framed with a
discontinuous line box, while the gaps (dashed lines) present at the beginning and ends of the amino acid
sequences represent non-aligned sequences

M1

L6

Figure 2. Comparison of the cellulose binding domain (CBD) of the native (A) and synthetic (B) Cel6A
enzymes. The CBDs of both enzymes are between the amino acids Methionine-1 and Glycine-108.
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HIS476

Figure 3. Comparison of the catalytic domain (CD) of the native (A) and synthetic (B) Cel6A enzymes. The CDs of
the native and synthetic Cel6A enzymes are between the amino acids Threonine-109 and Leucine-471.
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Figure 4. pUCITDO04 plasmid map, showing the positions of the cel6a gene,
the T7 promoter and T7 terminator regulatory zones, the OmpT signal
peptide, the 6His tag, and the kanamycin marker.

108, while the catalytic domain is located between
Threonine-109 and Leucine-471. The native protein has a
molecular weight of approximately 50 kDa and is
composed of 471 amino acids, while the synthetic protein
has a molecular weight of 50.5 kDa and is composed of
477 amino acids.

The differences between native and recombinant
enzymes are attributed to the addition of the six-histidine
tail. The designed plasmid, pUCITDO04, was utilized as a
vector for the production of Cel6A recombinant enzyme in
the E. coli BL21 (DES3) strain (Figure 4). Plasmid DNA
extracted from transformed E. coli BL21 (DE3) cells



Figure 5. Restriction assay of the pUCITDO4
plasmid. Lane M: DNA ladder (1Kb); Lane 1:
restriction products from pUCITDO04 hydrolysis
with  BamHI and Hindlll enzymes. The
restriction mixture samples were
electrophoresed on a 1% agarose gel and
stained with ethidium bromide.

resistant to kanamycin was subjected to a restriction
analysis using hydrolysis with  BamHI and Hindlll
enzymes. Results of the restriction analysis showed that
the 2705 bp pUCITDO4 plasmid contained a 1446 bp
fragment, which corresponds to the cel6a synthetic gene
(Figure 5), indicating that the synthesized gene and
plasmid were adequately constructed.

The designed and constructed plasmid contains the
celéa gene flanked by BamHIl and Hindlll restriction
enzyme sites, T7 promoter and T7 terminator regulatory
regions, the OmpT signal peptide necessary for protein
secretion into the culture medium, and a 6His Tag
introduced to favour the purification of the enzyme via
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affinity chromatography (Freudl, 2018).

Expression and secretion of synthetic CBH Cel6A
enzymes

Results from the expression and secretion of the natural
and synthetic Cel6A enzymes show that synthetic Cel6A
protein was not found in the cell extract. However, when
using M9 culture medium with isopropyl-B-D-1-
thiogalactopyranoside (IPTG) added as an inducer,
results showed that the transformed BL21DES3 strain
produced a 31 kDa peptide (Figure 6) that the native
strain did not produce. The phenomenon of expression of
truncated cellulases has been reported during protein
production by recombinant E. coli cells (Liu et al., 2018),
with prior observations indicating that periplasmic Cel6A
is prone to proteolytic truncation in LK111 and K514 E.
coli strains. The fractions obtained in ion-exchange
columns were analyzed by zymogram analysis resulting
in two carboxymethyl cellulase (CMScase) bands at 57
and 47 kDa. The larger of these bands corresponds to
the full portion of the Cel6A protein, while the smaller
band corresponds with proteolytic cleavage near the
linker. In other research, an additional truncated CD with
higher specific activity on soluble substrates was
discovered, however, this enzyme was also found to be
prone to proteolytic cleavage (Nakamura et al., 2020). E.
coli BL21 (DES3) lacks the OmpT signal peptide and Lon
proteases and produces large quantities of biomass with
important effects on the production of recombinant
proteins. While E. coli BL21 (DE3) is a genetically
modified strain laking the Lon and OmpT proteases
(Table 1), it may nonetheless contain low quantities of
other proteases, such as DegP, Plp, HtrA, and ClIpB,
which degraded aggregated protein and, consequently,
may impede Cel6A production (Gottesman, 1996;
Laskowska et al., 1996; Langen et al., 2001; Jiang et
al., 2002).

Protein expression using E. coli is the procedure most
frequently used in bacterial expression as it is a well
characterized procedure that is easy to genetically
manipulate. However, the expression of cellulases in E.
coli has encountered numerous problems, such as
degradation of linker sequences in multi-domain
cellulases, the formation of inclusion bodies, incorrect
transportation across the outer membrane, and
decreased specific activity of the cellulases (Choi et al.,
2006). In contrast, the protein over-production system in
E. coli, which is attributed to the RNA polymerase
expression system of bacteriophage T7, is limited or
incorrectly expressed in the BL21 (DE3) strain. The
incorrect expression of Cel6A may be attributed to a
toxicity problem caused by the pUCITD04 plasmid
(Miroux and Walker, 1996). In our laboratory, the -
glucosidase, endoglucanase, and xylose reductase
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kDa

Figure 6. SDS-PAGE analysis of protein secreted into the culture medium by E. coli BL21
(DE3) transformed with the pUCITDO4 plasmid. Lane M: molecular marker; lanes 1 to 8:
secreted protein in samples taken at 30 min intervals. The secreted proteins were precipitated.

enzymes were expressed using similar conditions that
the used for Cel6A recombinant enzyme, however, this
protein is structurally more complex, and probably this is
the reason that makes it difficult to produce. However, it
has been observed that proteolytic cleavage between
catalytic and cellulose-binding domains of some -
glucanases occurs near the linker, and many modular-
type-R-glucanases contain two conserved cysteine
residues near their cellulose-binding domains (Kont et al.,
2016; Nakamura et al., 2020). The results observed
suggest the possibility of exploring several alternatives,
including the use of different carbon sources and
galactose inducers to produce recombinant Cel6A,
experimenting with new microbial vectors to achieve
production of Cel6A recombinant enzyme, or production
in a cell-free system to reduce complications relating to
plasmid toxicity (Kigawa et al.,, 2004; Robak and
Balcerek, 2020).

Conclusion

The vector pUCITD04 does not allow the production of
Cel6A enzyme in the BL21 (DE3) E. coli strain; however,
it does produce a 31 kDa periplasmic polypeptide that
must belong to a fraction of Cel6A, although it lacks
catalytic and cellulose-binding  domains. Results

demonstrate the necessity of exploring the use of new
microbial vectors. Additionally, to prevent possible
plasmid toxicity, it is important to investigate the use of
cell-free systems to bypass potential residual proteolytic
activity and the complications related to it.
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