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Abstract Enhancing the production of a-cyclodextrin gly-
cosyltransferase (x-CGTase) is a key aim in o-CGTase
industries. Here, the mature o-cgt gene from Paenibacillus
macerans JFB05-01 was redesigned with systematic codon
optimization to preferentially match codon frequencies of
Escherichia coli without altering the amino acid sequence.
Following synthesis, codon-optimized o-cgt (coo-cgt) and
wild-type a-cgt (wta-cgt) genes were cloned into pET-20b(4)
and expressed in E. coli BL21(DE3). The total protein yield
of the synthetic gene was greater than wta-cgr expression
(1,710 mg Lfl) by 2,520 mg L', with the extracellular
enzyme activity being improved to 55.3 U mL™" in flask
fermentation. AG values at -3 to +50 of the pelB site of both
genes were —19.10 kcal mol . Functionally, coa-CGTase
was equally as effective as wta-CGTase in forming a-cyclo-
dextrin (o-CD). These findings suggest that preferred codon
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usage is advantageous for translational efficiency to increase
protein expression. Finally, batch fermentation was applied,
and the extracellular coa-CGTase enzyme activity was 326 %
that of wta-CGTase. The results suggest that codon optimi-
zation is a reasonable strategy to improve the yield of
o-CGTase for industrial application.
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Introduction

Cyclodextrin glycosyltransferase (EC 2.4.1.19, CGTase) is
a key extracellular enzyme in cyclodextrin (CD) produc-
tion, capable of converting starch or starch derivatives into
CD via a cyclization reaction [20]. CGTases are classified
as o-, fi-, and y-CGTases according to the major CD prod-
ucts, differing in the number of glucose units («-CD, -CD,
and y-CD) [25]. Owing to its small internal cavity, high
water solubility, and nonbioavailability [3, 18], «-CD has
special applications in molecular recognition, nanomateri-
als, and food industries. Research to enhance the production
of a-CGTase has recently attracted much interest.
Industrial applications of CGTase are not limited to
production of CD. Many carbohydrate derivatives and
other compounds, such as sugar alcohol, vitamins, glyco-
sides, polyols, and flavonoids, can be used as acceptors in
CGTase-catalyzed reactions, improving the properties and
application of the products [27]; For instance, flavonoids
such as hesperidin, rutin, and naringin can be transgly-
cosylated into corresponding glycosyl flavonoids [8].
2-0-0-D-Glucopyranosyl-L-ascorbic acid (AA-2G), which is
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a widely used, stable, and nonreducible L-ascorbic acid
derivative, can be synthesized enzymatically via transgly-
cosylation with o-CGTase from L-ascorbic acid and
p-cyclodextrin [11]. However, the low activity of the
CGTase in this reaction is a barrier to the use of the enzyme
for large-scale production of AA-2G [34, 35]. Further
development of a-CGTase for production of AA-2G requires
concentrated samples of the enzyme. Concentration of
a-CGTase is a costly and time-consuming process. The cost
and time requirements are problematic for any catalysis
process that requires production of high-quality «-CD [33].
Therefore, enhancing the yields of a-CGTase is of interest.

Many strategies have been used to enhance the yield of
CGTases. CGTase genes have been isolated from more
than 30 bacteria, mainly Bacillus spp. [27]. The yield of
CGTases from wild strains is relatively low. Production of
a CGTase from Bacillus sp. in recombinant E. coli was
performed first by Kato and Horikoshi [28]. Since then,
many CGTases from various bacteria have been expressed
in E. coli, including an o-CGTase from a Paenibacillus
macerans strain isolated in our previous studies [18]. To
enhance the heterologous production in E. coli of an
extracellular enzyme, several molecular approaches and
culture strategies have been used, such as manipulation of
the signal peptide [14], enhancement of the ABC trans-
porter system [24], and site-directed mutagenesis of the
o-CGTase gene [21, 22]. In culture flask, changing
the culture medium composition [18], concentration of the
inducer [18], and medium supplements [7] (such as cal-
cium [19] and glycine [17]) have also been studied. In
fermentor culture, different fed-batch fermentation strate-
gies were attempted to enhance the production of recom-
binant CGTase [5]. Previous investigations neglected the
different codon usages between wild-type Bacillus strains
and E. coli, which should be an important limiting factor
for further enhancement of «-CGTase production.

Codon optimization is a method that adjusts codons in a
target sequence to the high-frequency codons preferred in
the expression host. Codon optimization is in fact based on
synonymous mutations that change the nucleotide sequence
of a gene without changing the amino acid sequence.
Increasing evidence indicates that the choice of the syn-
onymous codons can influence protein production by
changing the messenger RNA (mRNA) secondary structure
[1] and improving the correlation with the transfer RNA
(tRNA) levels in the host [13]. However, few studies have
directly examined whether a method in which a complete
coding sequence is modified is capable of improving het-
erologous protein expression while retaining the main
functions of the protein.

In this study, the systematic codon optimization strategy
was employed to further improve the expression of
o-CGTase in E. coli. The systematic codon optimization
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strategy designed here uses translation tables, based on the
frequency distribution of the codons in an entire genome or
a subset of highly expressed genes, to attach weights to
each codon [16]. Compared with the “one amino acid—one
codon” approach, the systematic codon optimization
strategy also uses the second most preferred synonymous
codons that may possibly be necessary when there is a need
to pause translation, which avoids usage of rare codons of
the host cell. The results show that codon optimization of
the o-cgt gene significantly increased the yield of the
protein compared with that of the wild-type gene in the
E. coli BL21(DE3) strain. Codon-optimized o-CGTase is
as functionally active as wild-type «-CGTase in enzyme
activity and in forming «-CD. In addition, batch culture of
E. coli with different plasmids in a 3-L fermenter was
performed. By combining codon optimization of o-cgt with
flask and batch culture, the extracellular a-CGTase activity
was improved by 179 and 226 % compared with the ori-
ginal level, respectively.

Materials and methods
Codon optimization of a-CGTase

The codons of the a-cgt gene (2,061 bp, GenBank accession
no. AAC04359.1) were optimized based on the codon
preference of Escherichia coli using a codon algorithm with
the GeMS software [15] and a codon table containing a
fractional preference for each codon equal to that found in
the genome of E. coli. The comparative result of the two
sequences is presented in Online Resource 1. The DNA
sequence was optimized for protein overexpression in
E. coli without altering the encoded amino acid sequence.
Modifications were made throughout the sequence. The
codon-optimized a-cgt gene (coa-cgt, GenBank accession
no. JX412224) was assembled successfully using overlap-
ping polymerase chain reaction (PCR; Genscript, Nanjing,
China). The free energies (AG values) of the 5 translated
pelB-coo-cgt and pelB-wta-cgt, mRNA (representing posi-
tions —3 to 450 nt from the pelB start site) were calculated
using the “mfold” RNA folding program (http://www.
bioinfo.rpi.edu/applications/mfold) [36].

Bacterial strains and plasmids

The wild-type a-cgt (wta-cgt) coding gene was cloned from
Paenibacillus macerans JFB05-01 [18]. Escherichia coli
JM109 (Invitrogen, Carlsbad, CA) was used for mainte-
nance and manipulation of plasmids. E. coli BL21(DE3)
(Novagen, Madison, WI), harboring the recombinant plas-
mids, was used for expressing recombinant o-CGTase.
Plasmid pET-20b(+) (Novagen, Madison, WI) with the
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pelB leader sequence was employed for the construction of
pET-20b(+)-wta-cgt and pET-20b(4-)-coa-cgt.

Culture media

Luria—Bertani (LB) medium was used for seed culture,
consisting of peptone 10 g, yeast extract 5 g, and NaCl
10 g/L. Modified Terrific Broth (TB) was employed in all
shake flask and batch culture. The modified TB medium
contains: glycerol 8 g, peptone 12 g, yeast extract 24 g,
KH,PO, 2.32 g, K,HPO, 16.43 g/L.

Construction of plasmids for expression of cou-cgt
and wto-cgt

The Paenibacillus macerans strain JFB05-01 (CCTCC
M2030062) and the synthesized o-cgt were used as PCR
templates with the primers P1/P2, P3/P4 being used to
amplify the wto-cgt and coo-cgt genes, respectively
(Table 1). The amplified coa-cgt and wto-cgt genes were
inserted downstream of the pelB signal peptide gene in the
expression plasmid pET-20b(+), resulting in the plasmids
pET-20b(+)-coa-cgt and pET-20b(+)-wta-cgt (Fig. 1a, b),
respectively. The coa-cgt and wta-cgt plasmid constructs
were used to transform chemically competent E. coli
BL21(DE3) cells. Positive colonies were confirmed by
colony PCR and DNA sequencing.

Flask fermentation for high-level expression

The transformants were grown in 20 mL LB medium con-
taining 100 ug mL~" ampicillin at 37 °C and 200 rpm for
seed culture. Afterward, a 1 % (v/v) concentration of
inoculum was inoculated into modified TB medium con-
taining 100 pg mL~" ampicillin for shaking flask culture.
Isopropyl-f-p-thiogalactopyranoside (IPTG, 10 uM) was
added into the growth medium when the ODg( reached 0.6,
to induce the expression of the recombinant protein, and the
mixture was incubated at 25 °C and 200 rpm. In addition,
1 % (w/v) glycine was added to the culture medium at the
beginning of the culture. The total protein concentration and
extracellular enzyme activity were assayed every 12 h
during induction.

Table 1 Primers used in PCR reactions

A
AG (-3 to +50) =-19.10 kcal/mol

pET-20b(+)-wta-cgt
T7 promoter

pelB wta-cgt

B
AG (-3 to +50)=-19.10 kcal/mol

pET-20b(+)-coa-cgt

T7 promoter pelB coa-cgt
e M 1 2
3716bp pET-20b(+)
2061bp a-cgt

Fig. 1 pET-20b(+) constructs for wta-CGTase and coa-CGTase
protein expression in E. coli. The a-CGTase protein and expression
vector constructs, designated as a and b, contained the wta-cgt and
the coa-cgt genes, respectively, cloned into the vector pET-20b(+)
for expression of a-CGTase with the signal peptide pelB, and an
mRNA folding energy of 19.10 kcal mol~" at the pelB start site (—3
to +50). ¢ A PCR gel showing the expected product insert size of
2,061 bp for both wta-cgt and cowo-cgt, and the size of the pET-
20b(+) vector. M, DL10 000 DNA marker, 1, pET-20b(+)-wto-cgt,
2, pET-20b(+)-coa-cgt

Batch culture

Batch culture was performed in a 3-L fermenter (BioFlo
115; New Brunswick Scientific Co.). Seed cultures (5 %)
were inoculated into a 3-L fermentor containing 1.5 L
modified TB medium. When the ODgg, reached 8.0,
50 pmol L~!' IPTG was added, and the temperature was
decreased to 25 °C. The cell density and the extracellular
o-CGTase activity were measured every 3 h. During the
entire process, the pH was kept at 7.0 by automatic addition
of ammonia solution (25 %, v/v). To control excessive
foaming, one or two drops of diluted antifoam were added

Name Primers (5'-3")* Enzyme
P1 GGCGAATTCGTCACCCGATACGAGCGTGGAC EcoRI
P2 ATAAGAATGCGGCCGCATTTTGCCAGTCCACCGTCACC Notl

P3 GGCGAATTCGTCACCGGACACCTCAGTGGAC EcoRI
P4 ATAAGAATGCGGCCGCATTTTGCCAATCCACCGTCACCGTGCCAACGCC Notl

* Underlined segments are restriction enzyme cutting sites
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to the fermenter. To maintain the dissolved oxygen (DO)
level around 30 % of air saturation, the agitation speed was
varied from 400 to 900 rpm. The air flow rate was varied
from 1.5 to 2.5 L min~'. Ampicillin was added to all
media at final concentration of 100 pg mL™".

Cell fractionation

Before cell fractionation, the ODgqy of each culture was
measured to guarantee that the same biomass was obtained.
The sample was centrifuged at 8,000xg and 4 °C for
20 min, and the supernatant was used as the extracellular
fraction. The resulting pellets containing the cells were
resuspended in 500 pL. phosphate-buffered saline (PBS)
buffer and sonicated to release soluble intracellular pro-
teins. Cell lysates were centrifuged at 8,000xg and 4 °C
for 20 min to recover the soluble intracellular contents.

Assay of a-CGTase activity

The «-CGTase activity was determined by the methyl
orange (MO) method, as described by Li et al. [19].

Miscellaneous methods

The concentration of the strain was determined by ODgqq
using a spectrophotometer (BioPhotometer Plus; Eppen-
dorf, Hamburg, Germany). Samples were diluted approxi-
mately with 0.9 % (w/v) NaCl when the ODg¢yo exceeded
0.8. To determine the dry cell weight (DCW), 10 mL cul-
ture broth was centrifuged at 8,000 g for 15 min. The pellet
was washed and resuspended with 0.9 % (w/v) NaCl and
centrifuged again, and dried to constant weight at 105 °C.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed as described previously [5].
Protein concentration was determined by the Bradford
method. Production of cyclodextrins was analyzed by high-
performance liquid chromatography (HPLC). The details
were as described before [22]: 0.2 U mL~! (-CGTase
cyclization activity) wt or coa-CGTase was incubated in
5 % (w/v) soluble starch in 50 mM phosphate buffer (pH
6.0) at 40 °C for 40 h. Samples were taken at regular time
intervals and boiled for 10 min. Glucoamylase (Novo-
zymes, Bagsvaerd, Denmark) was added to the boiled
sample at final concentration of 1 U mL_l, and then the
mixture was incubated at 30 °C for 2 h to eliminate con-
taminating oligosaccharides while leaving the cyclodextrins
intact. Then the samples were determined by the HPLC,
using a LiChrosorb NH, column (Merck, Darmstadt, Ger-
many) eluted with acetonitrile/water (65:45) at 1 mL/min.
Products were detected using a Waters 410 refractive index
detector (Waters Corp., Milford, MA, USA).
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Results

Gene design, synthesis, and expression vector
construction

Analysis of the native «-cgt gene revealed that some codons
are rare codons for E. coli (Table 2); For example, 50 % of
the codons encoding for arginine, and 21 out of the 37
codons encoding for leucine found in the native sequence
are represented with frequencies below 8 and 11 %,
respectively, in the E. coli genome. Thus, it is proposed that
codon optimization of the a-cgr gene might result in an
increase in protein expression. The systematic codon opti-
mization strategy was used in this study, with the aid of
a preference table (http://www.kazusa.or.jp/e/index.html)
and a probability based on the weight of each codon within
the set encoding a given amino acid. Using this algorithm,
codon-optimized sequences were designed using the GeMS
software package, and named coo-cgt. The systematic
codon optimization strategy permits flexibility in codon
selection to facilitate gene design by avoiding: (a) repetitive
elements that may lead to gene deletions, (b) internal
Shine-Dalgarno sequences, (c) secondary mRNA struc-
tures, and (d) restriction sites. The codon distributions of the
co and wta-cgt sequences are presented in Table 2. Modi-
fications were made throughout the sequence. Codon-opti-
mized o-cgt was assembled successfully using overlapping
PCR strategy, and the wto-cgt and coo-cgt genes cloned into
the pET-20b(+) vector, under the control of the pelB pep-
tide. PCR gels confirmed the expected product insert size of
2,061 bp for both wta-cgt and cou-cgt genes, and the band
of 3,716 bp representing the pET-20b(+) vector (Fig. 1c¢).
After transformation of E. coli BL21(DE3) with the con-
structs, the positive bacterial colonies were identified for
further analysis.

Expression of wta-cgt and coa-cgt genes in flask
cultures

The strains with different plasmids were cultured under the
same condition described in the “Materials and methods”
section. At 24 h after induction, there was improved pro-
tein secretion of the synthetic a-cgt gene compared with the
native gene (Fig. 2a). Quantitative yields for proteins in the
BL21(DE3) host cells are presented in Fig. 2b. At all
comparable time points, the total yields of coo-cgt were
greater than those for the wt gene. The highest levels were
observed 48 h after IPTG induction, where the amount of
coa-CGTase was 4,230 mg L' (515.9 mg g~! DCW) and
that of wta-CGTase was 1,710 mg L' (204.8 mg g’
DCW) (Fig. 2b), representing an approximate 252 %
increase in the yield of the wta-CGTase with codon opti-
mization. No significant growth differences in the bacterial
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zélg:lizar?clogggozrifgggcii ltrllle Amino acid Codon f* wta-cgt  cou-cgt  Amino acid Codon  f* wto-cgt  coo-cgt
wild type and the optimized Ala GCA 022 1 16 Leu CUA 003 0 0
synthetic o-cgt gene
GCC 025 22 13 CuC 0.10 8 0
GCG 0.34 27 20 CUG 0.55 16 37
Arg GCU 0.19 10 11 CuUU 0.10 4 0
AGA 0.04 0 0 UUA 0.15 1 0
AGG 0.08 3 0 uuG 0.11 8 0
CGA 0.05 2 0 Lys AAA 076 13 27
CGC 0.37 6 9 AAG 024 14 0
CGG 0.08 4 0 Met AUG 1.00 13 13
Asn CGU 0.42 3 9 Phe uucC 049 20 14
AAC 0.61 33 28 uuu 0.51 13 19
Asp AAU 0.39 21 26 Pro CCA 0.20 1
GAC 041 32 21 CCC 0.10 5 0
Cys GAU 059 19 30 CCG 055 16 23
UGC 0.57 0 0 CCU 0.16 2 0
Gln UuGU 0.43 0 Ser AGC 027 15 13
CAA 0.31 8 8 AGU 0.13 2 7
Glu CAG 0.69 12 12 UCA 0.12 1 8
GAA 0.70 11 19 ucc 0.17 15 7
Gly GAG 0.30 8 0 uCcG 0.13 11 6
GGA 0.09 4 0 UCuU 0.19 2 5
GGC 040 43 41 Thr ACA 0.30 5 0
GGG 0.13 19 0 ACC 043 18 38
His GGU 038 11 36 ACG 023 38 26
CAC 0.48 3 ACU 0.21 3 0
Ile CAU 0.52 8 5 Trp UGG 1.00 13 13
AUA 0.07 3 Tyr UAC 047 17 16
AUC 046 15 19 UAU 053 16 17
AUU 047 19 18 Val GUA 0.17 7 0
GUC 020 13 12
GUG 034 24 21
? Relative frequency of each GUU 0.29 6 17

codon in E. coli

cultures were observed at ODgq after transfection of the
plasmids.

coa-CGTase retains full biological activity compared
with wtoa-CGTase

Native o-CGTase can catalyze four reactions: cyclization
reaction, coupling, disproportionation, and starch hydroly-
sis. Here the important reactions (cyclization reactions) were
verified. During the induction phase, both the extracellular
and intracellular «-CGTase activities were determined. After
induction with IPTG for 48 h, the extracellular «-CGTase
activity reached 55.3 U mL ™!, whereas the wta-CGTase
activity was 19.8 U mL~! (Fig. 3a). However, wta-CGT-
ase and coa-CGTase were equally effective in the production
of cyclodextrins in the reaction mixtures containing wt or
coo-CGTase proteins (0.2 U mL™' a-CGTase activity) and

5 % (w/v) soluble starch incubated at 40 °C (Fig. 3b). The
production of a-CD was analyzed by HPLC every 10 h.

RNA folding energies

Some investigators have concluded that the upstream
nucleotides of the transcript can significantly correlate with
the stability of mRNA folding [31]. Using the “mfold”
RNA folding program, the free energies of 5 translated
pelB-coa-cgt and pelB-wta-cgt, representing positions —3
to +50 from the start site, were calculated. The calcula-
tions indicated that the 5’ regions of the above two genes
were the same, with AG of —19.10 kcal/mol (Fig. 1a, b).
The wt and coa-cgt genes were expressed under the control
of the same peptide, and their mRNA folding energies were
the same, thus being unlikely to contribute to the difference
of the translation efficiency.
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Fig. 2 Expression of o-CGTase in E. coli at 24 h postinduction.
a Each lane was loaded with approximately 10 pL sample. The arrow
shows the CGTase with molecular weight of approximately 72 kDa.
M, Protein molecular weight standard; / Culture supernatant from

T T T T T T T
24 36 48 60
Time (h)

E. coli BL21 (DE3) harboring pET-20b(+4)-wto-cgt; 2 Culture
supernatant from E. coli BL21 (DE3) harboring pET-20b(+)-cox-
cgt. b Time course of the total expression protein yields for wto-
CGTase (triangles) and coa-CGTase (circles) in E. coli BL21(DE3)

@%30' g8 é% Z7

Fig. 3 Analysis of the enzyme activity and cyclodextrin-forming
activity confirms that the wta-CGTase and coa-CGTase proteins are
identical. a Cell densities and extracellular a-CGTase activity of the
two strains under the same culture conditions at 48 h after induction.
The strains expressed either the wto-cgt gene or the coo-cgt gene.
White bars represent cell density, and gray bars represent extracellular

Secretion of «-CGTase in the batch fermentation
process

Since, at the culture flask level, the a-CGTase activity
increased significantly in E. coli with codon optimization
for eventual industrial application, the large-scale expres-
sion of the enzyme by the two strains should also be
compared. Therefore, the two strains were cultured with
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Time (h)

«-CGTase activity. All experiments were evaluated under the same
conditions and performed in triplicate. Error bars show the standard
deviation. b «-CD formed during incubation of the wta-CGTase and
con-CGTase. Slash bars represent wta-CGTase, and black bars
represent coo-CGTase

the same optimized batch protocol in 3-L fermentors.
During the batch culture, the cell densities of the two
strains were slightly different, and the ODg( reached about
20 (Fig. 4a, b). The highest extracellular a-CGTase activ-
ities appeared at 27 h after inoculation (Fig. 4a, b). Com-
pared with the native enzyme gene expression (14.6 U
mL™") (Fig. 4a) in E. coli, the secretion level of the codon-
optimized gene (47.55 U mLfl) (Fig. 4b) was increased
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by 226 %. Again, the results indicated that the codon-
optimized gene was improved in terms of expression level
and was suited for industrial application.

Discussion

An alternative method to achieve high yield of «-CGTase
has been urgently needed in the field of «-CD and AA-2G
production. The specific aim of this work is to enhance the
expression of a-CGTase in E. coli to obtain cost-effective
production of «-CGTase for industrial applications.

In the process of heterologous expression, much work
has been done to improve the secretion of heterologous
proteins, including process optimization of host growth
conditions and fermentation conditions, development of
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Fig. 4 Time course of extracellular o-CGTase activity and cell
growth of the two strains in the same batch culture. Strains expressing
either the wta-cgt gene (a) or the cou-cgt gene (b) were cultured at
37 °C until ODgq reached 8.0. Gene expression was induced with
50 uM IPTG at 25 °C. Black circles represent cell density, and black
triangles represent extracellular «-CGTase activity. All experiments
were evaluated under the same conditions and performed in triplicate.
Error bars show the standard deviation

new promoters, new peptide of the vectors, and even the
development of new host strains, organisms, and cell-free
systems [9]. However, the topic of the codon bias of the
gene has been skirted, although proteins that use more
frequent codons have been shown to be highly expressed
[23].

Codon usage bias has evolved related to the regulation
of expression levels. Firstly, high-usage-frequency codons,
meaning high levels of the corresponding tRNAs in the
host, will optimize translational efficiency [23]. Secondly,
synonymous codon substitution of the gene, especially at
the 5’-end, can impact the mRNA structure and stability,
and thus affect translation initiation and elongation [30].
Various strategies have been used to minimize the bias for
heterologous expression, as follows: (a) Supplying extra
copies of rare tRNA genes to host cells [10]. However, this
method can apply significant stress to host-cell metabolic
processes. Besides, this method can resolve some, but not
necessarily all, codon bias issues. (b) “Codon optimiza-
tion” is the method that substitutes codons in a target
sequence toward preferred high-frequency codons from the
expression host, also called the “one amino acid—one
codon” approach. This method has been successful for
heterologous production of some proteins in certain host
expression systems [32]. However, this may lead to tRNA
traffic jams, or in some cases, the high levels of protein
expressed may lead to the formation of insoluble products.
(c) In the “codon harmonization” method a target gene
sequence is recoded to “match” more closely the codon
usage bias inherent in the native host when expressed in the
heterologous host. This method was successfully applied to
express several antigens in E. coli [6].

In this study, the systematic codon optimization method
was introduced. The method is based on the “codon opti-
mization” method. Therefore, the most preferred codons
were used during codon optimization, which avoids usage
of rare codons of the host cell. The second most preferred
codons were used alternatively to prevent the probable
depletion of tRNAs resulting from choosing consecutively
the same codon for the frequently used amino acid. Fur-
thermore, compared with the “one amino acid—one codon”
approach, the systematic codon optimization strategy uses
the unpreferred synonymous codons that may possibly be
necessary when there is a need to pause translation.

In this study, the systematic strategy may have some
advantages over the one amino acid—one codon method for
two reasons: (a) In the synthesized o-cgt gene, there were
replacements of several rare codons with those favored by
E. coli, including for example, UUA(L) to CUG(L) and
GUA(V) to GUU(V), avoiding the possibility that the
ribosomes detach from the mRNA when encountering a
rare codon. (b) The frequencies of other codons, such as
AUU(I), GAU(D), GUU(V), and AGU(S), in the coa-cgt
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gene were also balanced with the host preference, which
may possibly be necessary when there is a need to pause
translation, avoiding the “hungry codon syndrome” (which
causes a ribosome progressing on the heterologous mRNA
to stall at positions requiring a tRNA that is either depleted
or largely uncharged with acyl-amino acid, resulting in an
increased risk of translational error) [12].

Obviously, synthetic optimization of codon bias is a
successful strategy to improve translation efficiency and
enhance the production of o-CGTase. Regardless of the
comparably higher yields of native a-CGTase reported in
the literature, the synthetic codon-optimized gene resulted
in protein levels that were 152 % greater than the amounts
of the native gene. The increase in con-CGTase over wto-
CGTase expression is most likely the result of the
replacement of specific codons in the gene with those
favored by the host, which ensures efficient translation and
recycling of tRNA for the next round. Comparisons of
codon-optimized genes with natural genes in identical
systems at the protein expression level are frequent in
recently published reports [2, 4, 10, 29]. The codon opti-
mization methods vary widely, but all have replaced rare
codons in the host with more frequently used codons.
Expression of the well-adapted synthetic genes exceeds that
of the native genes by 1-fold to 1,000-fold, representing
levels suitable for industrial application. Synonymous
codon substitutions have long been thought to be inconse-
quential, but evidence indicates that even a single synony-
mous codon substitution can have significant impact, not
just on gene expression levels, but also on protein folding
and enzyme activities [26]. The function of the two genes
indicated that the well-adapted synthetic a-cgt gene retained
the function of the native gene. The improvement of the
extracellular enzyme activities was just the result of the
higher expression level under the same culture conditions.

Some investigators have concluded that the first 40
nucleotides of the transcript can correlate significantly with
the stability of the mRNA folding. However, the native and
synthetic a-cgt gene were expressed under the control of
the same peptide and their mRNA folding energies were
the same, being unlikely to contribute to the difference in
the translation efficiency.

In summary, an alternative method for obtaining high
yield of «-CGTase has been urgently needed in the field of
o-CD and AA-2G. The specific aim of this work is to
improve expression of «-CGTase in E. coli to obtain cost-
effective production of o-CGTase for industrial applica-
tions. Clearly, systematic optimization of codon bias is a
successful strategy to improve translation efficiency and to
enhance the production of o-CGTase. Regardless of the
comparably higher yields of native «-CGTase published,
heterologous «-CGTase expression was improved signifi-
cantly by using codons that match those preferred by the

@ Springer

host translational system, without altering protein function.
Moreover, codon optimization has been a cost-effective
way to increase the expression of x-CGTase in industry.
With this established strain E. coli BL21(DE3) pET-
20b(+)-coa-cgt, large-scale production of «-CGTase
increased by 226 % (47.55 U mL™") in batch fermentation.
Using fed-batch fermentation for high-cell-density cultiva-
tion, a much higher extracellular yield of enzyme would be
achieved on an industrial scale.
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