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ABSTRACT

Aspergillus niger lipases are important biocatalysts for a broad range of industrial applications. To enhance
the expression level of a newly cloned lipase gene lip2 of A. niger in Pichia pastoris, we applied codon
optimization and synthesized the full length codon-optimized gene by a two-step gene synthesis strategy.
This strategy consists of an assembly PCR for several small DNA fragments and enzymatic digestion and
ligation steps to ligate these fragments into the full-length gene. First, the full-length lip2 gene was divided
into three fragments F1 (237 bp), F2 (238 bp) and F3 (422 bp) with the additions of proper restriction
sites, and separately amplified by assembly PCR reactions. Second, three PCR amplified fragments were
digested and ligated into the full-length lip2 gene. In the two-step gene synthesis, synthesis of smaller
DNA fragments resulted in a significant lower level of nonspecific mismatching among oligonucleotides
and a very low mutational rate of the PCR products, demonstrating the superiority of the method. When
compared with the originally cloned lip2 gene of A. niger, the new codon optimized lip2 gene expressed
at a significantly higher level in yeasts after methanol induction for 72 h, and both the enzyme activity
and protein content reached maximal levels of 191 U/ml and 154 mg/1, with 11.6- and 5.3-fold increases,

respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lipases from Aspergillus niger possess various catalytic prop-
erties such as substrate specificity, enantioselectivity, and ther-
mostability, making them important biocatalysts in a broad range
of industrial applications [1-3]. As the natural extracellular prod-
ucts of A. niger, they are safe by the standard of the FDA, USA. Their
activities require an optimal acidic pH, which is distinct from the pH
optima of above 7 for most other bacterial and fungal lipases. There-
fore, these unique properties make A. niger lipases the favorable
selections in food processing [4].

Up to date, although several lipases have been purified and
characterized from A. niger extracellular enzymes [5-7], most com-
mercial products of A. niger lipases are still not pure preparations.
The batch to batch variations in enzyme quality and quantity
make it difficult to optimize the reaction conditions, to control
and characterize the application processes [8]. Therefore, pure
lipase preparations are highly desirable. In recent years, molecu-
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lar cloning has greatly facilitated the large scale production and
purification of many enzymes from extracellular components.

The first two A. niger lipase genes lip1 and lip2 have been
cloned by our group [9]. Our initial enzymatic characterization
revealed that these enzymes are potential biocatalysts for food
processing, chiral resolution, and preparation of pharmaceuticals.
Although we were able to successfully express these novel enzymes
in Escherichia coli and P. pastoris [10], codon optimization is nec-
essary to overcome the bias on codon usages between different
microorganisms and achieve a high-level expression.

Currently, several methods of whole gene synthesis are gener-
ally applied to construct the gene with new codons. Among those
[11-13], the more recently developed oligonucleotides assembly
method has gained its popularity. First described by Stemmer et al.
[13], a series of long oligonucleotides with overlapping sequences
covering the complete sequence of both strands of a gene are syn-
thesized, and then a full-length molecule is generated progressively
by a single assembly PCR or a ligase chain reaction (LCR) [14]. To
facilitate the process for oligonucleotide design and assemble, soft-
wares such as Gene20ligo [15], DNA2.0 (http://www.dna20.com),
DNAWorks [16] and GeMS [17] have been developed. However,
such one-step assembly PCR method has its limitations dealing
with the complexity of the DNA secondary structures and the non-
specific mismatches among many oligonucleotides in one reaction.
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The oligonucleotides with shorter overlapped regions often cause
more severe nonspecific annealing and result in errors of the full-
length product such as truncated sequences caused by premature
termination of the PCR reaction, and internal deletions or point
mutations of the nucleotide sequences. The frequency of errors
increases with the increase of gene length and the complexity of
the secondary structure [18-21].

In order to overcome these problems, several strategies have
been developed [18-21], but they have not been routinely used
in gene synthesis. We now describe an improved two-step gene
synthesis technique, in which several smaller DNA fragments are
first synthesized by several separate assembly PCR reactions, and
then are assembled into a full-length gene by restriction enzymatic
digestion and subsequent ligation. Using this two-step method,
we synthesized a codon optimized A. niger lip2 gene for the yeast
expression and observed significantly elevated levels of both pro-
tein expression and enzyme activity in P. pastoris as compared with
those from the gene with the original A. niger codons.

2. Experimental
2.1. Codon optimization, design and synthesis of oligonucleotides

Based on the native amino acid sequence of lipase gene lip2
(GenBank: FJ536288) of A. niger strain CICC 4009, which was
deposited in China Centre of Industrial Culture Collection (CICC),
the codons of the lip2 gene were optimized by replacing the codons
predicted less frequently used in Pichia with the frequently used
ones by DNA2.0 software (http://www.dna20.com).

The full-length sequence of lip2 gene was divided into three
fragments F1 (237 bp), F2 (238 bp) and F3 (422 bp). Cla I restric-
tion site was introduced at position 237 between F1 and F2, and Pst
I was added at 475 site between F2 and F3. Oligonucleotide primers
of 20-50bp for assembly PCR of F1, F2 and F3 fragments were
designed by Gene20liga software [15], and synthesis by Sangon
Ltd., China (Supplementary data, Table S1).

2.2. Full-length gene assemble

A two-step method combining assembly PCR and enzymatic
digestion/ligation process was used to synthesize full-length lip2
gene. In the first step, assembly PCR was conducted to separately
assemble the oligonucleotides into fragments F1, F2 and F3. Assem-
bly PCR reactions were carried out in a 50 il volume containing
200mM of each dNTP, 0.1 mM of each oligonucleotide, 1.5 mM
MgCl,, and 1U of Pfu DNA polymerase (Promega). The PCR ther-
mal cycling was set as a denaturation step at 94°C for 2 min, and
30 cycles of 94°C for 30s, 52°C for 30s and 72°C for 1 min, fol-
lowed by a single incubation at 72°C for 6 min. The products of
assembly PCR were re-amplified by another round of PCR using
two outer oligonucleotide primers in a 50 .l reaction contain-
ing 3 ul of assembly PCR mixture, 200mM of each dNTP, 1 mM
of each primer, 1U of Pfu DNA polymerase in a buffer contain-
ing 1.25mM of MgCl,. The PCR products were then subjected to
dA tailing and cloned into pMD18-T vector (Takara). Six posi-
tive clones were selected and sequenced to confirm their correct
sequences.

PCR products of F1, F2 and F3 fragments were separately
digested by respective enzymes, F1 by Cla I, F2 by Cla I and
Pst I, F3 by Pst I, and then the digested fragments were lig-
ated at 16°C overnight. A 10wl ligation mixture contained
10U T4 DNA ligase and 20ng each of the DNA fragment. Full-
length lip2 gene was amplified by PCR with primer pair P1
(5'-CTTGAATTCGCTCCAGCTCCAGCACCTATGCAAA-3/, EcoR 1 site)
and P2 (5-CACATTAATTCGAAGAGGG, Not I site). A 50 .l reaction

contained 200 mM dNTP, 0.1 mM P1 and P2 primers, and 1U Pfu.
The PCR condition was set as a denaturation step at 94 °C for 2 min,
and 30 cycles 0f 94°C 305, 52°C 305, and 72 °C 1 min, followed by
an extension step at 72 °C for 5 min.

2.3. Plasmid construction, transformation and recombinants
selection

Vector pPIC9K (Invitrogen) was used for cloning and expression
in P. pastoris. The plasmid contained an alcohol oxidase 1 promoter
from P. pastoris fused to the a-mating factor from Saccharomyces
cerevisiae for directing the protein to the secretary pathway. To
make the lip2 fusion expression with a-factor, PCR product of lip2
was digested with EcoR I and Not I, and then inserted into pPIC9K
to obtain plasmid pPIC9K-LIP.

Enzyme Sac I was used to linearize plasmid pPIC-LIP for the
single crossover with P. pastoris genome to generate the methanol-
utilized phenotype (Mut*). About 6 pLg of linearized DNA was mixed
with 80 .l of competent cells, and the electroporation was con-
ducted on Gene Pulser (Bio-rad) according to the manufacturer’s
suggestion for S. cerevisiae. Positive clones were initially selected
by MD medium (1.34% yeast nitrogen base, 4 x 10~5% biotin, 2%
dextrose) plates and then checked by colony PCR. The insertion
copy number of transformants was determined by G418 according
to the description of Scorer et al. [22], and transformants with same
copy number were selected.

2.4. Fermentation and lipase purification

A single colony of recombinant was picked and inoculated into
50ml BMGY (1% yeast extract, 2% peptone, 100 mM potassium
phosphate buffer with pH 6.0, 1.34% yeast nitrogen base, 4 x 107°%
biotin, 1% glycerol) medium, and grew at 28-30°C in a shaking
incubator (250-300 rpm) until the culture reached an ODggg of 3.0.
The cells were harvested, and a portion was transferred into 50 ml
BMMY (1% yeast extract, 2% peptone, 100 mM potassium phosphate
buffer pH 6.0, 1.34% yeast nitrogen base, 4 x 10~°% biotin, and 0.5%
methanol) medium to obtain a cell suspension with ODggg =1.0.
The cells were grown for another 5d and expression of lipase was
induced by methanol at a final concentration of 0.5% added every
36 h. Lipase activity was checked at all the time intervals. Purifi-
cation of the lipase was conducted according to the description of
Yang et al. [23].

2.5. Lipase activity and protein content assays

Lipase activity was quantified at pH 7.5 by free fatty acid titra-
tion with 50 mM NaOH after incubated in a thermostated vessel for
10 min. The assay mixture consisted of 5 ml 50 mM Tris-HCI buffer,
50 mM NacCl, 4 ml emulsified olive oil and 1 ml enzyme solution.
One unit (U) of the activity was defined as the amount of enzyme
liberating 1 wmol of fatty acid per min at 45 °C. Protein content of
the fermentation broth was determined by the Bradford method
[21].

3. Results
3.1. Gene synthesis design

Codon optimization by using frequently used codons in the host
is an efficient measure to improve the expression level of heterol-
ogous gene [25,26]. In order to achieve a high-level expression of
A. niger lip2 gene in P. pastoris, the codons of A. niger lip2 gene were
replaced with those more frequently used codons by P. pastoris
(Table 1 and Fig. 1). Tworestriction sites Clal (237 site)and Pst1(475
site) were introduced into the gene to divide the full-length DNA


http://www.dna20.com/

166

Table 1
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Codon usage of amino acid of original lip2 gene and the optimized gene in Pichia pastoris.

Amino acid Codon Frequency in Pichia (/1000) Frequency in original gene (/1000) Frequency in optimized gene (/1000)
Alanine, A GCT 29.9 28.6 77.2
Cysteine, C TGT 8.3 71 20.1
TGC 4.4 14.3 0.0
Glycine, G GGT 27.1 10.7 47.0
GGC 8.5 429 0.0
Histidine, H CAT 104 3.6 235
CAC 9.1 17.9 0.0
Isoleucine, | ATT 31.0 10.7 30.2
Leucine, L TTG 319 10.7 40.3
CTC 7.6 214 0.0
Proline, P CCA 17.5 0.0 26.8
CCG 39 214 0.0
Arginine, R AGA 19.9 3.6 30.2
CGT 6.7 7.1 0.0
CGG 1.8 7.1 0.0
CGC 2.3 7.1 0.0
Serine, S TCT 239 7.1 60.4
AGT 12.2 17.9 0.0
AGC 7.3 32.1 0.0
TCG 6.8 14.3 0.0
Threonine, T ACT 23.7 143 57.0
ACG 6.0 393 0.0
Valine, V GTT 27.0 10.7 50.3

moleculeinto F1 (237 bps),F2 (238 bps)and F3 (422 bps) fragments.
To keep the GC content of the synthetic gene within 40-60%, and
the nucleotides A, T, G, and C dispersed evenly in the synthesized
gene to eliminate AT- or GC-rich motifs, codons containing both
AT and GC bases were selected when the differences between the
codon frequencies were not significant. After codon optimization,
the complexity of the RNA secondary of designed gene changed
from the original 245 to 153, and the minimal free energy (MFE)

increased from —363 to —304 kcal/mol (Fig. 2), as calculated by
RNAfold software [27].

3.2. Two-step lip2 gene assemble

The steps of two-step lip2 gene synthesis are shown by the
flowchart in Fig. 3. In the first step, assembly PCR was conducted to
assemble the synthesized oligonucleotides covering both strands of
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Fig. 1. Sequence comparison between the original (/ip2) and the optimized (lip2-syn) genes. Dots in lip2 represent the same nucleotides between lip2 and lip2-syn. Underlined

are the restriction site Cla I and Pst .
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Fig. 2. Secondary structure of the first 200bp of lip2 mature mRNA generated
by the software RNAfolder. (A) Structure of original lip2 mRNA with the MFE is
—67.6kcal/mol and (B) structure of codon optimized lip2 mRNA with the MFE is
—33.6 kcal/mol.

DNA molecule into the fragments F1, F2, and F3 (Fig. 4A). This step
was similar to the general one-step assembly PCR gene synthesis
method [13]. In the second step, an enzymatic digestion/ligation
was conducted to ligate the three fragments into the full-length
lip2 gene (Fig. 4B), as described in detail in Section 2.

3.3. Expression in P. pastoris

To evaluate the effect of the codon optimization, sample aliquots
were obtained from the fermentation broths with recombinants
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Fig. 3. Schema of the two-step lip2 gene synthesis method.

carrying the new codon optimized gene or the original A. niger lip2
gene, and the enzymatic activities and the protein contents were
determined and compared. On the tributyrin-MS plates, the lipases
were expressed as secreting proteins from both the original and
synthesized genes, and the lipase secretion from the recombinants
carrying lip2-syn gene was much stronger than the cells with orig-
inal gene (Fig. 5A). After methanol induction in BMMY medium in
a flask scale, the contents of lipases in the fermentation broth were
checked by SDS-PAGE (Fig. 5B) and the enzyme activities were mea-
sured and calculated. After inducible expression for 72 h, the lipase
production curves (Fig. 6) showed that both the activity and the
protein content in the supernatant of optimized lip2 recombinants
reached the maximal levels of 191 U/ml and 154 mg/1, respectively,

(B) M lip 2

2000

1000
750
500

250

Fig.4. Synthesis of long fragments and the full-length lip2 gene. (A) Fragments F1, F2 and F3 separately assembled by A-PCR and a second PCR. (B) PCR products of full-length

lip2 gene amplified from the enzymatic digestion/ligation products.
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Fig.5. Phenotype of the yeast recombinants carrying lip2 and lip2-syn genes and protein contents of the fermentation broth supernatant. (A) Phenotype of yeast recombinants
on tributyrin-MS plates; (B) SDS-PAGE of protein in fermentation broth after methanol induced for 24, 48 and 72 h.
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Fig. 6. Activity and protein content of the supernatant of fermentation broth from yeast recombinants carrying lip2 and lip2-syn. (A) Lipase activity of fermentation broth;

(B) protein content of fermentation broth.

while the recombinants carrying original gene had only 16.5 U/ml
and 29.3 mg/L, respectively.

4. Discussion

As an easy and simply system suitable for high density fermen-
tation, Pichia pastoris is now broadly used to produce recombinant
heterologous proteins, including a series of lipase genes from
different organisms [8,23-25]. Due to the discrepancy of codon
usages between the host and their original strains, the expres-
sion levels of these lipases hardly reach their optima. Codon usages
between A. niger and P. pastoris are distinctly different. For exam-
ples, codons for amino acids Ala, Arg, Gly, Ser, Leu and Pro in
A. niger are very infrequently used in P. pastoris (Table 1). Our
codon optimization remarkably increased the expression level of
the lip2 from the original 16.5U/ml to a level of 191 U/ml in a
small culture flask scale. Although our product yield is not as high
as what Quyen et al. [28] produced from a larger scale 5L biore-
actor (309,000 U/L), it is still significantly better than most other
reported results [29,30] under flask or even bioreactor fermenta-
tions.

The copy number of the gene cassette generally has the effect
on the amount of protein expressed [31,32]. However, this effect
was somehow rate-limiting and not so much effectively due to
the complexity on the transcription, translation and secretion
[33,34]. In this study, to make the recombinants of the original and
codon optimized genes carrying the same copy number of gene
cassette, the recombinants were screened by the same concentra-
tion of antibiotics G418 and then three recombinants sharing the
uniform phenotypes were randomly picked out for the fermenta-
tion.

Long DNA sequences (>0.5 kb) are difficult to synthesize by the
one-step assembly PCR due to the higher risk of mis-priming as
the number of primers in the pool increases. Serious mismatches
between the oligonucleotides can prematurely terminate the reac-
tion and form premature DNA products [17-21]. To overcome these
problems, a two-step gene synthesis method employing a dual
asymmetric PCR (DA-PCR) or successive PCR to produce several
fragments of a target gene, and then assembling them into a long
DNA sequence by overlap-extension PCR (OE-PCR) has been devel-
oped and regarded as a main measure for long DNA sequence
synthesis [18-21]. In this study, we adopted a two-step strategy
combining assemble PCR and enzymatic digestion/ligation. Differ-
ent from the other two-step methods described previously [18-21],
in which fragments were assembled into a long DNA sequence by
overlap-PCR (O-PCR), the additional enzymatic digestion/ligation
step largely reduces the possibility of mutations caused by exces-
sive PCR. In this study, all 18 clones (six clones for each fragment)
showed no mutations when high fidelity DNA polymerase and
Ultra-PAGE purified oligonucleotides were used in the system.

Codon optimization is an efficient measure to improve the
expression level of other enzyme genes in heterologous host. In
this study, the codons of A. niger lip2 gene was optimized by a two-
step gene synthesis method. We showed that this is an efficient,
simple and flexible method for synthesis of long DNA sequences.
While the lipase production and enzyme activity from recombi-
nants carrying optimized lip2 gene may be further improved under
the batch-induced mode with a tighter controls of pH, methanol
concentration and aeration during the production, the results pre-
sented here will greatly contribute to enhance production and
characterization of biocatalytic enzymes; and our codon optimized
lip2 gene will offer a greater value in various industrial applications.
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