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Construction of mathematical model for high-level expression
of foreign genes in pPIC9 vector and its veriﬁcation
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Abstract
In this report, we introduced a mathematical model for high-level expression of foreign genes in pPIC9 vector. At ﬁrst, we collected 40
heterologous genes expressed in pPIC9 vector, and these 40 genes were classiﬁed into high-level expression group (expression level
>100 mg/L, 12 genes) and low-level expression group (expression level <100 mg/L, 28 genes). Then, the Naive Bayes method was used
to construct the model with RNA secondary structure proﬁle of 3 0 -end of foreign genes as features. The classiﬁcation accuracy from
leave-one-out cross-validation was 100%. Finally, another ﬁve genes collected from literatures were used to test the ability of the model.
The results indicated that there were four genes correctly predicted. In addition, the model was also veriﬁed by expressing human neutrophil gelatinase-associated lipocalin (NGAL) gene with expression level more than 100 mg/L. Therefore, we propose that the model
can be used to predict the expression level of heterologous genes before experiments and optimize the experiment designs to obtain
the high-level expression. Furthermore, we have developed a web server for evaluation and design for high-level expression of foreign
genes, which is accessible at http://ppic9.med.stu.edu.cn/ppic9.
 2007 Elsevier Inc. All rights reserved.
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Comparing to the Escherichia coli expression system, the
methylotrophic yeast Pichia pastoris expression system has
many advantages [1–4]. For example, the expressed protein
can be glycosylated and folded correctly, and these characteristics are especially important for the recombinant
cytokines used in clinical patients. The P. pastoris expression system has been extensively used since it was devel-
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oped, and many heterologous proteins have been
expressed [1]. However, we still cannot predict the expression level of heterologous genes before experiments because
many factors are involved in aﬀecting the expression level
[4]. The factors include copy number of the expression cassette, the secondary structure of mRNA 5 0 - and 3 0 -untranslated regions (UTR), translational start codon (AUG)
context, A + T composition of cDNA, nature of secretion
signal, medium and growth conditions, fermentation
parameters, vectors, and so on. These factors make the
expression of heterologous protein in P. pastoris very complicated and it is very diﬃcult to analysis the expression
level quantitatively.
Many papers have showed the mRNA structure correlates with the protein level [5–9]. But all of them only
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focused on the prokaryotic E. coli expression system. Also
most of them have not try to take the value of minimum
free energy of mRNA secondary structure as the parameter
to investigate its eﬀect on the protein product in the heterologous expression system. Kochetov and his colleagues [6]
have used the 5 0 -UTR structural features to discriminate
the high and low expression level of heterologous genes
in E. coli. But they only analyzed the sequences in the 5 0 UTR which did not involve the coding region. We looked
through hundreds of papers about heterologous proteins
expression in P. pastoris to collect the expression data
and we have noticed that many researchers had tried every
means to optimize the fermentation conditions to get the
heterologous protein production as high as possible using
the fermentor or the ﬂask. And as mRNA occupies the center of the Central Dogma, it should have the positive or
negative eﬀect on protein production. So we hypothesized
when the fermentation conditions were optimal, the
mRNA stability correlates with the protein production,
and we could try to use the minimum free energy of
RNA secondary structure to evaluate this relationship in
the P. pastoris expression system.
According to our previous studies on the prokaryotic
expression vector pBV220 [10] in E. coli, we found that
the local secondary structures of 5 0 - and 3 0 -UTR of heterologous genes played an important role in determining the
expression level. In order to quantitatively analyze the
expression level of heterologous genes in the eukaryotic
yeast expression system, we took the widely used vector
pPIC9 as the study object. Forty cases of heterologous
genes expressed in pPIC9 vector in the methylotrophic
yeast GS115 strain were collected. Because there is a leading peptide sequence (89AA) before the multi-cloning
sites that makes the 5 0 -end of the heterologous genes are
the same, we only considered the relationship between
the expression level and the secondary structure of 3 0 -end
of heterologous genes, and a mathematical model for
high-level expression was constructed. To verify this model,
ﬁve other genes were collected to discriminate by the model
and we used the pPIC9 vector and P. pastoris GS115 strain
to express human neutrophil gelatinase-associated lipocalin
(NGAL) protein. NGAL, a member of the lipocalin family,
is involved in diverse cellular processes, including transport
of small hydrophobic molecules, protection MMP-9 activity from degradation, and regulation of immune response
[11–13]. It was also reported NGAL acts as a potent bacteriostatic agent by sequestering iron [14–16] and represents
an early biomarker of ischemic renal injury [17,18]. And
ﬁnally NGAL was expressed with expression level more
than 100 mg/L. These results indicated the mathematical
model was veriﬁed, and it could be used to direct the
experiments.
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papers in the Internet. For each gene, we recorded the gene name, the
expression level, and the sites of foreign gene inserted. Sequences of the
genes were retrieved from NCBI. The detail information for these genes is
given in Supplementary ﬁle 1.
Minimum free energy calculation. The 40 heterologous genes were
classiﬁed into two groups: high-level expression group (HEG) with
expression level more than 100 mg/L and low-level expression group
(LEG) with expression level less than 100 mg/L. The total number of genes
in HEG and LEG were 12 and 28, respectively. For each heterologous
gene, the ﬂanking sequences around stop codon were extracted (100 bp
before and after stop codon, Fig. 1), and then a 200 bp segment was
constructed. The detail information for the related sequence fragments
and references is given in Supplementary ﬁle 1 online.
Based on the 200 bp segment from each gene, we extracted 9000
intervals [X, Y], where 1 6 X 6 100 and 111 6 Y 6 200 (Fig. 1). Finally,
the RNAfold [19] program was used to predict the secondary structure for
each interval with temperature parameter set as 30 C, and then a minimum free energy matrix (MFEM, or proﬁle of RNA secondary structure)
was constructed. The rows and columns of the MFEM represent each
interval (9000 · 40) and the heterologous genes, respectively. The detail of
MFEM is given in Supplementary ﬁle 2 online. Obviously, MFEM is very
similar to the gene expression proﬁle from array technology. Therefore,
many methods and tools for gene expression proﬁle could be used here.
Discriminant analysis. In view of the object of our study was to ﬁnd out
the condition of high-level expression of heterologous genes in pPIC9
vector, the Tclass classiﬁcation system [20] was used in this manuscript.
Tclass was originally developed for gene expression proﬁle-based sample
classiﬁcation. In Tclass system, Bayes and Fisher’s discriminant analysis
were used based on the feature forward selection procedure with the leaveone-out cross-validation (LOOCV) classiﬁcation accuracy as the object
function. In order to ﬁnd out the optimal feature sets, the selected optimal
feature sets were evaluated by randomly dividing all samples into a
training set and a test set 1000 times with partition ratio 75%. After ﬁnding
the optimal intervals set, we built the discriminant function as follow. The
40 samples were randomly divided into two parts with partition ratio 75%
and the major part was used to build the discriminant function, this
procedure was performed 1000 times, and we got the 1000 discriminant
equations. In order to determine the group of a new expressed gene, all
1000 discriminant equations were used. The gene will be classiﬁed into the
HEG if there are more than 500 discriminant equations to classify the gene
into the HEG. Otherwise, the new gene will be classiﬁed into LEG.
Backwards analysis of 40 cases. The 40 cases used to build the model
were discriminated by the model to test its validity.
New data analyzed by the model. In order to demonstrate the ability of
the model, another expression data of ﬁve genes were collected from the
references, and the related information is given in Table 1. Moreover, we
provided the 200 bp sequences of these ﬁve genes in the Supplementary
ﬁle 3. The minimum free energy of related intervals was calculated by the
RNAfold program, which has been integrated into the Biosun software
[23] and applied to test the model.
Strains, plasmids, and media for the expression of NGAL gene. Escherichia coli JM109 was used as host for plasmid cloning experiments; E. coli
BL21 (DE3) plysS and pET-DsbA2.0 were used for prokaryotic expression. Bacteria were grown in LB medium (1% tryptone, 0.5% yeast extract,
and 0.5% NaCl, pH 7.5) with and without 15 g/L agar at 37 C. Ampicillin
was added to a ﬁnal concentration of 100 lg/ml. P. pastoris GS115 (his)

Materials and methods
Data collection. Forty foreign genes expressed in pPIC9 vector in the
methylotrophic yeast GS115 strain were collected from publicly published

Fig. 1. Sequence intervals extraction. The demonstration is given to
extract the interval [X, Y] around stop codon, where 1 6 X 6 100 and
111 6 Y 6 200. The total number of intervals is 9000.
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Table 1
Another expression data of ﬁve genes from two references
Gene name

Expression level (mg/L)

References

pphyWWT
phyWSH
KCP-S
KCP-M
KCP-F

420
900
5
6.4
1.76

Xiong et al. [21]
Gomes Pereira et al. [22]

strain was used as host for transformation with the recombinant plasmid
to express NGAL protein. The yeast strain was cultured on the YPD
medium (1% yeast extract, 2% peptone, and 2% dextrose) at 30 C. The
yeast cells after transformation were plated on the minimal dextrose (MD)
plate (1.34% yeast nitrogen base, 4 · 105% biotin, 2% dextrose, and 15%
agar), and the phenotype was screened on the minimal methanol (MM)
plate (1.34% yeast nitrogen base, 4 · 105% biotin, 0.5% methanol, and
15% agar) and MD plate. In the growth phase, the his+ transformed yeast
cells were grown in the BMGY medium (1% yeast extract, 2% peptone,
100 mM potassium phosphate, pH 6.0, 1.34% yeast nitrogen base,
4 · 105% biotin, and 1% glycerol), and then transferred to BMMY
medium (1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH
6.0, 1.34% yeast nitrogen base, 4 · 105% biotin, and 0.5% methanol) in
the production phase.
Expression and puriﬁcation of NGAL protein in E. coli. The BamHI/
EcoRI fragment of NGAL, absence of its leader sequence, was excited
from pGEX-NGAL which was kindly provided by Dr. Cowland (Granulocyte Research Laboratory, Denmark), and cloned into pET-DsbA2.0
expression vector. NGAL protein was expressed as a fusion protein with
His-tag in E. coli BL21 (DE3) plysS, aﬃnity puriﬁed by adsorption to Ni–
chelating sepharose (Pharmacia, USA) and released by cleaving the
adsorbed fusion protein with human thrombin. The concentration was
measured by Bradford method.
Construction of P. pastoris expression vector. The 537 bp NGAL
cDNA without its nature signal sequence was ampliﬁed from pGEXNGAL with the following upstream primer: 5 0 -CGCCTC
GAGAAAAGACAGGACTCCACCTCA-3 0 and downstream primer 5 0 CGGAATTCTCAGCCGTCGATACACTGGTC-3 0 (underlining indicates XhoI and EcoRI site, respectively). The PCR was performed at 1
cycle of 95 C for 5 min and 30 cycles of 94 C for 30 s (denaturation),
60 C for 30 s (annealing), 72 C for 30 s (extension) and 1 cycle of 72 C
for 2 min using 2720 Thermal Cycler (Applied Biosystems, USA). The
PCR product was puriﬁed using the MinElute PCR Puriﬁcation kit
(Qiagen, Germany) after XhoI/EcoRI digestion and cloned into the XhoI/
EcoRI sites of pPIC9 in frame with the a-factor secretion signal sequence,
generating pPIC9-NGAL. pPIC9-NGAL was conﬁrmed by sequencing
with 5 0 AOX1 primer and 3 0 AOX1 primer.
Transformation of P. pastoris and screening for NGAL expression.
pPIC9-NGAL was linearized by BglII and puriﬁed using the QIAquick
Gel Extraction kit (Qiagen, Germany). 0.9 lg of the linearized plasmid
was used for transformation into P. pastoris GS115 (his) by Lithium
Chloride Transformation Method, as outlined in the Invitrogen manual
Pichia Expression Kit, version M. Then the yeast cells were plated on MD
plate that did not contain histidine and incubated at 30 C to select the
his+ transformation.
After 4 days 8 colonies were obtained by their ability to grow on the
MD plate. To identify the Muts or Mut+ phenotype, the colonies were
picked by sterile toothpicks to patch both on MM plate and MD plate,
making sure to patch the MM plate ﬁrst, the plates were incubated for
3 days at 30 C. And then the toothpicks were thrown into 5 ml of BMGY
medium. The cultures were incubated at 30 C for almost 24 h to their
OD600 > 2. To analyze if the linearized plasmids have integrated into the
Pichia genome, PCR were performed using the NGAL upstream and
downstream primer, while the Pichia genomic DNA was isolated from
each colony as the templates. The yeast cells were harvested from BMGY
medium by centrifugation at 2000g for 5 min at room temperature and
resuspended in BMMY medium to a ﬁnal OD600 = 1. The BMMY

medium were incubated in 50 ml tubes at 30 C with shaking of 250–
300 rpm, and 100% methanol was added every 24 h to a ﬁnal concentration of 0.5% to maintain induction. After 5 days, the supernatant were
collected by centrifugation at 2000g for 5 min at room temperature. Five
microliters of supernatant from every colony was analyzed by SDS–PAGE
electrophoresis using 15% polyacrylamide, after that Western blotting was
performed, using commercially available rat anti-NGAL monoclonal
antibody (R&D Systems Inc., USA).
Determining the expression level of NGAL. We chose the supernatant
from one colony scanned from 15 colonies to dilute 1/4, 1/8, 1/16, 1/32, 1/
64, 1/128, and 1/256 to perform Western blotting, and the NGAL protein
expressed in E. coli BL21 (DE3) plysS as the standard protein. The
imaging system FluorChem 8900 (Alpha Innotech, USA) was used to
evaluate the NGAL protein expression level while the sample bands
compared to the standard NGAL protein bands.

Results and discussions
Standard t-test results
The detail results from the t-test are given in Supplementary ﬁle 4. There are 129 intervals with P value less than
0.01 and 22 intervals with P value less than 0.001. The
interval with the smallest P value is [91, 117]. Furthermore,
the secondary structure free energy of these intervals in
HEG is always less than that in LEG. Therefore, the ﬂanking sequences around stop codon of the genes in HEG
group have more stable secondary structure that might in
favor of high-level protein production.

Discriminant analysis results
The Naive Bayes and Fisher’s discriminant analysis
results showed that many sets of interval combinations
provided 100% LOOCV classiﬁcation accuracy. In order
to ﬁnd out the optimal set of interval combination for classiﬁcation, the stability analysis was performed. For each
interval set, the 40 genes were classiﬁed into training and
test sets 1000 times with partition ratio 75%. For each partition, the major part (training set) was used to build the
discriminant functions and the minor part (test set) was
used to test the ability of the classiﬁer. Therefore, for
1000 times partitions, we would obtain 1000 classiﬁcation
accuracies from 1000 test sets. Here we deﬁned the average
value of above 1000 classiﬁcation accuracies as the stability
index for the particular set of interval combinations. The
relationship between the stability index and the number
of intervals is displayed in Fig. 2. It could be seen clearly
that the highest classiﬁcation accuracy was reached using
Naı̈ve Bayes method with 6 intervals ([18, 123], [31, 140],
[35, 150], [90, 118], [90, 151], and [95, 135]). The related
1000 discriminant functions were taken as the ﬁnal classiﬁer proﬁle. The results are given in Supplementary ﬁle 5.
From the Fig. 2, we also could see that the average prediction accuracy is decreased with the increase of the number
of intervals. Here is an example for the ﬁrst discriminant
equations:
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for pphyWSH, pphyWWT, KCP-S, KCP-M, and KCP-F
was 0.872, 0.008, 0.0, 0.0, and 0.0, respectively. Combined
with their expression level, the prediction accuracy was
80% (4/5) with only pphyWWT misclassiﬁed.
The best interval [90, 119]
Except for the above combination of multiple intervals,
we have also considered the best interval [90, 119] with the
smallest P value (t = 3.6817, P = 0.000716989), which
provides the highest LOOCV prediction accuracy 85%.
Based on this interval, the discriminant equations were
constructed as follows.

Fig. 2. Result of discriminant analysis. The relationship between the
number of intervals and classiﬁcation accuracy is shown for both Fisher’s
and Naive Bayes discriminant analysis. Both methods are based on the
feature forward selection procedure with the leave-one-out cross-validation (LOOCV) classiﬁcation accuracy as the object function.

HEG1 ¼  20:20203 þ 0:52552X 1  2:35843X 2
þ 1:53122X 3  2:24870X 4  1:19898X 5
þ 1:53908X 6

ð1Þ

LEG1 ¼  14:37028 þ 0:00749X 1  0:04135X 2
 0:87256X 3 þ 2:02204X 4 þ 0:15215X 5
 0:74495X 6

ð2Þ

Where the X1, X2, X3, X4, X5, and X6 stand for the secondary structure free energy of the intervals [18, 123], [31, 140],
[35, 150], [90, 118], [90, 151], and [95, 135], respectively,
which were calculated using RNAfold [19] program with
temperature parameter set as 30 C.
For a heterologous gene, in order to determine whether
it is highly expressed (expression level P100 mg/L) or not,
the free energy of the six intervals for this gene was calculated, and the values were applied to the 1000 discriminant
equations to judge the probability of high expression level
of this gene. The heterologous gene will be predicted to be
highly expressed with expression level P100 mg/L if there
are 500 or more times HEG1 > LEG1.
Backwards analysis of 40 cases
The free minimum energy of the six best intervals mentioned above of the 40 cases was applied to the model. The
backwards analysis of 40 cases indicated that the predicted
classes of the heterologous genes were completely consistent with the original classes. The detail information for
each heterologous gene is given in Supplementary ﬁle 6.
New data analysis result
Five other data (see Table 1) was discriminated by the
model. It showed the probability of high-level expression

HEG2 ¼  6:3231  1:1464G1

ð3Þ

LEG2 ¼  1:5737  0:5590G1

ð4Þ

By solving the inequality HEG2 > LEG2, we obtained
G1 < 8.10 kcal/mol. When we backwards analyzed the
free energy of [90, 119] of the 40 cases, we found 7 out of
12 HEG members were accord with this, but none of the
LEG members. So we presumed if the minimum free
energy of the interval [90, 119] around the stop codon is less
than 8.10 kcal/mol, it will in favor of the high-level
expression for the heterologous genes. In the ﬁve new
expression data, the free energy of [90, 119] of the high-level
expression pphyWSH and pphyWWT was larger than
8.10 kcal/mol, which contrary to our expectation. But for
three low-level expression KCP-S, KCP-M, and KCP-F,
both that of KCP-S and KCP-F were higher than
8.10 kcal/mol, except that of KCP-M was less than
8.10 kcal/mol. So the claim of the minimum free energy
of the interval [90, 119] less than 8.10 kcal/mol is not a necessary condition, but a reference condition. To make the
prediction more exact, it should combine with the six best
intervals to make a judgment. The minimum free energy of
the interval [90, 119] for the ﬁve data is given in Supplementary ﬁle 7.
NGAL expression in P. pastoris
In order to demonstrate the performance of the mathematical model, the gene NGAL was expressed in pPIC9
vector. First, we extracted last 100 bp of NGAL cDNA
(including the stop codon TGA) and 100bp from pPIC9
after the EcoRI site to construct the 200 bp segment. Second, the secondary structure free energy of the related six
intervals was calculated, and the values were applied to
the 1000 discriminant equations. The result indicated that
the probability for NGAL gene to be expressed in P. pastoris with expression level P100 mg/L is 0.512. In addition,
we also calculated the HEG2 and LEG2 using Eqs. (3) and
(4), and got HEG2 = 8.656986 and LEG2 = 8.527162,
which showed that the NGAL gene should be highly
expressed. Though 0.512 (HEG1) is only slightly larger
than 0.5 (LEG1), we still wanted to express this gene to test
this model.
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The NGAL cDNA was ampliﬁed and subcloned into the
pPIC9 in frame with the a-factor signal sequence that
enables the heterologous protein to secrete into the culture
medium. The linearized pPIC9-NGAL was transformed
into the P. pastoris GS115 (his) strain and integrated into
the genomic DNA to generate his+ strain that expressed
NGAL under the control of the AOX1 promoter. The
pro-NGAL protein fused with a-factor signal peptide was
cleaved by KEX2 endopeptidase at the site of Glu-LysArg-X, where the X is the site of cleavage.
Both the PCR for identiﬁcation of integration (Fig. 3A)
and the Western blotting for testing NGAL protein from
supernatant showed that there were ﬁve recombinants
out of 8 colonies and all their phenotype were Muts. All
the recombinants showed strong bands in Western blotting
analysis in Fig. 3B. We serially diluted the supernatant
from one of the colonies to perform Western blotting.
The result showed that the 1/64 diluted sample band was
similar to the band of 2 ng/ll standard protein (Fig. 4).
This indicated that the NGAL protein expression level
was more than 100 mg/L.
Program design based on the model
Based on the mathematical model, we have developed a
web server for evaluation and design for high-level expres-

A

1 2

3 4

5 6

7

8

9

500 bp

500 bp

B

25 kDa

21 kDa

Fig. 3. Screening for NGAL expression clone in P. pastoris. (A) PCR
detected linearized pPIC9-NGAL integrated into P. pastoris genome.
Lane 1, 100 bp DNA ladder; lanes 2–9, PCR product of eight transformations. It could be seen that lanes 3, 4, 6, 8, and 9 contained inserts. (B)
Western blotting of samples. Lane 1, NGAL protein from E. coli; lanes
2–9, supernatants from eight transformations same to (A), respectively. It
showed lanes 3, 4, 6, 8, and 9 are recombinants expressed a great deal of
NGAL protein and secreted into supertanant.

Fig. 4. Expression level of NGAL protein in P. pastoris analyzed by
Western blotting. Lanes 1–7, serially diluted samples of 1/256, 1/128, 1/64,
1/32, 1/16, 1/8, and 1/4, respectively; lanes 8 and 9, 1 and 2 ng/ll of
standard NGAL protein expressed from E. coli, respectively. The 1/64
diluted sample in lane 3 was similar to the lane 9, according to the analysis
by the imaging system FluorChem 8900, the expression level of NGAL
protein in P. pastoris was more than 100 mg/L.

sion of foreign genes, which can be accessible at http://
ppic9.med.stu.edu.cn/ppic9. From the user’s point of view,
what they need to do is to extract a 200 bp sequence from
the recombinant plasmid, where the bases in 98th, 99th,
and 100th stand for the termination codon TAA or TAG
or TGA. Then, paste the above sequence into the sequence
window and click the evaluation button. The related evaluation results will be displayed in evaluation window.
The recombinant plasmid will meet the condition of highlevel expression of foreign genes, if the P-value is more
than 0.5. Otherwise, users can click the design button.
The rational sequence(s) can be designed automatically
based on the replacement of synonymous codons. Please
see webpage http://ppic9.med.stu.edu.cn/ppic9 for detail
information.
Conclusion and outlook
The expression of heterologous proteins in P. pastoris is
so complicated that some processes are diﬃcult to control.
The minimum free energy has been used to describe the
thermodynamic stability of mRNA. Stenoien and his colleagues [24] have found the global mRNA stability was
not associated with transcript abundance of genome-wide
in Drosophila melanogaster. But they did not rule out the
possibility of local mRNA stability was associated with
gene expression. In this manuscript we used the minimum
free energy as the sole parameter to evaluate the relationship between mRNA stability and protein production.
From above analysis, we concluded that the 3 0 -end stable
local secondary structure is the necessary condition for
high-level expression of heterologous genes in pPIC9 vector, and the related mathematical model was constructed.
The model can be used not only to predict the expression
level before experiments, but also to direct the experiment
design. For a given recombinant heterologous gene in
pPIC9 vector, we can calculate the free energy X1, X2,
X3, X4, X5, and X6 for the intervals [18, 123], [31, 140],
[35, 150], [90, 118], [90, 151], and [95, 135], respectively.
Then the values are applied to the 1000-discriminant equations. Finally, if there are 500 times or more HEG1 >
LEG1, the heterologous gene will be predicted to be highly
expressed with expression level more than 100 mg/L.
Otherwise, the heterologous gene will be lowly expressed.
If a heterologous gene is predicted to be expressed with
low-level expression (<100 mg/L), we can modify the
sequence in related intervals so that the high-level expression of heterologous genes can be achieved through PCR
primer design or the replacement of synonymous codons.
For other vectors, the conclusions can be referenced qualitatively, or alternatively, a mathematical model can be
constructed using the similar procedures.
To test the mathematical model, ﬁve other data were
discriminated and the NGAL gene was expressed in the
pPIC9 vector with the expression level more than
100 mg/L. The experiment result was basically consistent
with the predicted result. Among three high-level expression
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genes (including NGAL gene), only pphyWWT (see Table
1) was misclassiﬁed. The other three low-level expression
genes are discriminated correctly. Totally speaking, the
prediction accuracy was 83.3% (5/6) on this independent
dataset. Although we did not test any gene to be lowly
expressed with the probability less than 0.5, we still hope
that the mathematical model maybe useful and helpful for
those scientists, who are using or intend to use the pPIC9
vector to express heterologous genes.
We have also noticed that our data did not contain any
heterologous membrane proteins, but we did not intend to
exclude this kind of proteins. During data collection, we have
not found related papers about membrane protein expression satisﬁed our data standard. For example, there was no
detailed information for enzymed sites or primer sequences.
So our model could not apply to membrane proteins at
present. We will consider this situation in future study.
In this report, we also presented the concept of proﬁle of
RNA secondary structure, which can be applied in genome-scale analysis of gene expression. For example, Ringnér et al. studied the relationship between the transcript
features and 5 0 -UTR secondary structure [25]. In their
paper, only three intervals were considered, and the significant correlation was found. We supposed more intervals
with signiﬁcant correlation to transcript features should
be found if the analysis was based on the proﬁle of RNA
secondary structure.
Finally, the research steps used in this report can be
applied to other kinds of experiments such as the eﬃciency
analysis of antisense RNA. First, the experimental data for
the particular kind of experiment are collected. Second, the
experiments are classiﬁed into two or more groups based
on the observation index (such as expression level in this
report). Third, the statistical methods such as classiﬁcation
are used to construct the mathematical model, which
reﬂects the relationship between the observation index
and other elements (such as the proﬁle of RNA secondary
structure in this report). Finally, the mathematical model is
applied to direct the new experiments. With more and more
experimental data obtained, the above steps can be repeated so that the mathematical model can be constructed as
accurately as possible. Maybe in a future day, we can predict the experiment results accurately before the experiments in the ﬁeld of molecular biology.
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