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A library of engineered promoters of various strengths is a useful genetic tool that enables the fine-tuning
and precise control of gene expression across a continuum of broad expression levels. The methylotrophic yeast
Pichia pastoris is a well-established expression host with a large academic and industrial user base. To facilitate
manipulation of gene expression spanning a wide dynamic range in P. pastoris, we created a functional
promoter library through mutagenesis of the constitutive GAP promoter. Using yeast-enhanced green fluores-
cent protein (yEGFP) as the reporter, 33 mutants were chosen to form the functional promoter library. The 33
mutants spanned an activity range between �0.6% and 19.6-fold of the wild-type promoter activity with an
almost linear fluorescence intensity distribution. After an extensive characterization of the library, the broader
applicability of the results obtained with the yEGFP reporter was confirmed using two additional reporters
(�-galactosidase and methionine adenosyltransferase [MAT]) at the transcription and enzyme activity levels.
Furthermore, the utility of the promoter library was tested by investigating the influence of heterologous MAT
gene expression levels on cell growth and S-adenosylmethionine (SAM) production. The extensive character-
ization of the promoter strength enabled identification of the optimal MAT activity (around 1.05 U/mg of
protein) to obtain maximal volumetric SAM production. The promoter library permits precise control of gene
expression and quantitative assessment that correlates gene expression level with physiologic parameters.
Thus, it is a useful toolbox for both basic and applied research in P. pastoris.

The creation of a library of engineered promoters of various
strengths has enabled the precise control of gene expression in
a broad range of activities required for detailed genotype-
phenotype characterization and the identification of an opti-
mal gene expression level for the desired product yield (1, 4,
12, 20, 22, 29, 35). For example, a library of promoters has
been used to assess the influence of phosphoenolpyruvate car-
boxylase levels on growth yield and deoxyxylulose-P synthase
levels on lycopene production and to demonstrate that the
optimal expression levels of deoxyxylulose-P synthase are dif-
ferent in a strain preengineered to produce lycopene and in the
parental strain (1). In another example, random mutagenesis
of the Pm promoter has been applied to improve production of
the medically important granulocyte-macrophage colony-stim-
ulating factor in Escherichia coli at an industrial level (4).
Furthermore, promoter libraries coupled with in silico model-
ing have been used to guide predictable gene network con-
struction in Saccharomyces cerevisiae (13). Therefore, the pro-
moter library constitutes a valuable addition to the genetic
toolbox for the study of metabolic engineering, functional
genomics, and synthetic biology, as well as for various biotech-
nology applications. However, this powerful tool is imple-
mented mainly in bacteria (2, 4, 12, 20, 35, 36). There are only

limited examples in which a promoter library has been created
in yeast (1, 29, 30), and only one promoter library has been
created for fine-tuning of gene expression in the methyl-
otrophic yeast Pichia pastoris (15).

P. pastoris combines the advantages of eukaryotes, such as
efficient protein secretion and posttranslational modifications,
with fast growth on economical salt-based media (11). P. pas-
toris is by far the most commonly used yeast species in the
production of recombinant proteins for both basic research
and commercial purposes. Hartner et al. (15) constructed a
library consisting of 46 mutant promoters through deletion and
duplication of putative transcription factor binding sites within
the inducible AOX1 promoter (PAOX). The constructed library
spanned from �6% to �160% of the native promoter activity
when induced by methanol. Hartner et al. also designed short
synthetic promoters by combining PAOX-derived cis-acting el-
ements with different basal promoters, because short promot-
ers usually enable a more efficient PCR-based generation of
expression cassettes or mutant libraries than do long promot-
ers. However, all five synthetic promoters exhibited only about
10% of the activity of the wild-type PAOX.

Inducible promoters can allow for a continuous control of
gene expression. Practical applications of these systems, how-
ever, are limited by transcriptional heterogeneity at the single-
cell level (21, 34), inducer toxicity, and inducer-mediated pleio-
tropic effects. These problems highlight the need for creating a
promoter library based on a constitutive promoter, which
would permit steady-state gene expression control and ensure
transcriptional homogeneity without an inducer. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) is a key enzyme
in glycolysis. Its promoter (PGAP) provides strong constitutive
expression on glucose at a level comparable to that seen with
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PAOX (41) and has been widely used for constitutive expression
of heterologous proteins in P. pastoris (45). The additional
advantage of using PGAP, particularly for industrial fermenta-
tion, is that methanol is not required for induction. This fea-
ture makes strain growth more straightforward without carbon
source shifts and eliminates the hazards and costs related to
the storage and delivery of a large volume of methanol. Mean-
while, because its size (477 bp) is less than half of that of PAOX

(960 bp), PGAP is more suitable for the efficient generation of
expression cassettes or mutant libraries.

In the present study, a functional library of constitutive pro-
moters covering a wide range of activities was created through
the mutagenesis of PGAP using error-prone PCR (EP-PCR).
After an extensive characterization of the promoter library
employing the yeast-enhanced green fluorescent protein
(yEGFP) gene, promising sequences were tested using two
additional reporters, �-galactosidase (Gal) and methionine ad-
enosyltransferase (MAT), at both transcript and protein levels.
Finally, the library was used to assess the effect of MAT levels
on S-adenosylmethionine (SAM) production and cell growth
and to identify an optimal MAT level for product formation in
recombinant P. pastoris.

MATERIALS AND METHODS

Unless otherwise stated, all reagents were purchased from Takara Biotech-
nology Co., Ltd. (Dalian, China). Unless specifically mentioned, all culture me-
dia and ingredients were prepared according to the protocol from the Pichia
expression kit (Invitrogen).

Bacterial strains, plasmids, and growth conditions. The plasmids used for this
study and their sources are described in Table 1. E. coli DH5� competent cells
(Takara Biotechnology, Dalian, China) were propagated in Luria-Bertani broth
at 37°C, and zeocin was used for positive selection at 25 �g/ml. P. pastoris GS115
(his4) was routinely grown in yeast extract-peptone-dextrose (YPD) medium at
30°C. P. pastoris recombinant strains were selected on minimal dextrose (MD)
plates with 0.4 �g/ml biotin. The cultivation of recombinant P. pastoris strains in
250-ml shake flasks containing 25 ml YPD medium was similar to that described
previously (14): sterile glycerol was added to a final concentration of 1.0%
(wt/vol) every 12 h. The cultivation process for SAM production in recombinant
P. pastoris strains was performed according to a previously described procedure

(17), with some modifications in the SAM production phase: buffered glycerol-
complex medium was used during the production phase, glycerol concentration
was measured and supplemented to a final concentration of 1.0% (wt/vol) every
12 h, and sterile L-methionine (Bafeng, China) was added every 24 h to a final
concentration of 0.1% (wt/vol) to initiate SAM synthesis.

DNA manipulation and sequencing. Plasmid DNA isolation was performed
with an AxyPrep Plasmid Miniprep kit (Axygen Biosciences, Union, CA). DNA
was extracted from agarose gel slabs using an AxyPrep DNA gel extraction kit
(Axygen Biosciences, Union, CA). After linearization of the plasmid with BspEI,
P. pastoris GS115 cells were transformed using the standard electroporation
protocol according to the instruction manual of the Pichia expression kit (Invit-
rogen), leading to the insertion of the plasmid into the chromosomal his4 locus.
Correct genomic integration of the plasmids in positive clones was confirmed by
PCR. The DNA sequence of the mutated PGAP region was determined at Takara
Biotechnology (Dalian, China).

Construction of the PGAP mutant libraries. To construct the yEGFP expres-
sion vector pGHg, the plasmid pKT127 (Euroscarf) was used as a template to
amplify the yEGFP fragment through the primer pair GFP-1f/GFP-1r (see Table
S1 in the supplemental material). NotI/HindIII sites were added at the 5� end,
and HindIII/XhoI sites were added at the 3� end. Next, the yEGFP fragment was
cloned into the NotI/SalI sites of pPICZ A, generating plasmid pPICZAgfp. For
expression of the yEGFP reporter gene under PGAP control, the primers GAP-1f
and GAP-1r (Table S1) were used for PCR amplification of the PGAP fragment
from plasmid pGAPZ A. The PGAP fragment was cut with BglII/NotI and used
to replace the PAOX region of pPICZAgfp, yielding the plasmid pGAPgfp. Af-
terward, the BamHI/BglII DNA fragment harboring the HIS4 gene from
pAO815 was inserted into the BglII site of pGAPgfp, generating the plasmid
pGHg (Fig. 1A). After confirmation of the correct orientation, the vector pGHg
was digested by HindIII and then self-ligated to obtain the control vector pGH.
To construct the reporter strain G/GHg, plasmid pGHg was digested by BspEI
and transformed into P. pastoris GS115. As a blank control, G/GH was con-
structed by transforming GS115 with pGH.

EP-PCR (7) was carried out to obtain the PGAP mutants using plasmid pGHg
as the template, along with the primers GAP-EPf and GAP-Epr (see Table S1 in
the supplemental material). The conditions for EP-PCR random mutagenesis
were as follows: a 100-�l reaction mixture containing 10 mM Tris-Cl (pH 8.3), 50
mM KCl, 10 mM MgCl2, 0.5 mM MnCl2, 1 mM dCTP, 1 mM dTTP, 0.2 mM
dATP, 0.2 mM dGTP, 2 �M (each) primer, 20 ng template DNA, and 2.5 units
Taq DNA polymerase. PCR was performed in a PCR machine (MyCycler Ther-
mal Cycler; Bio-Rad) for 25 cycles. One cycle consisted of 1 min at 94°C, 1 min
at 54°C, and 1 min at 72°C. To increase mutational diversity and reach an
appropriate error rate, three consecutive EP-PCRs were conducted. Finally, a
mixture of three consecutive EP-PCR products was digested with SpeI/NotI and

FIG. 1. Expression of egfp driven by PGAP in P. pastoris. (A) Re-
porter plasmid pGHg. (B) The yEGFP expression level was measured
by using a microplate reader. Reporter strain G/GHg (gray) and con-
trol strain G/GH (white) transformed with the empty vector pGH were
grown in BMD medium in shake flasks for 60 h. The values represent
the averages of three independent cultivations. (C) yEGFP expression
level illustrated by flow cytometry histograms.

TABLE 1. Plasmids used in this study

Plasmid Description Source and/or
reference

pPICZAgfp PCR product yEGFP cut with NotI/XhoI
was cloned into the NotI/SalI sites of
pPICZ A; Zeor; 4.0 kb

This study

pGAPgfp Derivative of pPICZAgfp in which the
BglII/NotI PAOX region was replaced
by the PCR product PGAP; Zeor; 3.5
kb

This study

pGHg Derivative of pGAPgfp in which the
BamHI/BglII fragment from pAO815
was inserted into the BglII site; Zeor;
7.6 kb

This study

pGH Derivative of pGHg in which the egfp
gene was removed by HindIII
digestion; Zeor; 6.8 kb

This study

pSAOH5 Expression vector containing the E. coli
lacZ gene coding for �-galactosidase;
Ampr; 10 kb

39

pDS56 Vector containing the methionine
adenosyltransferase (MAT) gene
(ds56) obtained through DNA
shuffling; Ampr; 3.5 kb

17
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inserted into pGHg cleaved with the same enzymes. The plasmid mixture was
transformed into P. pastoris GS115 after linearization with BspEI. The transfor-
mants were plated onto selective MD plates for subsequent screening.

Screening for PGAP mutants and determination of yEGFP fluorescence. PGAP

mutants were screened based on the fluorescence signal in recombinant P.
pastoris grown in 48-deep-well plates under the following standard conditions:
28°C, agitation at 340 rpm, and 80% humidity. The cultivation consisting of three
phases was similar to that previously described (15), with some modifications. A
master plate, which contained strains bearing the PGAP variant-yEGFP expres-
sion cassette, was generated by inoculating 900 �l YPD with single colonies of
strains from the selective MD plates. After a 24-h incubation period, 150 �l of
60% glycerol was added. The glycerol stock master plates were stored at �80°C
after further incubation for 30 min and used for all subsequent experiments. A
preculture in buffered minimal dextrose (BMD) medium (with 0.2% glucose) was
inoculated with a 30-�l culture from the master plate and grown for 36 h to obtain
uniform cell densities in all individual wells. To determine promoter activity, the
main culture plate containing 900 �l of BMD (with 1% glucose) medium per well
was inoculated with 30 �l of the preculture and incubated for 36 h.

From each well of the main culture plates, 30 �l culture broth was taken and
added to 220 �l of phosphate-buffered saline (PBS) in a 96-well plate. The
yEGFP expression in recombinant P. pastoris was analyzed by fluorescence mea-
surements at an excitation wavelength of 395 nm and an emission wavelength of
509 nm in a Synergy 2 Multi-Detection microplate reader (BioTek, Winooski,
VT). Optical density at 600 nm (OD600) was monitored with a Spectramax Plus
384 plate reader (Molecular Devices, Sunnyvale, CA). The yEGFP fluorescence
was calculated by subtracting the blank value (G/GH grown and measured under
the same conditions) from the sample value.

For flow cytometry, cells at the exponential growth phase were harvested and
diluted with PBS to a final OD600 of around 0.2. Flow cytometry was performed
on a FACSCalibur flow cytometer (Becton Dickinson) using CellQuest software.

Enzyme assays and analysis of SAM accumulation in P. pastoris. �-Galacto-
sidase assays were performed according to the protocol supplied with the Pichia
expression kit (Invitrogen). One unit of enzyme was defined as the amount of
enzyme required to hydrolyze 1 nmol o-nitrophenyl-�-D-galactopyranoside
(ONPG) per minute at 28°C. SAM concentration was determined as previously
described by He et al. (16), and MAT activity was assayed according to the
method reported by Hu et al. (17). One unit of enzyme was defined as the
quantity of enzyme needed to catalyze the conversion of 1 �mol L-Met to SAM
per hour at 37°C.

Determination of gene copy number and transcript level by real-time PCR.
The copy number of the integrated target genes (egfp, lacZ, and ds56) was
determined by quantitative real-time PCR using the P. pastoris GAPDH gene as
the reference gene. Reaction conditions were established as recommended by
the SYBR Premix Ex Taq manual (Takara Biotechnology, Dalian, China) with 1
ng of genomic DNA as the template. For amplification of the GAPDH gene, the
primer pair GAPDH-RTf/GAPDH-RTr (see Table S1 in the supplemental ma-
terial) was used. Primers GFP-RTf and GFP-RTr were used for egfp, primer pair
lacZ-RTf/lacZ-RTr was used for lacZ, and primers DS56-RTf and DS56-RTr
(Table S1) were used for ds56. All real-time quantitative PCRs were run in
triplicate wells in a StepOnePlus real-time PCR system (ABI) using the following
program: 95°C for 3 min, 45 cycles of 95°C for 15 s, and 60°C for 30 s.

Total RNA was extracted from cells harvested at the exponential growth phase
in shake flasks (20 ml YPD medium in 250-ml shake flasks). Quantification of the
egfp, lacZ, and ds56 transcripts was performed using the PrimeScript RT reagent
kit with SYBR Premix Ex Taq (Takara Biotechnology, Dalian, China) according
to the manufacturer’s instructions in a StepOnePlus instrument (ABI), using
real-time quantitative PCR and the threshold cycle (2���CT) method (24, 31).
Quantitative real-time PCR was performed using cDNA reverse transcribed
from 100 ng RNA as template and the same primer pairs for copy number
determination at 0.2 �M, with the following program: 10 min at 96°C, followed
by 40 cycles of 30 s at 95°C, 60 s at 55°C, and 30 s at 72°C. Amplification for each
sample was carried out in triplicate wells.

Nucleotide sequence accession numbers. The mutant PGAP sequences were
deposited in GenBank under accession numbers JF414578 to JF414584.

RESULTS

Construction of a PGAP mutant library for efficient screen-
ing. To create a PGAP mutant library, the reporter plasmid
pGHg (Fig. 1A) was first constructed and used to test the
expression of the yEGFP gene (egfp) under the control of the

constitutive promoter PGAP in the recombinant strain G/GHg.
With the microplate reader, yEGFP expression in G/GHg
could be easily distinguished from the background fluores-
cence signal in the control strain (Fig. 1B). Meanwhile, the
reporter expression level and monovariate distribution of flu-
orescence were also tested by flow cytometry (Fig. 1C). There-
fore, the reporter plasmid pGHg could be used to construct a
PGAP mutant library. Alterations in specific fluorescence de-
tected by the microplate reader reflected changes in the
strength of PGAP mutants. Homogeneity of the expression level
was also further examined with flow cytometry. The control
strain had a fluorescence signal (about 300 relative fluores-
cence units [RFU]/OD600), and the fluorescence intensities
emitted by the fresh medium and the cell-free broth after 60 h
of growth were 106 RFU and 215 RFU, respectively. Thus,
background fluorescence can be attributed to interference
from culture media, cellular components, and metabolites such
as riboflavin (37). Consequently, yEGFP fluorescence intensity
was calculated by subtracting the blank value (G/GH grown
and measured under the same conditions) from the sample
value. The specific fluorescence referred to in the present study
is the ratio of fluorescence intensity to the optical density at
600 nm of the same culture broth.

With the reporter plasmid pGHg, a PGAP mutant library was
generated by replacing the original PGAP with mutated PGAP

variants obtained through EP-PCR. To increase mutational
diversity and reach an appropriate error rate, three consecutive
rounds of EP-PCR were carried out under the same condi-
tions. After random sequencing of 10 PCR products from each
round, an overall range of mutation rates from 1.1% to 4.0%
was observed (Table 2). Sequencing results also revealed that
the mutations were randomly distributed throughout the am-
plified sequence without obvious nearest-neighbor effects
(data not shown). The mixture of PGAP mutant plasmids was
then transformed into P. pastoris GS115, and the recombinant
cells were screened based on the fluorescence intensity of the
culture broth, as measured with the microplate reader.

Characterization of the PGAP mutant collection. Nearly
30,000 promoter mutants, spanning 3 orders of magnitude
of yEGFP fluorescence, were screened using the high-
throughput screening approach in 48-deep-well plates.
Among them, 33 mutants, spanning a 296-fold range of
fluorescence intensity, were finally chosen to form a func-
tional promoter library (Fig. 2A).

To ensure that the results obtained by bulk population-
averaged measurements reflected single-cell behavior, trans-
formants containing seven mutant promoters (G1, G2, G3, G4,
G5, G6, and G7) and the original strain G/GHg (with the

TABLE 2. Mutation rates of the PGAP fragments of three
consecutive EP-PCRsa

EP-PCR No. of point
mutations

Mutation
rate (%)

First round 5.0 	 2.8 1.1 	 0.6
Second round 10.7 	 2.5 2.2 	 0.2
Third round 19.0 	 3.6 4.0 	 0.2

a Reaction conditions are described in Materials and Methods. Mutation rate
refers to the mean number of mutations in 10 PCR products from each round of
EP-PCR.
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wild-type PGAP) were selected to test the level of yEGFP ex-
pression and fluorescence distributions by flow cytometry in
shake flask culture. Only clones with clean monovariate distri-
butions of fluorescence (Fig. 2B) were retained for further
analysis.

All seven selected PGAP mutants (G1, G2, G3, G4, G5, G6,
and G7) were sequenced. The sequencing results demon-
strated that all seven clones represented a unique promoter
sequence with high variance in both locations and densities of
the mutated residues. The mutation rate ranged from 1.0%
(G4) to 3.4% (G5), and mutations seemed to be randomly
distributed throughout the promoter sequence (see Fig. S1 in
the supplemental material).

Gene expression under the control of seven selected PGAP

variants was further investigated at the transcriptional level.
The relative mRNA levels of egfp in the selected transformants
cultured in shake flasks were measured and normalized to the
value obtained with the unmutated PGAP (Fig. 3). The relative
level of the egfp transcript was found to span almost 3 orders of
magnitude (955-fold range) (Table 3) and to correlate with the
corresponding yEGFP fluorescence level. These results sup-
port the hypothesis that the various levels of reporter gene
expression in all clones were due to differences in basal tran-
scriptional activity, i.e., caused by various strengths of the dif-

FIG. 2. Promoter activity as represented by the fluorescence intensity of yEGFP reporter. (A) Reporter clones were cultured in 48-well
deep-well plates. The relative promoter activities were normalized to the activity obtained with the wild-type (WT) GAP promoter. The data
represent averages 	 standard deviations of single measurements of three independent cultivations in separate deep-well plates. (B) The selected
clones harboring the promoter variants as indicated were grown in shake flasks and showed a uniform yEGFP expression level as illustrated by
representative flow cytometry histograms.

FIG. 3. Characterization of promoter strengths as determined from
transcript quantification and fluorescence intensity of the yEGFP gene.
The transformants containing selected GAP promoter mutants were
grown in shake flasks (20 ml YPD medium in 250-ml shake flasks) for
60 h. The relative fluorescence intensities (gray) shown are mean
values of at least two independent experiments and were normalized to
the intensity obtained with the wild-type GAP promoter. Total RNA
was extracted from cells harvested from the logarithmic phase during
growth in shake flasks. Promoter performance was measured directly
at egfp mRNA transcript levels by quantitative real-time PCR. Relative
mRNA transcript levels (white) were normalized to the value obtained
with the wild-type PGAP.
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ferent PGAP mutants. Thus, the obtained series of promoters
can fine-tune the expression of the reporter gene egfp.

PGAP mutants also confer various expression levels of two
alternative reporter genes. To test the broader applicability of
the results obtained with the reporter yEGFP, eight selected
members (G1, G2, G3, G4, G5, GAP, G6, and G7) of the
promoter library were used to express two additional reporters:
the enzyme �-galactosidase gene (lacZ) amplified from plas-
mid pSAOH5 (39) with the primers LacZ-f and LacZ-r and a
recombinant MAT gene (ds56) amplified from plasmid pDS56
(17) with the primers DS56-f and DS56-r. These two reporter
genes were placed under the control of the selected promoters
to construct the expression plasmids, which were then inte-
grated into the P. pastoris GS115 chromosome for further
characterization.

First, the copy numbers of the egfp, lacZ, and ds56 expres-
sion cassettes were measured in the recombinant strains. As
the recombinant strains possessed only one copy of the expres-
sion cassette, no gene dosage effect complicated the result.

Next, the Gal and MAT activities were measured. For these
two enzymes expressed under the control of the eight promot-
ers, the same trend was observed as for the yEGFP expression
driven by the same promoters (Fig. 4A). The specific activities
of Gal and MAT spanned a 370- and a 57-fold range, respec-
tively (Table 3). When the relative expression level of the
reporter genes was normalized to the value obtained with the
wild-type PGAP, the enzyme activities correlated well with
the yEGFP fluorescence (Fig. 4B and C).

Finally, promoter performance was also evaluated at the
transcriptional level by quantitative reverse transcription-PCR
(qRT-PCR). The relative levels of the lacZ and ds56 tran-
scripts under the control of the eight selected promoters
spanned a 463- and a 711-fold range, respectively (Table 3). A
similar trend was observed in the relative egfp mRNA levels
(Fig. 5). Therefore, the transcription of two alternative report-
ers was also fine-tuned by the representative members of the
promoter library.

From the results presented above, it was seen that the pro-
moter activities in the functional library were fairly indepen-
dent of the reporters tested. These results strongly supported
the idea that the various levels of reporter gene expression in
all clones originated from differences in basal transcriptional

activity, i.e., caused by the various strengths of different PGAP

mutants.
Use of PGAP variants to study the relationship between MAT

expression and SAM accumulation in P. pastoris. SAM, an
important molecule for normal cell function and survival, is
synthesized from ATP and L-methionine (L-Met) catalyzed by
MAT. Considerable interest in SAM production has arisen
because SAM can effectively treat affective disorders (43), liver
disease (8), and neurological disorders (5). Overexpression of
the heterologous MAT gene (ds56) driven by PAOX has been
conducted to enhance SAM accumulation in P. pastoris. How-
ever, the degree of increased MAT activity was much higher
than that of SAM production (17). To investigate the influence
of MAT activity on SAM production and determine the critical
or optimum MAT activity for SAM synthesis, the PGAP library
was applied to introduce precise transcriptional control of ds56
in strains containing various-strength promoter-ds56 expres-
sion cassettes.

Eight members of the PGAP library (G1, G2, G3, G4, G5,
GAP, G6, and G7), including the strongest and extremely weak
promoter mutants, as well as the original PGAP, were used to
construct ds56 expression plasmids and the corresponding re-
combinant strains. Both biomass and SAM production were
measured in the eight integrated transformants, along with the
control strain (G/GH), and plotted as a function of specific
MAT activity (Fig. 6). Almost no SAM accumulation was de-
tected in the control strain in which no heterologous MAT
gene was introduced. Higher MAT activity and specific SAM
production were obtained with increased promoter strength,
demonstrating that ds56 expression level has a positive effect
on the SAM production. A nearly linear relationship was ob-
served when ds56 was driven by G7, G6, GAP, G5, G4, G3, and
G2, with the MAT activity below 1.05 U/mg of protein, sug-
gesting that MAT is a rate-limiting factor in SAM production
in these recombinant strains. However, when a higher MAT
activity (1.33 U/mg of protein) was obtained with the mutant
promoter G1, the increase in SAM production reached a pla-
teau, implying that MAT activity was no longer the only rate-
limiting factor in SAM synthesis. Moreover, an increase in
MAT activity from 1.05 to 1.33 U/mg of protein led to a
moderate decrease in biomass. From these results, 1.05 U/mg
of protein may thus be an optimum MAT activity for SAM

TABLE 3. Impact of promoter strength on the expression of different genesa

Promoter

ds56 egfp lacZ

Transcript
level

MAT activity
(U/mg of
protein)

Volumetric
production

of SAM
(g/liter)

Transcript
level

yEGFP
fluorescence

(RFU/OD600)

Transcript
level

Gal activity
(U/mg of
protein)

G7 0.09 	 0.04 0.10 	 0.02 0.04 	 0.01 0.05 	 0.06 0.17 	 0.08 0.16 	 0.08 0.26 	 0.05
G6 0.50 	 0.17 0.34 	 0.03 0.24 	 0.05 0.14 	 0.12 0.49 	 0.11 0.71 	 0.21 0.5 	 0.07
GAP 1.00 	 0.24 1.00 	 0.13 1.00 	 0.11 1.00 	 0.16 1.00 	 0.13 1.00 	 0.22 1.00 	 0.14
G5 1.89 	 0.29 1.31 	 0.15 1.34 	 0.38 2.22 	 0.42 1.25 	 0.15 2.17 	 0.53 1.35 	 0.25
G4 6.72 	 1.31 2.29 	 0.28 5.33 	 0.52 8.43 	 1.22 4.29 	 0.64 9.72 	 1.74 5.48 	 0.64
G3 15.52 	 2.12 3.99 	 0.64 8.63 	 0.78 16.74 	 2.08 7.75 	 0.57 22.52 	 3.76 18.95 	 2.74
G2 39.18 	 5.18 4.72 	 0.36 11.04 	 0.40 35.64 	 4.24 12.14 	 1.24 42.57 	 6.76 51.38 	 4.85
G1 64.04 	 7.47 5.70 	 0.34 10.56 	 0.21 47.78 	 5.72 19.58 	 1.43 74.14 	 8.52 96.16 	 7.78

a Relative yEGFP fluorescence, Gal specific activities, MAT specific activities, volumetric production of SAM, and transcript levels of reporters were normalized to
the value obtained with the wild-type PGAP. Wild-type values were set to 1.
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accumulation. Beyond this point, although elevating MAT ex-
pression had a slightly positive effect on specific SAM produc-
tion, it showed an adverse effect on growth (Fig. 6), thereby
resulting in decreased volumetric SAM production (Table 3).

DISCUSSION

In the current study, from nearly 30,000 random promoter
mutants, 33 mutants were chosen to form a functional PGAP

library for modulating steady-state gene expression in P.
pastoris. This collection of constitutive promoters exhibits a
296-fold range of yEGFP fluorescence (Fig. 2A). Several
extraordinarily strong variants were obtained, with the
strongest showing a nearly 20-fold increase of specific fluo-
rescence and a 48-fold increase in mRNA level compared to
that of the wild-type PGAP. Seven representative members
were then rigorously characterized to confirm that the cho-
sen promoters drove stable monovariate yEGFP expression
in shake flask culture by flow cytometry (Fig. 2B), and the
yEGFP expression was transcriptionally controlled by se-
quence-specific PGAP mutants (Fig. 3). Two additional re-
porters (lacZ and ds56) were also used to verify the broader
applicability of the results obtained with the reporter
yEGFP. Both enzyme activity (Fig. 4A) and mRNA tran-
script (Fig. 5A) levels were regulated by the selected pro-
moters. The relative enzyme activities (Fig. 4B and C) and

mRNA amounts (Fig. 5B and C) of these two reporters
showed a linear correlation with yEGFP expression level.
When under the control of the selected promoters, the tran-
script levels of egfp, lacZ, and ds56 varied with the same
orders of magnitude, spanning 955-, 463-, and 711-fold
ranges, respectively. Therefore, the constitutive promoter
library that we constructed exhibits a broad dynamic range
and presents a tool for fine-tuning of gene expression in P.
pastoris, which behaves similarly regardless of the gene be-
ing regulated.

When the representative promoter variants were used to
control the expression of three reporter genes, the relative
mRNA transcript levels spanned a wider range than did the
protein or enzyme levels, and the increase in protein expres-
sion did not totally reflect the increase in message levels (Table
3). The mRNA levels of egfp, lacZ, and ds56 spanned 955-,
463-, and 711-fold ranges, respectively. However, the concom-
itant levels of yEGFP fluorescence, Gal, and MAT enzyme
activity spanned only 115-, 370-, and 57-fold ranges, respec-
tively. Such a limited correlation between mRNA and protein/
enzyme activity levels may be due to complex posttrans-
criptional processes such as transcript (de)stabilization, trans-
lation, posttranslational modifications, protein degradation
that determines and modulates the quality and quantity of
expressed proteins, and protein folding efficiency (42). Protein
concentrations may be only 20% to 40% attributable to altered

FIG. 4. Enzyme activity of �-galactosidase (Gal) and methionine adenosyltransferase (MAT) under the control of 8 selected PGAP library
members. (A) Specific activity of Gal (white) and MAT (gray) under the control of 8 different promoters as indicated. Enzyme specific activity is
given in U/mg protein in the cell lysates. Experiments were carried out in shake flask cultures for 60 h in buffered minimal glycerol (BMGY)
medium. Samples for measuring enzyme activity and biomass were taken at the end of the fermentation. (B) Relative Gal activity under the control
of 8 different promoters as a function of the yEGFP fluorescence controlled by the same promoter. (C) Relative MAT activity under the control
of 8 different promoters as a function of the yEGFP fluorescence controlled by the same promoter. The relative enzyme activities and yEGFP
fluorescence were normalized to the value obtained with the wild-type PGAP. Data represent means 	 standard deviations of three independent
cultivations.
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mRNA levels (6, 38). Furthermore, analyses integrating
mRNA and protein profiling in cells have suggested that ap-
proximately 60% to 80% discordance exists between mRNA
abundance and protein abundance (33).

For the three reporter genes tested, although protein expres-
sion increased with relative mRNA transcript level, this corre-
lation varied with the gene and was not always linear. In the
reporter Gal, a high correlation between mRNA and enzyme
activity was observed. Compared with the other two reporters,
higher Gal activity was obtained with the strong promoters G1,
G2, and G3 (Table 3). The fact that Gal activity levels tended
to be much higher in some of the strains could be partly
attributed to the longer half-life of Gal, more than 20 h (3),
compared with 7 h for yEGFP (27) and 2 h for MAT (44).
When yEGFP was driven by the strong promoters (G1 and
G2), the considerably large increase in mRNA level (up to
48-fold) resulted in only a moderate increase of specific fluo-
rescence (up to 20-fold). A possible reason, as suggested by
Lenassi Zupan et al. (23), may be the high-level expression of
fluorescent GFP in P. pastoris, which leads to the formation of
fluorescent GFP particles unavailable for fluorescence mea-
surements. Remarkably, even though the transcriptional levels
of all three genes were of the same magnitude, the enzymatic
activity of MAT was extraordinarily low and tended to stay
constant as the mRNA transcript levels increased to the max-
imum values observed. Such a huge gap between enzyme ac-
tivity and mRNA level has also been reported by Lu and
Jeffries (25). When they adjusted the enzyme activity of
transaldolase (TAL1), transketolase (TKL1), and pyruvate ki-
nase (PYK1) by tuning the promoter strength, the enzyme

FIG. 5. Promoter performance was measured directly at mRNA transcript levels of the �-galactosidase gene (lacZ) and the methionine
adenosyltransferase gene (ds56). (A) Relative mRNA transcript levels of lacZ (white) and ds56 (gray) under the control of 8 different promoters
as indicated. Total RNA was extracted from cells harvested from the logarithmic phase during growth in shake flasks (20 ml YPD medium in
250-ml shake flasks) and measured by quantitative real-time PCR. Relative mRNA transcript levels of the reporters were normalized to the value
obtained with the wild-type PGAP. (B) Relative lacZ transcript under the control of 8 different promoters as a function of the egfp transcript driven
by the same promoter. (C) Relative ds56 transcript under the control of 8 different promoters as a function of the egfp transcript driven by the same
promoter. Data represent means 	 standard deviations of three independent cultivations.

FIG. 6. Impacts of specific MAT activity on specific SAM production
(closed circles) and cell growth (open triangles) in recombinant P. pastoris.
Experiments were carried out in shake flask cultures for 60 h in BMGY
medium. Samples for measuring MAT activity, SAM production, and
biomass were taken at the end of the fermentation. Error bars present the
standard deviations for three independent experiments.
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activity of PYK1 was significantly lower than those of the other
two genes. In the present study, the extraordinarily low MAT
activity may suggest that dimerization of the protein, which is
important for MAT activity (9), maintenance of the cellular
redox potential (26), and SAM inhibition (32), plays important
roles in the modulation of MAT activity. In summary, the
expression of these three reporters was regulated at several
stages, and the huge variance in mRNA level exerted by the
different promoters was attenuated at the protein/enzyme ac-
tivity level by various degrees for each reporter.

In our previous study to improve SAM accumulation in P.
pastoris by overexpression of recombinant MAT gene ds56, an
increase in enzyme activity (2.8-fold) did not result in an equal
increase in SAM production (about 1.0-fold) (17). Now, en-
abled by the collection of constitutive promoter mutants, we
analyzed the effect of MAT enzyme activity on SAM accumu-
lation, and the optimum MAT activity was identified at around
1.05 U/mg of protein, which maximized volumetric SAM pro-
duction. When the MAT activity increased from 1.05 to 1.33
U/mg of protein, only a slight increase in specific SAM pro-
duction was obtained. This result implies that MAT activity is
not the rate-limiting factor for SAM synthesis. To enhance
SAM production further, other limiting steps, such as elevating
ATP level through pulsed feeding of glycerol (19), optimizing
the L-Met feeding strategy (18), or blocking the transsulfura-
tion pathway through cystathionine by disrupting the cystathi-
onine synthase (16), should be targeted. In addition, a negative
influence on the cell growth was observed when the specific
SAM production exceeded 73 mg/g (dry cell weight [DCW])
(Fig. 6). An increased level of SAM has deleterious effects on
yeast, particularly when the excess SAM cannot be sequestered
in the vacuole (10). The growth inhibition associated with
SAM hyperaccumulation could be explained by the transient
G1 cell cycle delay caused by the excess SAM in the cytosol
(28). The net ATP loss during SAM synthesis could also exert
inhibitory action on cell growth.

In conclusion, the library of mutant constitutive promoters
constitutes a valuable addition to the genetic toolbox for fine-
tuning of gene expression in P. pastoris. This library contains
several extremely strong constitutive promoters and spans, at
the transcription level, a 
0.1- to �45-fold range of the native
PGAP activity. Therefore, the constitutive promoter collection
provided here could be an attractive alternative to the strong
methanol-inductive promoter AOX1 for tailoring a production
strategy specific to the needs of the individual protein, partic-
ularly when the heterologous proteins are not toxic to the host.
With a simplified fermentation process, the hazards and costs
associated with the storage and delivery of a large volume of
methanol can also be eliminated. In addition, in metabolic
pathway analysis and optimization, the library has several ad-
vantages over existing inducible expression systems. One ad-
vantage is the precise control of the steady-state expression of
a target gene at the single-cell level and the ability to deter-
mine the optimal level for product yield or cell growth, as
highlighted by our investigation of SAM production. Another
advantage is the option to modulate the expression of many
genes in the same strain simultaneously to different extents.
The third advantage is that the length of the PGAP mutants is
only half of that of PAOX, which facilitates a more efficient
PCR-based generation of mutant libraries. Finally, as P. pas-

toris PGAP has been used to express the hepatitis B virus sur-
face antigen in S. cerevisiae (40) and appears to have a broad
host range, the PGAP library might be applicable to other yeast
species, an idea which should be tested in future studies.
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