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Received: 9 October 2015 / Accepted: 9 November 2015 / Published online: 19 November 2015

� Springer Science+Business Media Dordrecht 2015

Abstract

Objectives To develop a new vector for constitutive

expression in Pichia pastoris based on the endogenous

glycolytic PGK1 promoter.

Results P. pastoris plasmids bearing at least 415 bp

of PGK1 promoter sequences can be used to drive

plasmid integration by addition at this locus without

affecting cell growth. Based on this result, a new P.

pastoris integrative vector, pPICK2, was constructed

bearing some features that facilitate protein produc-

tion in this yeast: a *620 bp PGK1 promoter

fragment with three options of restriction sites for

plasmid linearization prior to yeast transformation: a

codon-optimized a-factor secretion signal, a new

polylinker, and the kan marker for vector propagation

in bacteria and selection of yeast transformants.

Conclusions A new constitutive vector for P. pas-

toris represents an alternative platform for recombi-

nant protein production and metabolic engineering

purposes.

Keywords a-Amylase � Constitutive expression �
3-Phosphoglycerate kinase � Pichia pastoris �
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Introduction

High-level production of heterologous proteins using

biological expression platforms is widely used for both

academic and commercial purposes. One of the most

widely used microorganisms for this purpose is the

methylotrophic yeast, Pichia pastoris, with more than

600 heterologous proteins having been expressed

(Zhang et al. 2009). Most expression vectors developed

for this system are based on the regulated promoter

of the alcohol oxidase 1 gene (PAOX1) that requires

methanol for full induction (Cereghino et al. 2001).

However, methanol causes safety concerns and during

the fermentation process it may become toxic if O2

levels in the medium are not precisely controlled

(Macauley-Patrick et al. 2005). Alternatively, constitu-

tive expression may be employed with the advantage

that a greater range of carbon sources may be used.

Furthermore, the use of constitutive promoters is

particularly attractive for the production of proteins on

a large scale because it does not require the addition of

inducers nor medium exchange thus allowing protein

purification under continuous fermentation conditions.

The glycolytic pathway genes are highly expressed

and their encoded enzymes may represent up to

30–40 % of total cellular soluble proteins (Fraenkel

A1 Electronic supplementary material The online version of
A2 this article (doi:10.1007/s10529-015-2002-2) contains supple-
A3 mentary material, which is available to authorized users.

A4 A. Arruda � V. C. B. Reis � V. D. F. Batista �
A5 B. S. Daher � L. C. Piva � J. L. De Marco �
A6 L. M. P. de Moraes � F. A. G. Torres (&)

A7 Departamento de Biologia Celular, Instituto de Ciências

A8 Biológicas, Universidade de Brası́lia, Brası́lia,

A9 DF 70901-900, Brazil

A10 e-mail: ftorres@unb.br

123

Biotechnol Lett (2016) 38:509–517

DOI 10.1007/s10529-015-2002-2

http://dx.doi.org/10.1007/s10529-015-2002-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-015-2002-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-015-2002-2&amp;domain=pdf


1982). Because of this feature, these genes have been

widely studied for the isolation of strong constitutive

promoters in order to develop new expression vectors.

Although few constitutive promoters have been

described in P. pastoris the promoter of glycolytic

glyceraldehyde-3-phosphate dehydrogenase gene

(PGAP) has been widely used for the production of

several heterologous proteins (Zhang et al. 2009).

The P. pastoris 3-phosphoglycerate kinase gene

(PGK1) has been isolated and its *2 kb constitutive

promoter (PPGK1) described (Almeida et al. 2005).

Although not as strong as the more commonly used

PGAP, PPGK1 should be considered for other uses such as

in the development of new engineered pathways in

Pichia or when hyperexpression is not desired. The

objective of this study was to develop an expression

vector based on a reduced version of PPGK1 and to study

the effect on cell growth and heterologous protein

production after vector integration at this locus.

Materials and methods

Strains and cultivation conditions

Escherichia coli DH5a (Gibco BRL) and TOP10

(Invitrogen) strains were routinely used for DNA

manipulations. P. pastoris GS115 (his4) (Invitrogen)

was used as a host for heterologous expression.

Bacteria were grown in lysogeny broth (LB) with

appropriate antibiotic (25 lg zeocin ml-1 or 100 lg
ampicillin ml-1). The yeast was grown at 28 �C either

on YPD (2 % peptone, 1 % yeast extract, 2 %

glucose) or MDH (1.34 % YNB, 4 9 10-5 % biotin,

100 mM phosphate buffer, pH 6.0 and 2 % glucose).

Screening for amylolytic clones was performed on

plates containing MDHA (MDH supplemented with

1.5 % w/v solubilized starch). After 2 days growth

plates were stained with I2 vapor.

DNA manipulation and DNA synthesis

Restriction enzymes, Klenow DNA polymerase, and

T4 DNA ligase were used according to the manufac-

turers’ guidelines. DNA fragments were isolated and

purified using the QIAquick Gel Extraction kit (Qia-

gen). DNA fragment used to remove restriction sites

within the kan gene was chemically synthesized by

Integrated DNA Technologies.

Serial deletion of PPGK1

Plasmid pPGKAMYB(deAlmeida et al. 2005)was used

as a backbone for analysis of promoter deletion and

heterologous expression. Promoter deletions were

accomplished either by double digestion of pPGKA-

MYB with specific restriction enzymes or by PCR.

Promoter fragment PPGKD1 was generated after a BglII-

KpnI double digestion of pPGKAMYB followed by

Klenow treatment and vector re-ligation with T4 DNA

ligase.The resultingplasmidwas namedpPGKD1AMY.

The PPGKD3 deletion was obtained likewise after aBglII-

PvuI double digestion of pPGKAMYB generating

plasmid pPGKD3AMY. PPGKD2 was obtained by PCR

amplification with primers PGK-D8 (5́-AGATCTC

GAGCAAGTGTCCTATGCTG, BglII site underlined)

and PGK-RZ (50- GTTCGAATTTCGTAATCAATTG
GGCTATG,BstBI site underlined). PCRwas carried out

with Taq DNA polymerase (Invitrogen) using pPGKA-

MYB as template and the following program: 30 cycles

of 94 �C/30 s; 55 �C/15 s; 72 �C/30 s followed by a

final extension of 72 �C/5min. The*0.73 kb amplicon

was cloned into pGEM-T (Promega) and then used to

replace PPGK1 after digestion of pPGKAMYB with

BglII and BstBI, creating plasmid pPGKD2AMY.

Plasmid pPZa is pPGKAMYB without the a-amylase

gene.

P.Pastoris transformation

All vectors were linearized with SacI and introduced

into P. pastoris GS115 following a standard electro-

poration protocol (‘‘Pichia Expression Kit’’—

Invitrogen).

Southern blot

Total yeast DNA was extracted according to the

protocol described on the Invitrogen. Approximately

10 lg yeast total DNA were digested with either BglII

or EcoRI prior to transfer to nitrocellulose membrane.

A 415-bp BglII-PvuI fragment derived from PPGK1
present in pPGKAMYB was used as probe. Probe

labeling, pre-hybridization, washing and detection

were performed according to AlkPhos Direct Kit

manual (Amershan Bioscience). For the generation of

the chemiluminescent signal, the CDP-Star reagent

(Amersham Biosciences) was used.
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Expression of a-amylase

A single yeast colony was inoculated in 25 ml YPD in

a 250 ml Erlenmeyer flask and grown for 24 h at 28 �C
at 200 rpm. These cells were inoculated in 100 ml

YPD in a 1 l baffled Erlenmeyer flask to reach OD600

of 0.4 after 14 h when aliquots of 2 ml were removed

every 2 h for detection of amylase activity, glucose

consumption and growth measurements. Glucose

analysis was performed by HPLC using an Aminex

HPX-87H column (300 9 7.8 mm-Bio-Rad) coupled

to a refractive index detector. Water was used as the

mobile phase at 0.6 ml min-1. The column was set to

80 �C. A standard curve for glucose was used for

sample quantification. Growth tests were performed in

triplicate.

Protein analysis in denaturing polyacrylamide gel

(SDS-PAGE)

A single yeast colony was inoculated in 20 ml YPD in

a 125 ml Erlenmeyer flask and grown for 24 h at

200 rpm. Cells were then inoculated in 100 ml YPD in

a 1 l Erlenmeyer flask to an initial OD600 of 0.03. The

culture was grown for up to 96 and, at 12 h intervals,

aliquots of 3 ml were removed and reserved. After

determination of culture growth (OD600), samples

were centrifuged at 50009g for 5 min. Cell pellet was

discarded and 1 ml supernatant was precipitated with

TCA and resuspended in 20 lL SDS-PAGE sample

buffer with or without b-mercaptoethanol. Protein

electrophoresis was performed in denaturing 12.5 %

(w/v) polyacrylamide gel.

Determination of amylase activity

Enzyme activity was measured according to the

method of Fuwa (1954). Starch solution was prepared

by adding 0.5 g soluble starch (Merck) to 100 ml cold

water, followed by heating until solubilization. The

solution was kept at 40 �C prior to use. Iodine reagent

was prepared by mixing 1 vol 0.5 % I2, 1 vol 5 %

(w/v) KI and 3 vol distilled water. Assay reactions

containing 10–60 ll culture supernatant, 40 ll 0.5 M

sodium acetate buffer (pH 6.0), 100 ll starch solution
and water to make 200 ll, were incubated at 40 �C for

10 min. The reaction was stopped by adding

200 ll 1 M acetic acid, 200 ll iodine reagent and

4.4 ml distilled water followed by measurement at

660 nm. One unit of a-amylase activity was defined as

the quantity of enzyme necessary to hydrolyze 0.1 mg

starch per minute at 40 �C.

Deglycosylation test and zymogram

Samples used for deglycosylation test and zymogram

analysis were derived from a 48 h-culture supernatant

which was collected, dialyzed, lyophilized, dissolved

in 50 ll 0.5 M sodium acetate buffer (pH 5.5) and

stored at -20 �C prior to use. Deglycosylation was

performed with 5 ll sample incubated with PNGase F

(peptide-N-glycosidase F, Sigma-Aldrich). A zymo-

gram was carried out with 1 ll supernatant sample

resolved on SDS-PAGE under native conditions. After

electrophoresis, the gel was incubated in a 50 mM

sodium acetate buffer (pH 5.5) for 1 h and then

transferred to a 0.5 % starch solution dissolved in the

same buffer following incubation for 12 h at 4 �C.
Subsequently, the gel was incubated at 37 �C for 4 h

and developed in iodine reacent to visualize starch

degradation.

Construction of expression vector pPICK2

To construct the expression vector based on PPGK1, we

used as a platform pPICKa, a plasmid in which the Sh

ble marker present in pPICZaA was replaced by kan

(Reis et al. 2012). The promoter fragment used in the

construction of the expression vector was named

PPGKD4, and was obtained by PCR using primers

PGK-D10 (50-CAGATCTGCGAGGCAAGCATC
TACT, BglII site underlined) and PGK-RZ. A new S.

cerevisiae a-factor signal was chemically synthesized

with codon adaptation for P. pastoris. This 276 pb

secretion signal was amplifiedwith primers 5PROPP-F

(50-CTTCGAAACGATGAGATTCCCATC, BstBI

site underline) and 3PROPP-R (50-GTCGACGCGGC
CGCACTAGTCCCGGGGAATTCGGCTTCAGCTTC

TCTCTTCTC) which has a polylinker (EcoRI-SmaI-

SpeI-NotI-SalI) at its 5́-end (underlined). The two ampli-

cons (promoter and signal sequence) were digested with

BstBI, ligated, and re-amplified with Phusion DNA

polymerase (Thermo Scientific) using primers PGK-

D10 and 3PROPP-R following manufacturer’s instruc-

tions. The resulting *930-pb amplicon was cloned into

pPCV-B (Janner et al. 2013). After double digestion with

BglII-SalI, the insertwas subcloned into pPICKa digested
with the same enzymes to replace PAOX1 and the original
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a-factor secretion sequence. The resulting vector was

named pPICKa-PRO. To remove thePvuI and SmaI sites

present in kan, a 270-pb DNA fragment bearing silent

point mutations in these sites was chemically synthesized

(Supplementary Fig. 1) and subcloned into pPICKa-PRO
digested with NsiI. The resulting vector was named

pPICK2. The sequences of the promoter, optimized a-
factor signal and polylinker present on pPICK2 are shown

on Supplementary Fig. 2.

Results and discussion

Deletion analysis of PPGK1

In order to determine the smallest functional fragment

of the PGK1 promoter, we used plasmid pPGKAMYB

(Fig. 1a) to create three other plasmids bearing

different promoter fragments (Fig. 1b) which were

placed upstream of amyE, a truncated version of the B.

subtilis a-amylase gene. The resulting vectors were

used to transform P. pastorisGS115 after linearization

with SacI in order to direct integration into the PGK1

locus. Selected transformants were plated on starch

plates and the resulting hydrolysis halos visualized

after iodine staining were of similar sizes (Fig. 1c).

This result shows that a reduced promoter size of

*410 bp (PPGKD3) was long enough to promote

vector integration into the P. pastoris genome. Sim-

ilarly, PGAP, which is present in the commercial

pGAPZ system developed by Invitrogen for constitu-

tive expression in P. pastoris, only has 483 bp and this

system has been used efficiently to produce several

heterologous proteins (Zhang et al. 2009). A small

promoter length has the added advantage of facilitat-

ing the construction of PCR-derived mutant promoter

libraries for fine tune expression in yeast (Qin et al.

2011). Stadlmayr et al. (2010) compared 26 different

P. pastoris promoters using gene expression profile

data and heterologous protein production under

different conditions. Microarray data analysis placed

PGK1 in a set of 15 genes that are highly expressed in

P. pastoris. However, a comparison of promoter

activity based on heterologous protein production

showed that PPGK1 is weaker than constitutive PGAP
and PTEF1. This study also pointed out that promoter

strength was directly influenced by different experi-

mental factors such as media composition and cell

growth phase, and in most cases there is a correlation

between gene dosage and protein production. It has

been argued that promoter selection should be based

on the products and characteristics of the fermentation

process (Çalık et al. 2015). For metabolic engineering

purposes it is thus important to have a repertoire of

different promoters with various strengths.

In the present work, only transformants derived

from pPGKAMYB (clone AMYB; *2 kb promoter),

pPGKD3AMY (clone D3; 0.41 kb promoter) and

pPZa (clone Za; *2.0 kb promoter without amyE)

were further analyzed. Southern blotting analysis was

Fig. 1 Deletion analysis of PPGK1. a Physical map of

pPGKAMYB b schematic representation of the fragments

generated after PPGK1 deletions c a-amylase activity halos

detected on starch plates seeded with the following yeast clones:

(1) clone Za (negative control), (2) clone AMYB, (3) clone D1,
(4) clone D3
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carried out to confirm the site of plasmid integration

into the P. pastoris chromosome. Based on the

predicted sizes of the fragments obtained after

genomic DNA digestion with either BglII (Fig. 2a)

or EcoRI (Fig. 2b) we were able to confirm that

integration occurred by homologous recombination at

the PGK1 locus. All constructs presented only one

integrated copy with the exception of clone Za. The
observation of three fragments in Fig. 2a and the

presence of a stronger signal corresponding to the

Fig. 2 Southern blotting analysis of genomic DNA extracted

from different P. pastoris clones. Total DNAwas either digested

with BglII (a) or EcoRI (b) and probed with a 415-bp fragment

derived from PPGK1 c schematic representation of the PGK1

locus after integration of different plasmids. P. pastoris GS115

DNA was used as a control. The expected sizes of the fragments

generated after genomic DNA digestion with EcoRI (E) or BglII

(b) are shown. The annealing position of the probe is shown as a
horizontal bar
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*1.9 kb fragment in Fig. 2b suggest that clone Za has
two in tandem integrated copies of the plasmid as

depicted in Fig. 2c.

Cell growth and heterologous protein production

The physiology of clones AMYB, D3 (both have 1

integrated copy of the expression cassette) and Za
(negative control) was analyzed in shake flasks under

conditions for constitutive a-amylase expression.

Enzyme activity was expected to be similar in both

clones AMYB and D3 since PPGK1 controlling amyE

expression was reconstituted upon plasmid integra-

tion (see Fig. 2c). On the other hand, the size of the

endogenous PPGK1 is reduced to *0.41 kb in clone

D3, and this could impact cell physiology since

PGK1 is considered an essential gene. Also, consti-

tutive production of a-amylase could impair cell

growth. Despite concerns involving possible cyto-

toxic effects due to constitutive production of

heterologous proteins, Menéndez et al. (2004)

showed that the levels of exo-levanase production

in P. pastoris were similar when either PGAP or PAOX1
were used. As shown in Fig. 3a, all three clones

presented similar growth profiles (l = 0.34 h-1) and

glucose consumption (Fig. 3b). Also, as expected, a-
amylase activity was similar in clones AMYB and

D3 (Fig. 3c) and reached *43,000 U l-1 after 40 h

flask cultivation. Yang et al. (2010) expressed a

thermostable, raw starch-digesting a-amylase from

Thermobifida fusca using the constitutive GAP

promoter and obtained 510 U l-1 after 72 h

cultivation in a flask. Liu et al. (2012) also using

PGAP obtained about 125 mg barley a-amylase l-1

(510 U mg-1) after 54 h cultivation in a 50 l

bioreactor under fed-batch conditions. In our work,

we obtained higher enzyme activities without any

additives such as YNB, biotin or glucose feeding.

Also, unlike other works in which the a-amylase

gene was codon-optimized for expression Pichia, we

used the native B. subtilis amyE gene sequence

without any codon adaptation.

The analysis of culture supernatant revealed an

induced protein species with an apparent molecular

mass of*60 kDa which was not visible in the control

supernatant (Fig. 4a). The size of this secreted protein

was bigger than the theoretical molecular mass

expected for the B. subtilis a-amylase (*54 kDa).

This could be due to glycosylation, a post-translational

modification that may occur in secreted proteins (Daly

and Hearn 2005). To test this a supernatant sample

from clone D3 was treated with PNGase F, which is

generally used to identify N-linked glycosylation.

After the deglycosylation reaction, the size of the

induced protein was reduced to a molecular mass

consistent with that of AmyE (Fig. 4b, lane 2). To

demonstrate that the protein that had shifted in size

corresponded to an a-amylase we performed a zymo-

gram analysis which confirmed the presence of an

glycosylated amylase in culture supernatant from

clone D3 (Fig. 4c).

Construction of expression vector

Based on the deletion analysis of PPGK1 we con-

structed a vector, pPICK2, for constitutive expression

in P. pastoris (Fig. 5). This new vector is based on the

pPICZa series developed by Invitrogen, that carries

the Sh ble marker allowing selection on media

containing zeocin, an expensive drug. We replaced

Fig. 3 Cell growth and amylolytic activity of P. pastoris clones

transformed with different constructions. The assay was

performed using 100 ml YPD medium in a 1 l baffled

Erlenmeyer flask. The culture was incubated in an orbital

shaker at 28 �C with an agitation of 200 rpm for up to 40 h.

a Cell growth b glucose consumption c a-amylase activity
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the original Sh ble marker for kan a dominant marker

used in several yeasts (Agaphonov et al. 2010).

Although the use of kan increases the plasmid size it

has the advantage of allowing the use of the much

cheaper kanamycin and G418 antibiotics for bacterial

vector propagation and yeast transformation, respec-

tively. Also, yeast transformants bearing multiple

integrated vectors can be identified by screening

clones resistant to higher concentrations of G418

(Scorer et al. 1994). This is the basis for different gene

amplification approaches available for expression

optimization in P. pastoris (Sunga et al. 2008).

Although we showed that a PGK1-promoter frag-

ment of only 415 pb (PPGKD3) was sufficient to drive

Fig. 4 Analysis of a-amylase produced by clone D3. a Time

course analysis of total protein produced by clone D3. The
supernatant from cloneD3 grown for 12, 24, 36, 72 and 96 h was
analyzed on a 10 % SDS-PAGE. The supernatant of clone Za

which was grown for 96 h was used as a negative control. Arrow

indicates the position of the *60 kDa a-amylase. b N-

glycosylation test: the supernatant of clone D3 was treated (2)

or not (1) with PNGase F c zymogram analysis of (b)

Fig. 5 Physical map of

pPICK2
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plasmid integration and heterologous expression in P.

pastoris, we decided to use a longer fragment of*620

pb (PPGKD4) because it contains a useful PvuI site

(Fig. 1b) that could be used alternatively to SacI and

XbaI for plasmid linearization. Plasmid linearization

prior to transformation increases integration efficiency

in yeast (Romanos et al. 1992). Also, the presence of 3

restriction sites on PPGKD4 allows a more versatile

choice of restriction enzymes when different genes

bearing these sites are cloned into pPICK2. To test the

functionality of PPGKD4 in another genomic context we

replaced the original AOX1 promoter present in pPIC9

by PPGKD4 and placed the eGFP (enhanced Green

Fluorescent Protein) reporter gene under its transcrip-

tional control (data not shown). The resulting vector

was targeted to the HIS4 and PGK1 loci by lineariza-

tion with SalI or SacI, respectively. The resulting

transformants produced roughly the same amounts of

eGFP (data not shown) thus showing that PPGKD4 may

also be used to drive the expression of an heterologous

gene when integrated into another locus other than

PGK1.

The original S. cerevisiae a-factor sequence was

adapted for optimized expression in P. pastoris but it

can be easily replaced by alternative secretion signals.

A new polylinker was constructed offering unique

restriction sites representing common commercially

available enzymes. When cloning into the XhoI site

present in pPICK2, the a-factor secretion signal

sequence between this site and the polylinker should

be regenerated if one wishes the proper N-terminal

processing of the secreted protein. The original His6x

tag was maintained to facilitated protein purification

when using nickel-charged affinity resins, as well as

the BglII and BamHI sites for in vitro multimerization

of expression cassettes. Finally, the fact that all

functional elements present in pPICK2 are modular

prompts this vector as a versatile platform for protein

expression in P. pastoris.
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