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The promoter of the glyceraldehyde-3-phosphate de-
hydrogenase gene (PGAP) was employed to produce
the mammalian peptide transporters hPEPT1 and
rPEPT2 as models for polytopic transmembrane pro-
teins in the methylotrophic yeast Prichia pastoris.
Cells of a recombinant renal peptide transporter
(rPEPT2) clone produced constitutively the functional
carrier protein. The level of functional expression of
rPEPT2 with PGAP varied depending on the carbon
source used for cell growth, but was up to five times
higher than that obtained with the commonly em-
ployed inducible alcohol oxidase 1 promoter (PAOX1).
Similar results were obtained for the expression level
of the human intestinal peptide transporter hPEPT1
controlled by either PGAP or PAOX1. Therefore, the
PGAP seems to be an attractive alternative to PAOX1 for
generation of transgenic P. pastoris cells expressing
functional mammalian membrane transport proteins
at high levels. © 1998 Academic Press
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Although the methylotrophic yeast P. pastoris has
been used frequently as a host for high level expres-
sion of foreign proteins (1, 2) the number of mem-
brane proteins succesfully expressed in yeast is very
low. Notable exceptions are some mammalian
G-protein coupled receptors and di-/tripeptide trans-
porters (3– 8). All these polytopic membrane pro-

teins were functionally produced in P. pastoris by
using the methanol-inducible promoter of the alcohol
oxidase 1 gene (PAOX1). Since the level of expression
by the PAOX1 depends on culture conditions, i.e.
methanol concentrations, induction time and meth-
anol utilizing phenotype (9), we tested the recently
isolated promoter (10) of the glyceraldehyde-3-phos-
phate dehydrogenase gene (PGAP) for constitutive
production of the mammalian peptide transporters
hPEPT1 and rPEPT2 as models for mammalian cell
membrane carrier proteins.

hPEPT1 and rPEPT2 are members of the PTR family
of proton dependent oligopeptide transporters (11).
The carrier proteins mediate electrogenic pH-gradient
dependent transmembrane transport of di-/tripeptides
and selected peptidomimetics including b-lactam anti-
biotics in a variety of tissues (12). By this the trans-
porters contribute to amino acid nitrogen handling and
affect absorption, elimination and pharmacokinetics of
xenobiotics. rPEPT2 represents a 729 amino acid pro-
tein with 12 putative transmembrane domains, 5 po-
tential N-glycosylation sites and several canonical pro-
tein kinase C recognition regions. The carrier protein
has been characterized after expression in Xenopus
laevis oocytes (13), HeLa (14) and LLC-PK1 cells (15).
More recently, we characterized rPEPT2 after expres-
sion in P. pastoris by using the PAOX1 (8). hPEPT1,
mainly expressed in intestine, has a comparable struc-
ture, consists of 708 amino acids, and represents in
contrast to rPEPT2 a low affinity phenotype trans-
porter (16).

The aims of this study was (a) to construct P.
pastoris strains which constitutively produce the
functional hPEPT1 and rPEPT2 proteins and (b) to
compare the level of functional production when ex-
pressed either under the control of PGAP or PAOX1. To
our knowledge, this is the first example of constitu-
tive heterologous production of integral membrane
proteins in P. pastoris.
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Abbreviations used: PGAP, promoter of the GAPDH gene from P.
pastoris; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
PAOX1, promoter of the alcohol oxidase 1 gene; rPEPT2, rabbit renal
peptide transporter; hPEPT1, human intestinal peptide transporter;
OD, optical density 600 nm (one OD equals approximately 53107

cells), PTR, peptide transporter.
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MATERIALS AND METHODS

Chemicals, E. coli strain, and P. pastoris strains. Chemicals were
obtained from Sigma (Deisenhofen, Germany). Custom-synthesized
3H-(D)-phenylalanine-(L)-alanine (3H-D-Phe-Ala) with a specific ac-
tivity of 22.5 Ci/mmol was purchased from Zeneca (Billingham, UK).
E. coli strain XL-1 Blue (Stratagene, Heidelberg, Germany) was used
for transformation and propagation of the recombinant plasmids.
The P. pastoris strain GS115 (Invitrogen, San Diego, USA) deficient
in histidinol dehydrogenase activity (his4) was used in the expres-
sion study.

Transformation and culture of P. pastoris. Transformations of
yeast cells were performed according to the lithium chloride method
as described in the manual of Version A of the expression plasmid
pGAPZB (Invitrogen, San Diego, USA). P. pastoris strains were
cultured as described in the manual Version E of the Pichia expres-
sion kit (Invitrogen, San Diego, USA). The following media were
used: YPD, 1 % yeast extract, 2 % peptone, 2 % glucose; MDH, 1.34%
yeast nitrogen base without amino acid (YNB), 431025 % biotin,
0.004 % histidine, 1 % glucose; MGYH, 1.34 % YNB, 431025 %
biotin, 0.004 % histidine, 1 % glycerol; MMH, 1.34 % YNB, 4 3 1025

% biotin, 0.004 % histidine, 1 % methanol). Cell density in liquid
cultures was monitored by measuring optical density at 600 nm.

Cloning procedures and construction of P. pastoris strains. Clon-
ing procedures were essentially performed as described (17). The
expression plasmid containing the PGAP was obtained from Invitro-
gen (Version A; San Diego, USA). The plasmid pGAPZB-rPEPT2 was
constructed as described below (3.1). The characteristic restriction
fragments obtained from the pGAPZB-rPEPT2 digest (Avrll, 7149
bp; EcoRI, 3278 bp and 3871 bp) confirmed that the plasmid contains
the rPEPT2 cDNA.

For insertion of the hPEPT1 into the expression vectors pPICZB
and pGAPZB (Invitrogen, San Diego, USA) containing PAOX resp.

PGAP, two restriction sites were introduced in the cDNA of hPEPT1
by PCR-mediated mutagenesis. The hPEPT1 cDNA was amplified
from pBluescript SK2-hPEPT1 (16) using PCR primers with the
desired restriction sites as 59 extensions (f1: 59-GTCG-
CAGGAGCCCTTCGAACCGCCGCCAT G GGAATGTCC-39, SfuI
site; b1: 59-CTTGCCTCCTTCTAGACACATCTGTTTCTGTGAAT
TGGCCCC-39, XbaI site). The 2.2 kb PCR fragment was first in-
serted into the pCRII (Invitrogen, San Diego, USA) cloning vector.
hPEPT1 was then inserted into the SfuI/XbaI sites of the vectors
pPICZB and pGAPZB. The resulting vectors pPICZB-hPEPT1 and
pGAPZB-hPEPT1 were linearized with AvrII and used to transform
the P. pastoris strain GS115. The obtained transformants were
named GS-hPEPT1 (transformed with pPICZB-hPEPT1) respec-
tively GAP-hP1 (transformed with pGAPZB-hPEPT1). Cells of ten
transformants were tested for uptake of 3H-D-Phe-Ala in comparison
to isogenic control strains. Clones displaying the highest uptake
rates were used for further studies.

Expression of rPEPT2 and hPEPT1 in different P. pastoris strains
and peptide uptake assay. Cells of the clones GAP-rP2, GAP-hP1
and GAP-con (control) were grown to an OD of 1-2 units/ml in YPD,
MDH, MGYH, or MMH medium and were used for uptake measure-
ments. To induce the expression of rPEPT2 and hPEPT1 in the
strains GS-RPEPT2 (8) and PICZ-hP1 (this study), cells were grown
first in MGYH medium and than for 24 h in minimal medium
containing methanol (MMH). Uptake measurements were performed
at 22–24°C by using a rapid filtration technique with Schleicher &
Schuell filters (RC 55 type, 0.45 mm pore size) as described previ-
ously (7). Cells were harvested by centrifugation (10 min) at 3000 3
g, washed once with 100 mM potassium phosphate buffer and resus-
pended to 1 OD600nm units/10 ml in buffer. Uptake was initiated by
rapidly mixing 10 ml cells with 40 ml 100 mM phosphate buffer
containing 3H-D-Phe-Ala. After 30 min, incubation of cells was ter-
minated by addition of ice cold buffer followed by filtration. The filter
was washed twice and radioactivity associated with the filter was
determined.

FIG. 1. (a) Map of rPEPT2 expression plasmid pGAPZB-rPEPT2, PGAP, P. pastoris GAPDH promoter; rPEPT2, cDNA of rPEPT2; A-TT,
AOX1 transcription termination region; PT, S. cerevisiae transcription elongation factor 1 promoter that drives expression of the Sh ble gene
in P. pastoris; PE, synthetic constitutive promoter that drives expression of the Sh ble gene in E. coli; Zeo, Streptoalloteichus hindustanus
bleomycin gene (Sh ble) or Zeocin resistance gene; C-TT, CYC1 transcription termination region; Ori, origin of DNA replication in E. coli;
AvrII, Bg/II, SfuI, XbaI, positions of the relevant restriction enzymes. (b) Uptake of 3H-D-Phe-Ala into the P. pastoris transformed with
pGAPZB-rPEPT2 or the parent vector pGAPZB. P. pastoris GS115 was transformed with 10 mg AvrII-linearized plasmid pGAPZB-rPEPT2
or pGAPZB. Transformants were selected by growth on YPD agar plates supplemented with Zeocin (100 mg/ml). Transport of 3H-D-Phe-Ala
(2 mCi/ml; 0.09 mM) into the cells of the clones GAP-rP2 (transformed with pGAPZB-rPEPT2) and GAP-Con (transformed with pGAPZB) was
measured for 30 min of incubation at pH 7.0.
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RESULTS AND DISCUSSION

Construction of rPEPT2 expression vector and
rPEPT2-expressing P. pastoris strain. A SfuI/XbaI
2764 bp cDNA fragment encoding the peptide trans-
porter rPEPT2 from the plasmid pPIC3L-rPEPT2 (8)
was subcloned into the SfuI/XbaI sites of the expres-
sion plasmid pGAPZB. In the resulting vector
pGAPZB-rPEPT2 (Fig. 1a) the rPEPT2 cDNA was un-
der the transcriptional control of PGAP. The plasmid
pGAPZB-rPEPT2 and the parent vector pGAPZB were
linearized with AvrII and used to transform the P.
pastoris host strain GS115. Three of the transformants
were tested for functional expression of rPEPT2. For
this purpose, cells of recombinant clones were grown in
glucose containing medium (YPD) and uptake of the
dipeptide 3H-D-Phe-Ala was measured. As shown in
Fig. 1b, the rPEPT2 clones tested showed up to 140
times higher peptide influx rates than the isogenic
control clone. Subsequently, the rPEPT2 clone (GAP-
rP2) with the highest uptake rate was used for further
studies.

Transport characteristics of rPEPT2 when constitu-
tively expressed in P. pastoris. Uptake of 3H-D-Phe-
Ala into the selected rPEPT2-clone as a function of
incubation time was determined for periods of 1 to 180
min. As shown in Fig. 2a, uptake of 3H-D-Phe-Ala into
rPEPT2-expressing cells was linear for up to 40 min
with a mean influx rate of 0.81 6 0.02 pmol/OD/min,
whereas there was essentially no uptake in the control
cells. Based on linearity of uptake with respect to time,
an incubation time of 30 min was chosen for all subse-
quent transport studies.

To demonstrate the pH dependence of rPEPT2-
mediated transport of D-Phe-Ala into P. pastoris, the
extracellular pH was changed to cover a pH range to
5.0 to 9.0. As shown in Fig. 2b, uptake of D-Phe-Ala as
a function of medium pH into P. pastoris expressing
rPEPT2 displays a pronounced pH dependence with a
pH optimum of 6.5 to 7.0. Lowering pH from 7.0 to 5.0
caused a decrease in rPEPT2 activity by 30 % when
compared with the peak uptake at pH 7.0. A similar pH
dependence of rPEPT2-mediated transport function
was found for example in native renal brush border
membrane vesicles (18). 3H-D-Phe-Ala influx as a func-
tion of substrate concentration into rPEPT2-
expressing GAP-rP2 cells displayed Michaelis-Menten-
type saturation kinetics (Fig. 2c). The obtained app.
K0.5 value was 0.122 mM 6 0.012 mM (Fig. 2d), that is
almost identical to that obtained in other expression
systems (18, 13). We therefore conclude that the key
characteristics of this peptide transporter phenotype
are conserved in GAP-rP2 cells.

Level of functional production of rPEPT2 and
hPEPT1. As shown in Table 1, the maximal transport
activity (app. Vmax) of rPEPT2 in the strain GAP-rP2

depended on the carbon source used for cell growth. In
contrats to the maximal transport capacity substrate
affinity remained essentially unaffected. When GAP-
rP2 cells were grown in a mimimal medium containing
glucose, app. Vmax of rPEPT2 was approximately 2 or 8
times higher than in cells grown in glycerol- or meth-
anol containing medium. Similar differences in the
level of production depending on the carbon source
used were recently obtained by PGAP-promoter studies
employing the soluble enzyme beta lactamase as a
reporter (10). Taken together, the constitutively ex-
pressed P. pastoris PGAP is strongly regulated by the
carbon source, a phenomenon well documentated in
other yeast species such as S. cerevisiae (19).

The level of functional production of rPEPT2 under
control of PGAP in cells grown in glucose was 3 (mini-
mal medium) to 5 (complex medium) times higher than
in cells expressing rPEPT2 under control of PAOX1 (Ta-
ble 1). Although it is not known whether this is caused
by different rates of protein synthesis and/or by differ-
ent efficiencies of vesicle-mediated transport of synthe-
tized protein to the cell membrane, the increased max-
imal transport capacity per cell and thus the increased

FIG. 2. Transport characteristics of rPEPT2 constitutively ex-
pressed in P. pastoris. Uptake of 3H-D-Phe-Ala into P. pastoris ex-
pressing rPEPT2 as function of incubation time (a), extracellular pH
(b) and substrate concentration (c). Influx of 3H-D-Phe-Ala (2 mCi/ml)
into the cells of the rPEPT2 expressing strain GAP-rP2 (F) and the
isogenic control strain GAP-Con (E) was measured for 30 min of
incubation at pH 7.0 (a,c) or pH 5.0 to 9.0 (b) in the presence of 5 mM
(a,b) or increasing concentrations (C, 0.001 to 1 mM) of unlabeled
substrate. (c) Uptake rates in control cells were subtracted from the
corresponding uptake rates in rPEPT2 expressing cells. The result-
ing net transport rates were transformed according to Eadie-Hofstee
(d) and app. kinetic constants were derived by linear regression
analysis by the least-squares method.
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number of functional protein will allow a more efficient
purification of the recombinant protein in quantities
necessary for biophysical studies.

To prove that the PGAP may in general provide a
suitable promoter for the expression of mammalian
transport proteins, we additionally expressed the hu-
man intestinal peptide transporter hPEPT1 by using
PGAP. Cells of the constructed P. pastoris strain (GAP-
hP1) expressed the functional carrier protein with its
phenotypical characteristics such as pH-dependence,
substrate specificity and low substrate affinity (not
shown). When compared with cells grown under con-
trol of PAOX1 apparent Vmax in PGAP-controlled cells
was again 5 times higher (Table 1). This shows that
hPEPT1 expression rate like that of rPEPT2 is signif-
icantly increased and suggests that PGAP is superior in
driving production of mammalian transmembrane pro-
teins in P. pastoris.

CONCLUSIONS

(1) By employing the PGAP we constructed P. pastoris
strains producing the mammalian proton coupled pep-
tide transporters rPEPT2 and hPEPT1. The character-
istic transport properties of the high and low affinity
type transporter were conserved in the transgenic
yeast cells.

(2) The level of functional production of both carrier
proteins under control of PGAP in cells grown in glucose
medium was up to five times higher than that of the
commonly used PAOX1 in cells grown in methanol me-
dium. Therefore, PGAP seems to be the promoter of
choice for heterologous production of polytopic mem-
brane proteins in P. pastoris.
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