
The recombinant expression and subsequent purifi�

cation of integral membrane proteins is considered a

major challenge, especially for eukaryotic membrane

proteins. For instance, overexpression in both heterolo�

gous and endogenous hosts is often toxic and can result in

the production of inactive proteins or insoluble aggregates

[1]. Proper insertion into the host membrane is also rate�

limiting and remains difficult to predict or regulate [2].

The functional and structural analysis of membrane pro�

teins has been hampered by the lack of sufficient quanti�

ties of active proteins. Consequently, many investigators

have attempted to deal with these difficulties by focusing

on expression, purification, and crystallization strategies

[3, 4].

The human GLUT1, GLUT2, and GLUT3 proteins

(facilitated glucose transporter, hereafter referred to as

GLUTs) belong to a large superfamily of 12�transmem�

brane segment transporters. These transport proteins have

unique tissue distributions and biochemical properties

that underlie specific physiological functions [5, 6], and

they are involved in the transport of a variety of hexoses

and other carbon compounds [7]. GLUT1 is expressed at

the highest levels in the endothelium of barrier tissues,

such as blood vessels and the blood–brain barrier.

GLUT2 is a low�affinity glucose transport protein and is

expressed in hepatocytes, pancreatic β�cells, and the

basolateral membranes of intestinal and renal epithelial

cells. GLUT2 acts as a high�capacity transport system,

which allows the uninhibited (non�rate�limiting) flux of

glucose into or out of these cell types. GLUT3 is a low Km

isoform that is responsible for glucose uptake in neurons

[6, 8].

GLUTs function in the cellular uptake of glucose

and are key glucose metabolism regulators. Therefore,

studies of GLUT structure and function, the regulation

and inhibition of their activity, their roles as drug targets,

and their antibody production are important for under�

standing the pathogenesis of disease and exploring new

treatment strategies. Such studies are highly dependent

on efficient in vitro GLUT expression. Unfortunately, like

with most membrane proteins, the expression, separa�

tion, and purification of GLUTs are technically challeng�
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ing, and thus far, there has been no report of a system for

high in vitro expression of GLUTs.

We have selected an efficient expression system that

maintains the biochemical properties of heterologous

proteins and carries out post�translation modifications

equivalent to their native counterparts. This expression

system utilizes the fission yeast Schizosaccharomyces

pombe to efficiently overexpress human proteins [9�11].

Here we report the successful expression of the human

GLUT1, GLUT2, and GLUT3 proteins in S. pombe.

MATERIALS AND METHODS

The human brain and liver cDNAs, Taq DNA poly�

merase, PrimeSTARTM HS DNA polymerase, T4 DNA lig�

ase, CIAP, restriction enzyme BamHI, the pMD18�T vec�

tor kit, and JM109 competent cells of Escherichia coli were

obtained from Takara (Japan). Triton X�100 and IGEPAL

detergents were purchased from Sigma (USA). The GSTrap

FF column was obtained from GE (USA). All culture pow�

ders (YPD, YES, and EMM), S. pombe (SP�Q01), and the

pESP�2 plasmid were acquired from Stratagene (USA).

Construction of pESP�GLUT plasmids. The pESP�

GLUT expression vectors were constructed from the plas�

mid pESP2 (Scheme). Three pairs of primers that con�

tained BamHI sites (underlined) on both the 5′ and 3′ ends

were designed. Each 3′ primer sequence included a stop

codon region (bold): GLUT1 (5′�GCGCGGATCCATG�

GAGCCCAGCAGCAAGAAGC�3′, 5′�GCGCGGATC�

CTCACACTTGGGAATCAGCCCCC�3′); GLUT2 (5′�
GCGCGGATCCATGACAGAAGATAAGGTCACTG�

3′, 5′�GCGCGGATCCTTACACAGTCTCTGTAGCTC�

CT�3′); GLUT3 (5′�GCGCGGATCCATGGGGACA�

CAGAAGGTCACCC�3′, 5′�GCGCGGATCCTTAGA�

CATTGGTGGTGGTCTCC�3′).
The GLUT1, GLUT2, and GLUT3 full gene frag�

ments were obtained from cDNA by PrimerStar PCR.

The reagents for a 50 µl PCR reaction were 32.5 µl of

deionized water, 10 µl of 5× PS buffer, 4 µl of 10 mM

dNTPs, 1 µl of 10 µM forward primer, 1 µl of 10 µM

reverse primer, 0.5 µl of PrimerStar DNA polymerase

(5 U/µl), and 1 µl of cDNA template. The thermal cycling

parameters were 35 cycles of 98°C for 30 sec and 68°C for

1 min. These fragments were digested with BamHI, gel

purified, inserted into electroeluted BamHI digested

pESP�2, and transformed into JM109 E. coli. The result�

ant constructs encoded the respective full�length GLUTs

fused in�frame (at the amino terminus) to a 222�amino

acid residue of GST (glutathione S�transferase). These

constructs were verified by DNA sequencing.

Transformation of S. pombe (SP�Q01). The method

to prepare and transform competent SP�Q01 S. pombe

cells was as described in the instruction manual of the

ESP Yeast Protein Expression and Purification System

and ESP Yeast Protein Expression Vectors (Stratagene).

Verification of transformation. Edinburgh minimal

media (EMM)�thiamine agar plate selection: leu1�32 was

used as a selective marker to confirm efficient transfor�

mation in plasmid pESP�2. Transformants were identi�

fied by their pESP�GLUT vector�dependent ability to

grow on a plate containing EMM supplemented with

25 mM thiamine. Colonies appearing on the EMM�thi�

amine agar plates within 4�6 days were verified by PCR

for the presence of the GLUT inserts. The reagents used

in a 25 µl PCR reaction were as follows: 17.5 µl of deion�

ized water, 2.5 µl of 10× PCR buffer (Mg2+�free), 1.5 µl of

2.5 mM MgCl2, 0.5 µl of 10 mM dNTPs, 1 µl of 10 µM

forward primer 5′�GTA CTT GAA ATC CAG CAA GTA

TAT AGC�3′, 1 µl of 10 µM reverse primer 5′�CAA AAT

CGT AAT ATG CAG CTT GAA TGG GCT TCC�3′
(this pair of primers was designed according to the pESP

vectors near the BamHI site), 0.25 µl of rTaq DNA poly�

merase (5 U/µl), and 1 µl of a dilution of a transformed

colony in 10 µl of distilled water. The thermal cycling

parameters were: 1 cycle of 94°C for 5 min, 35 cycles of

94°C for 30 sec, 55°C for 30 sec, and 72°C for 1.5 min,

followed by a final 10 min at 72°C. The PCR reactions

were analyzed by electrophoresis in a 1% agarose gel with

0.5 mg/liter of ethidium bromine. Transformants with

correct�sized bands were selected.

Culture and expression. Five milliliters of yeast

extract plus supplements medium (YES) with 5 µM of fil�

ter�sterilized thiamine was inoculated with a small patch

of the transformed yeast cells. The yeast cell culture was

incubated overnight in a 28°C incubator with shaking at

250 rpm. A 200�ml volume of YES medium with 5 µM of

filter�sterilized thiamine was then inoculated with 1 ml of

the overnight yeast culture and incubated at 28°C with

shaking at 250 rpm until an OD600 value of 0.8�1.0 was

obtained. Cells were harvested by centrifugation at 1000g

for 5 min at room temperature, after which the super�

Sketch map of pESP�GLUT1, pESP�GLUT2, and pESP�GLUT3 expression plasmids. EK target, site for enterokinase

Scheme
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natant was discarded. The cell pellet was washed at least

twice by resuspension in 200 ml of sterile water, followed

by centrifugation at 1000g for 5 min at room temperature

and disposal of the supernatant. Expression was induced

by resuspending the final yeast cell pellet in 200 ml of

EMM broth. The yeast cell culture was subsequently

incubated at 30°C with shaking at 200 rpm for 18�20 h.

Cell lysis and protein extraction. Yeast cells were har�

vested by centrifugation at 1000g for 5 min at room tem�

perature, and cell pellets were transferred into a mortar.

The pellets were rapidly frozen in liquid nitrogen, 0.5 mg

of acid�washed glass beads was added, and the pellets were

quickly and thoroughly ground. Extraction buffer (1%

Triton X�100, 50 mM Tris�HCl, pH 7.4, 5 mM EDTA,

300 mM NaCl, 0.5% IGEPAL, 100 mM NaF, 1 mM

EGTA, 1 mM Na3VO4, 1 mM PMSF, 1 µg/ml aprotinin,

1 µM pepstatin A, 100 µM leupeptin, 1 µg/ml chymo�

statin in 800 µl) was added to the cells, and the extract was

transferred to a fresh 2�ml microcentrifuge tube. Each cell

extract was clarified by centrifugation at 13,000 rpm for

5 min at 4°C, after which each supernatant was transferred

to a fresh 1.5�ml microcentrifuge tube.

Fusion GST–GLUT protein purification. Glutathi�

one�Sepharose 4B MicroSpin columns (Amersham

Biosciences, USA) were used to purify the GST–GLUT

fusion proteins. The purification procedure was as

described in the GST Spin�Trap Purification Module

Product booklet, with one exception: the yeast cell lysate

supernatant was mixed with Glutathione�Sepharose 4B

for 60 min at 4°C. For the elution of the GST–GLUT

fusion proteins, 100�200 µl of glutathione elution buffer

were added to each column and incubated for 30 min at

4°C, twice. The eluate of the GST–GLUT fusion pro�

teins was precipitated by adding an equal volume of

methanol and incubating at –20°C for 30 min.

Calculation of protein concentrations and yield.
Purified protein concentrations were determined as fol�

lows: measurements of UV absorbance at 280 nm (A280)

were carried out for the proteins in elution buffer, with the

appropriate buffer blanks subtracted from the absorbance

of the sample. Each sample was diluted 1 : 10. Extinction

coefficients used to determine the protein concentrations

were 95,855, 107,315, and 84,520 M–1·cm–1 for GST–

GLUT1, GST–GLUT2, and GST–GLUT3, respective�

ly, as determined from protein sequences [12].

SDS�PAGE and Western blot analysis. SDS gel elec�

trophoresis was performed in 12.5% acrylamide separat�

ing and 5% stacking gels containing 0.1% SDS to analyze

the expression of the GST–GLUT fusion proteins. Gels

were stained with Coomassie Brilliant blue. These pro�

teins were not boiled before electrophoresis because cer�

tain membrane proteins aggregate irreversibly when heat�

ed, regardless of the presence of SDS in the sample buffer

[3]. We observed the same phenomenon; when samples

were boiled prior to loading, membrane protein expres�

sion could not be detected.

The samples were run on another 12.5% SDS�poly�

acrylamide gel and transferred to a PVDF (polyvinyli�

dene difluoride) membrane through the electrophoretic

transfer method. To block nonspecific binding sites, the

PVDF membrane was immersed in a 1% BSA blocking

reagent in PBST buffer (140 mM NaCl, 2.7 mM KCl,

10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1% Tween) for 1 h

on a platform shaker at room temperature. After rinsing

the membrane in two changes of PBST, it was incubated

in diluted anti�GST–HRP conjugate (1 : 5000) for 1 h at

room temperature on the platform shaker. Subsequently,

the membrane was washed in three changes of PBST at

room temperature with gentle shaking, followed by the

use of diaminobenzidine–hydrogen peroxide (DAB–

H2O2) to visualize the signals.

In a separate immunoblot analysis, special anti�

GLUT1, anti�GLUT2, and anti�GLUT3 antibodies were

used at 1 : 100 dilution (these antibodies were gifts from

Dr. W. G. Gwyn of University of Glasgow, UK). The visu�

alization of bands achieved by incubation with anti�rabbit

horseradish peroxidase (HRP) conjugate, followed by

development using DAB–H2O2.

RESULTS

Construction and verification of pESP�GLUT plas�
mids. The pESP�GLUT expression vectors (Scheme)

were constructed from the plasmid pESP2. Human

GLUT1, GLUT2, or GLUT3 cDNA was inserted into

this vector downstream of the nmt1 promoter. The nmt1

promoter is tightly repressed when fission yeast is cultured

in media with thiamine (vitamin B1) over a concentration

of 0.5 µM and is highly activated upon deprivation of thi�

amine in the media [13]. The SP�Q01 fission yeast strain

selected for our protein expression and purification sys�

tem had a leu1�32 genotype. The LEU2�d gene from

Saccharomyces cerevisiae, which has lacks its promoter,

served as a selectable marker in the pESP�GLUT plas�

mids for the efficient transformation and maintenance of

a high copy number of the expression constructs in the

yeast cells [14]. In addition, the specificity of our PCR

results showed that the pESP�GLUT plasmids were

maintained in the selected transformants (Fig. 1).

Expression and purification of the GST–GLUT fusion
proteins. For induction, the expression strains were grown

to mid�log phase (A600 = 1.0) in YES media, which con�

tained enough thiamine to repress the promoter.

Expression of the GST fusion proteins was induced by har�

vesting cells and growing them in EMM media for 18�20 h.

Cells were then lysed by grinding with glass beads, and the

cleared lysate was used to purify the fusion proteins. One�

step purification of the recombinant fusion proteins was

achieved by GST�affinity chromatography. The purified

fusion proteins were analyzed by SDS�PAGE. The four

bands visualized were GST (synthesized in control cells
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carrying the parental pESP�2 vector), GST–GLUT1,

GST–GLUT2, and GST–GLUT3 (Fig. 2).

Many membrane proteins migrate faster in SDS�

PAGE than would be predicted from their molecular

weights [15]. Here we also observed that the sizes of our

expressed membrane proteins in electrophoresis were

smaller than their actual molecular weights. The

GST–GLUT1, GST–GLUT2, and GST–GLUT3

fusion proteins have predicted molecular masses of 80.4,

83.8, and 80.2 kD, respectively. However, electrophoretic

estimates of the molecular masses of the proteins were

66 kD, with GST–GLUT2 being slightly larger than

GST–GLUT1 and GST–GLUT3.

Western blot analysis of the fusion proteins. Due to

the presence of the GST tail in the fusion proteins,

immunoblot analysis was performed on the samples using

an anti�GST–HRP conjugate to validate their identities

(Fig. 3). In addition, an independent immunoblot analy�

sis of each GLUT with its corresponding antibody also

confirmed the identity of the expressed proteins. Bands

were observed only when the corresponding GLUT anti�

body was incubated with the membrane containing GST

(as control) and the three fusion proteins (Fig. 4).

We estimated that about 300 µg of highly purified

GST–GLUT1 and GST–GLUT3 fusion proteins and

100 µg of GST–GLUT2 fusion protein were obtained

from every 3 g of wet cell paste by GST�affinity resin.

Fig. 1. PCR verification of the yeast transformants. The GLUT1,

GLUT2, or GLUT3 gene was inserted at the BamHI site of pESP�2

vector and transformed into S. pombe. Colonies appearing on the

EMM�thiamine agar plates within 4�6 days were verified by PCR.

The primers were designed near the BamHI site, and the fragment

in the parental pESP�2 vector is approximately 280 bp in size.

Lanes: 1) control (synthesized in yeast cells carrying the parental

pESP�2 vector); 2) GST–GLUT1; 3) GST–GLUT2; 4)

GST–GLUT3; 5) marker.
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Fig. 2. Expression and purification of GST–GLUT fusion pro�

teins. This figure shows a Coomassie blue�stained Tris�glycine

SDS gel, with samples derived from yeast cells that were grown

under induced conditions, after one�step purification by GST�

affinity chromatography. Lanes: 1) marker; 2) GST (as a control,

synthesized in control yeast cells); 3) GST–GLUT1; 4)

GST–GLUT2; 5) GST–GLUT3.
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Fig. 3. Immunoblot analysis of the fusion proteins with a GST

antibody. The SDS gel containing the purified GST–GLUT

fusion proteins was transferred to a nitrocellulose membrane and

subjected to Western analysis using the GST monoclonal antibody

as the primary antibody. Lanes: 1) marker; 2) GST; 3)

GST–GLUT1; 4) GST–GLUT2; 5) GST–GLUT3.
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DISCUSSION

Eukaryotic membrane proteins play vital roles in the

cell and are important drug targets. Over the past decade,

numerous reports on the recombinant expression of inte�

gral membrane proteins have been published [2, 16, 17].

However, it is still very difficult to produce sufficient

quantities of functional eukaryotic membrane proteins in

heterologous expression systems. This provides a major

challenge for structural investigations of eukaryotic mem�

brane proteins.

It has been reported that eukaryotic hosts are gener�

ally better than prokaryotic hosts for producing function�

al eukaryotic membrane proteins [2, 18]. The advantages

of using eukaryotic hosts to express eukaryotic membrane

proteins are obvious; the systems for translation, target�

ing, insertion, and post�translational modifications are

compatible, and the proteins are consequently more like�

ly to be well�folded and active [19]. Some eukaryotic

expression systems, such as animal cells, are likely to pro�

duce functional eukaryotic membrane proteins in their

natural steric structures. However, these hosts are more

difficult to handle than microorganisms, research condi�

tions are strict, production efficiency is low, and the costs

are high. To increase our knowledge of the function and

structure of eukaryotic membrane proteins, more

approaches for their overproduction need to be developed.

Yeast cells are well suited for producing heterologous

eukaryotic proteins. They facilitate the post�translational

processing of polypeptides, such as folding, phosphoryla�

tion, and glycosylation, and their cultivation methods are

well established and cost�effective [20]. Among the yeasts,

S. pombe is considered to be the most closely related to

higher eukaryotes. Schizosaccharomyces pombe is compa�

rable with eukaryotes in various aspects, such as the regu�

lation of the cell cycle, transcription, chromosomal organ�

ization, and RNA splicing [10, 21�23]. Its post�transla�

tional protein modifications also appear to be similar to

those in mammalian cells, such as glycosylation, phos�

phorylation, and acetylation [22, 24, 25]. Furthermore,

recent evidence implies that, in contrast to S. cerevisiae,

the quality control mechanism of glycoprotein folding in

S. pombe is similar to that of mammalian cells [26].

Thus, the use of S. pombe as a host to express mam�

malian proteins is more likely to produce polypeptides

that are similar to their native, biologically functional

forms. The successful expression of human proteins in S.

pombe has been reported; all of these human proteins were

able to complement the respective biochemical function

that was deficient in the mutant S. pombe [11, 27�30].

Even though the fission yeast is an experimental system for

investigating problems of eukaryotic cell and molecular

biology, it is highly regarded as a potential host for express�

ing eukaryotic membrane proteins because of its extensive

available genetic information, and ease of genetic manip�

ulation, the fission yeast is thought highly of a potential

host for expressing eukaryotic membrane proteins [31].

Here, we tried this expression system to express and

purify the GLUTs. Recent studies have provided new

insight into the response of host cells to the expression of

membrane proteins and the mechanism of membrane

insertion. The successful overproduction of some mem�

brane proteins has been shown to be linked to the avoid�

ance of stress responses in the host cell. It was also

Fig. 4. Immunoblot analysis of the fusion proteins by GLUT antibodies. The SDS gel containing the indicated samples was transferred to a

nitrocellulose membrane and subjected to Western analysis using the GLUT antibodies as the primary antibodies: a) GLUT1 antibody; b)

GLUT2 antibody; c) GLUT3 antibody. a) Lanes: 1) GST; 2) GST–GLUT1; 3) GST–GLUT2; 4) GST–GLUT3; 5) marker. b) Lanes: 1)

marker; 2) GST; 3) GST–GLUT1; 4) GST–GLUT2; 5) GST–GLUT3. c) Lanes: 1) GST–GLUT3; 2) GST–GLUT2; 3) GST–GLUT1;

4) GST; 5) marker.
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revealed that the translocon, which is the site of protein

translocation and membrane insertion, determined

whether a protein segment was integrated into the mem�

brane [32]. In yeast, the unfolded protein response, a sig�

naling mechanism that is triggered by the stress of protein

expression, influences the overexpression of recombinant

proteins and would be detrimental to host survival.

Therefore, modulating overexpression levels to avoid this

response is critical. In our study, repeated adjustments

were made to the fission yeast cells growth and induction

conditions. Even though we were unable to examine the

response of the yeast, we were able to successfully express

three human membrane proteins, GST–GLUT1, GST–

GLUT2, and GST–GLUT3.

Our cell lysis buffer was a common buffer for mem�

brane protein extraction, except for the addition of two

neutral detergent mixtures, Triton X�100 and IGEPAL.

Some cell membrane compartments show resistance

toward certain detergents [33]; therefore, detergent mix�

tures in purification and crystallization protocols are

sometimes more efficient than a single detergent [4, 34,

35]. As it turned out, the estimated yields of these pro�

teins were quite large and exceeded our expectations.

Approximately 300 µg of highly purified GST–GLUT1

and GST–GLUT3 fusion proteins and 100 µg of

GST–GLUT2 protein were obtained from every 3 g of

wet cell paste (1 liter of cell culture).

In this study, the human membrane proteins, GLUT1,

GLUT2, and GLUT3, were overexpressed efficiently in the

fission yeast. This result shows that S. pombe is a suitable

system for the overproduction of human membrane pro�

teins. We believe that this work will help alleviate the lack of

structural knowledge concerning the human GLUTs.

Currently, methods are being developed to further auto�

mate the purification process, and fermentation will be car�

ried out on a larger scale. With the ability to produce and

purify milligram amounts of GLUTs, we have begun exten�

sive studies on these receptors to gain more information

about their stability, folding, and interactions. We hope that

our results will also contribute to the crystallization and

high�resolution structure determination of these proteins.
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