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Abstract

The first complete sequence of human L-glutaminase was deduced from breast cancer glutaminase cDNA cloned in our laboratory. This

cDNA clone has now been engineered to synthesize both precursor and mature forms of the protein in Escherichia coli. Among several

different plasmid constructions, the expression system based on phage T7 promoter (vector pET-3c) was found to be the most efficient for

glutaminase overproduction. Upon induction, precursor glutaminase accounts for about 25% of total E. coli protein, whereas a lower amount

(12%) was achieved for the putative mature protein. The optimal length of the translational spacer on the ribosome binding site was shown to

be eight nucleotides. However, using this length of spacer, we were unable to obtain expression in the pQE vector, tagged with a 6� His

sequence at the NH2-terminus, stressing the importance of the 5V-coding sequence in the expression efficiency. Although the precursor and

mature recombinant forms of glutaminase were devoid of catalytic activity, the purified protein allowed us to obtain highly specific

polyclonal antibodies, as shown by immunoblot analysis of mouse tissues. Furthermore, the antibodies were able to immunoprecipitate the in

vitro translated enzyme using a reticulocyte lysate system; these antibodies might be a valuable tool for studies on L-glutaminase expression

in mammalian tissues.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phosphate-activated glutaminase (PAG; E.C. 3.5.1.2)

catalyses the hydrolytic deamidation of glutamine to gluta-

mate and ammonia. In mammals, the enzyme needs inor-

ganic phosphate for in vitro activity and plays a key role in

several physiological processes, such as renal ammonia-

genesis, hepatic ureagenesis and synthesis of neurotransmit-

ter glutamate in brain [1]. The catabolism of glutamine has

been also linked to neoplastic transformation [2]. The high

rate of glutaminolysis observed in a wide variety of tumors

would be essential to maintain their proliferative capacity

[3]. Thus, PAG overexpression seems to be a hallmark of

experimental and human tumors [4,5]. Moreover, the inhib-

ition of PAG expression by antisense technology decreases

tumor cell proliferation and promotes reversion of the

transformed phenotype [6]. Tumor cells transfected with

antisense PAG cDNA constructs were unable to grow in the

peritoneal cavity of mice. In addition, these animals were

able to reject further inoculations of the wild-type tumor

cells, in parallel with an activation of their immune system

[7].

Two different genes coding for PAG in human have been

identified: one gene is located in chromosome 2 and

encodes the kidney-type (K) isozyme [8,9]; the second

locus is located on chromosome 12 and codes for the

liver-type (L) isozyme [9]. We have previously reported

the molecular cloning and sequencing of a human L-PAG
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isolated from ZR-75 breast cancer cell [10]. The L-PAG

isoenzyme was originally thought to be present only in adult

liver tissue [1]; however, emerging evidence has now clearly

indicated that expression also occurs in extrahepatic tissues,

like brain and pancreas [10]. A third isoenzyme, named

glutaminase C, arising from alternative splicing of the K

gene, has been also reported in human [11], rat and pig [12].

Several recent reports have detailed the expression of

recombinant microbial glutaminases, like that of Micro-

coccus luteus [13] and Rhizobium etli [14]. However, a

mammalian overexpression system has not yet been fully

described; here we report the first heterologous overpro-

ducer system for a mammalian glutaminase: the human L-

PAG isoenzyme. Several genetic constructs were done in

different expression vectors, varying the length of nucleo-

tides flanking the Shine–Dalgarno (SD) sequence of the

ribosome-binding site (RBS), to optimize the expression of

human PAG (hPAG) cDNA in Escherichia coli. The best

expression system was subsequently used to raise a high-

titre PAG antiserum in rabbits, which recognizes specifically

the L-PAG isoenzyme of breast cancer cells and mouse

tissues. Furthermore, the L-PAG specific antibodies were

able to immunoprecipitate the in vitro translated protein,

which validates its use as a molecular tool for further

structure–function studies and to assess L-PAG expression

in mammalian tissues.

2. Materials and methods

2.1. Materials

Expression vector pGEX-4T-1, synthetic oligonucleoti-

des used for PCR and glutathione-Sepharose 4B affinity

resin were obtained from Amersham-Pharmacia. Expression

vector pQE-31 was from Qiagen; expression vectors pET-3c

and pcDNA3 were from Novagen and Invitrogen, respec-

tively. PCR amplifications of coding sequences were done

with KlenTaq polymerase using the Advantage cDNA

polymerase kit (Clontech). DNA sequencing was performed

using the Sanger dideoxy sequencing method [15]; DNA

inserts were sequenced on both strands with forward and

reverse sequencing primers for the expression vectors on an

automated DNA Sequencer (ABI model 310) using the

manufacturer’s protocol and reagents. Restriction enzymes

and isopropyl thio-h-D-galactoside (IPTG) were purchased

from Roche, and the BL21 and BL21(DE3) E. coli strains

were from Stratagene.

2.2. Construction of expression plasmids pGEX[GST–

hPAG], pET[hPAG] and pQE[hPAG]

EcoRI and XhoI endonuclease restriction sites flanking

the coding region of the hPAG cDNA were constructed by

PCR using the 2408-bp hPAG cDNA in pGEM-T-Easy as

template [10] and Advantage cDNA Polymerase. After

double digestion and purification, the insert was cloned into

the EcoRI/XhoI site of pGEX-4T-1 (Pharmacia). The

digested PCR product was also ligated into the BamH1 site

of the pQE-31 vector and into the NdeI site of the pET-3c

vector, after blunt-ending the vectors and the insert by

treatment with the Klenow fragment of E. coli DNA

polymerase I. Four additional primers were used to generate

NdeI or EcoRI sites upstream of the start codon of hPAG, as

well as BamHI sites downstream of the stop codon. The

complete coding region of hPAG, denoted as precursor

hPAG (phPAG) or the coding region lacking the putative

mitochondrial signal peptide, called mature hPAG (mhPAG)

were inserted into the NdeI/BamHI sites of the pET-3c. The

orientation and sequence of the PAG inserts in all the

constructs were confirmed by sequencing.

2.3. Recombinant protein expression in E. coli

Regardless of the expression vector, transformed cells

were grown in 2� YTA medium (tryptone 16 g/l, yeast

extract 10 g/l, NaCl 5 g/l) with 100 Ag/ml ampicillin. When

the cell suspension reached an optical density (OD) of 0.6 at

600 nm, protein expression was induced by IPTG. Expres-

sion was optimized by varying induction time, temperature

and IPTG concentration. Optimal expression for pGEX was

4 h at 22 jC and 0.4 mM IPTG, whereas 1 h at 37 jC and 1

mM IPTG were the optimal conditions for the pET con-

structs.

The cells were harvested by centrifugation at 7000� g

for 10 min and washed once with prechilled PBS. All

subsequent steps were carried out at 4 jC. The cell pellet

was suspended in the same buffer containing a protease

inhibitor cocktail (Roche) and sonicated in a MSE ultrasonic

disintegrator with three 20-s pulses, separated by 1-min

interval, at an intensity setting level of 4–8 Am from peak to

peak. After that, the suspension was incubated with TX-100

to a final concentration of 1% (w/v) for 30 min and

centrifuged at 12,000� g for 10 min. The GST–phPAG

fusion protein was purified by using glutathione-Sepharose

4B beads, as recommended by the supplier. The GST

protein was separated from phPAG by proteolysis with

thrombin (1 U of activity for each 15 Ag of recombinant

fusion protein) for 18 h at 22 jC.

2.4. In vitro transcription and translation

The same PCR product of 1866-bp of hL-PAG cDNA

cloned into the pGEX vector was also cloned into the

EcoRI/XhoI sites of the pcDNA3 vector. This insert encom-

passes the complete coding sequence, beginning 3 bp

upstream of the start codon and including 28 bp of 3V-
untranslated region. Purified plasmids were transcribed and

translated using the TNTk-coupled reticulocyte–lysate sys-

tem according to the manufacturer’s instructions (Promega),

using 1 Ag of recombinant DNA and 20 ACi of [35S]-Met in

a total volume of 50 Al. After 60-min incubation at 30 jC,
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aliquots were removed for further experiments. Unlabeled

methionine was added to the extract used for Western

blotting assay. Expression reactions carried out in parallel

with 1 Ag of the empty pcDNA3 vector were used as blanks.

For immunoprecipitation (IP), 24 Al of translation reac-

tion were incubated in 500 Al of PBS supplemented with 2

mg of BSA in the presence of 5 Al of anti-phPAG serum or 5

Al of control nonrelevant serum. Samples were end-over-end

mixed for 2 h at room temperature; then, 25 Al of protein A-

agarose were added and the incubation proceeded for two

additional hours. The IP pellet bound to the affinity media

was recovered by centrifugation at 25,000� g for 30 min at

4 jC, through a discontinuous sucrose density gradient from

10% to 40% (w/w) in PBS. After three washes with PBS,

the resin was finally suspended in electrophoresis sample

buffer. De novo synthesis of polypeptides was monitored by

SDS/PAGE and autoradiography. Signals were quantified

using a PhosphoImager (Fuji Biosystems).

2.5. Generation of antibodies against recombinant gluta-

minases

The recombinant L-PAG protein present in the inclusion

bodies of the pET-3c expression system was purified by

preparative SDS-PAGE, after solubilization with electro-

phoresis sample buffer. The protein band was briefly stained

with Coomassie blue, cut and used for hyperimmunization

of New Zealand white rabbits. A 596-bp fragment, encoding

for the last 119 amino acids of the human K-PAG protein,

was obtained by PCR using the human clone HK03864 [8]

as template, as described elsewhere [16]. This PCR product

was cloned into the pQE-31 vector in order to express in E.

coli a His-tagged recombinant protein (K-PAG551–669),

which was purified by immobilized metal ion affinity

chromatography [16]. Rabbit polyclonal antibodies against

the purified recombinant glutaminases were generated as

previously reported [17].

2.6. Western blotting

Cultured ZR-75 cells were washed with PBS buffer,

trypsinized and eluted from culture dishes with 10 ml of

PBS. After counting with a Coulter Counter, cells were

pelleted, washed twice with PBS, and resuspended in TES

buffer (25 mM Tris/HCl, 0.2 mM EDTA, 0.33 M sucrose,

pH 8.0) containing the protease inhibitor kit complete

(Roche). Cells were homogenized by 10 strokes in a

Teflon-glass Potter and centrifuged at 1000� g for 10 min

at 4 jC. The supernatant was centrifuged at 12,000� g for

10 min at 4 jC and the pellet, ZR-75 crude mitochondrial

fraction, was resuspended in a small volume of TES buffer,

divided into aliquots and kept at � 80 jC until analysis.

Protein content was determined by a modified Lowry

method [18]. PAG activity was measured as described

elsewhere [19]. Mitochondria from mouse liver, kidney

and brain were isolated as previously described [20]. Mito-

chondrial fractions were analyzed by SDS-PAGE and West-

ern blotting essentially as described [17]. The blots were

developed with the enhanced chemiluminiscence technique

as recommended by the supplier (Amersham Biosciences).

2.7. Northern blot analysis

Poly(A+) mRNA was isolated from ZR-75 cells with the

Micro FastTrack Poly(A+) mRNA isolation kit (Invitrogene)

according to the manufacturer’s instructions. Total RNAwas

isolated from ZR-75 cells and from mouse liver and kidney

with a modified Chomzcinsky method [21] (Tri Reagent,

Sigma). Total RNA (20 Ag) was denatured in 50% (v/v)

formamide and 2.2 M formaldehyde and resolved by agar-

ose-formaldehyde gel electrophoresis. RNA integrity was

visualized by staining with ethidium bromide. The gel was

transferred onto positively charged nylon membrane

Hybond-N+ (Amersham-Pharmacia), hybridized with the

1.1 kb 5V-RACE probe of the hL-PAG [10] and processed

as described elsewhere [10]. Membranes were exposed to

Kodak X-OMAT AR films at � 80 jC for 4–5 days.

3. Results and discussion

3.1. Expression of constructs

In this work, we have evaluated three different bacterial

vectors for PAG expression: pGEX-4T-1, pET-3c and pQE-

31, which have been widely used for high-level expression

of recombinant proteins. In Fig. 1, we have depicted a

schematic diagram showing the six different constructs

analyzed. The full-length clone of hPAG [10] has 2408

nucleotides, with an 1806-base open reading frame (ORF)

encoding a 602-amino acid protein (Fig. 1, construct A).

The start codon appears at position 52 and the entire cDNA

contains 51 and 551 nucleotides of 5V- and 3V-UTR, respec-
tively. The nucleotides of the 5V-UTR have been noted � 1,

� 2, and so on, upstream of the initiation codon. The first 14

residues of the deduced amino acid sequence have the re-

quirements for a mitochondrial presequence as identified by

signal peptide prediction programs [10].

Three different T7 constructs of phPAG with the same

SD sequence but varying the length of the translational

spacer on the ribosome binding site were analyzed (con-

structs C, D and E in Fig. 1). MacFerrin et al. [22] have

remarked the advantages of screening several RBSs as a

strategy for maximizing expression. Whereas constructs C

and D, containing 17 and 51 nucleotides of translational

spacer, respectively, were poorly expressed, the construct E,

with only 8 nucleotides, yielded a very good level of

expression. For this reason, a mhPAG construct with

identical length of translational spacer (8 nucleotides) was

designed in the same pET vector (construct F in Fig. 1).

This mature protein construct lacks the first 14 amino acids

of the putative mitochondrial signal peptide. In Table 1, the
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comparison of precursor and mature hPAG expressions is

shown. In four independent expression experiments, the

amount of phPAG was approximately twice of that

obtained for mhPAG: 25% of the total E. coli protein

versus 12%, respectively (Table 1 and Fig. 2). Furthermore,

due to this remarkably high level of expression, the

recombinant phPAG protein partitioned preferentially into

inclusion bodies, whereas mhPAG showed a more equili-

brated distribution between soluble and aggregated states

(Table 1).

Enzyme analyses revealed that neither mhPAG nor the

phPAG soluble forms had catalytic activity (results not

shown). This may suggest that human PAG, being a

mitochondrial protein, is not correctly processed or folded

to its native state by the bacterial expression system. Never-

theless, the high expression level of phPAG in the inclusion

bodies was advantageously exploited for immunization

schedules, after solubilization and purification of the protein

by SDS-PAGE. As can be seen in Fig. 2, the phPAG was

almost pure in the insoluble fraction, accounting for more

than 90% of the total protein. This protein was employed for

preparation of anti-hPAG antibodies.

Maintaining the optimal length of translational spacer

(eight nucleotides) deduced from previous experiments with

pET constructs, two other expression systems were tested.

The fusion protein GST–phPAG was expressed at high

yields (15–17%, Table 1) using the pGEX vector (construct

B in Fig. 1). The fusion protein was affinity-purified (Fig. 2)

and assayed for enzymatic activity, before and after separa-

tion of the GST with thrombin (Fig. 2). PAG was again

devoid of catalytic activity. The cDNA of PAG was finally

subcloned into the vector pQE-31, containing a 6� His tag

at the amino terminus, and keeping a translational spacer of

eight nucleotides (construct G in Fig. 1). Surprisingly,

expression of this protein was not achieved at all, even

though pQE is widely used as a bacterial expression vector,

and some variants have been recently designed for eukary-

otic expression too.

A possible explanation for the failure to express heterol-

ogous proteins at high levels in E. coli could be the

Table 1

Total protein and glutaminase yields of overproducer constructs pET-

[phPAG], pET[mhPAG] and pGEX[GST–PAG]

Bacterial

construct

Total protein

(mg)

hPAG

(mg)

PAG/total

protein ratio

Insoluble hPAG/

soluble hPAG

phPAG 34.5 8.7 25 7.5

mhPAG 28.6 3.4 12 2.7

GST–PAG 29.1 4.9 17 0.17

The partition of PAG between aggregated and soluble forms is also

indicated.

The experiments were carried out as described in Materials and methods.

Total protein was quantified by a modified Lowry assay [18] and the

amount of PAG protein was determined by densitometry.

Fig. 1. Schematic diagram showing the six different constructs. The full-length clone of hL-PAG has 2408 nucleotides, with an 1806-base ORF encoding a 602-

amino acid protein (A). The start codon (ATG) is always indicated and the putative signal peptide (SP) is noted by a dark gray color. The thick cylinder

represents the cDNA of hL-PAG; some constructs have nucleotides from the 5V-UTR and/or the 3V-UTR region, which protrudes at left or right of the ORF

mark. The thin cylinder represents cDNA from expression vectors; the relative position of the SD sequence, upstream of the initiation codon, has been noted

with a negative number. Construct B: pGEX-PAG vector with the GST protein marked; constructs C, D, E and F: pET-PAG vectors; construct G: pQE-PAG

vector with the 6� His tag.
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prevalence of codons infrequently utilized in E. coli in the

target sequence [23]. However, we cannot ascribe to this

fact the lack of expression of pQE-31 and the two pET

constructs containing more than eight nucleotides as trans-

lational spacer (constructs C and D of Fig. 1) because they

contained the same codons as those present in the over-

producer constructs pGEX[GST–hPAG], pET[phPAG] and

pET[mhPAG]. In summary, we can conclude from these

experiments that the RBS must be precisely positioned with

respect to the start codon but, in addition to the translational

spacer length on the RBS, PAG expression in E. coli is

highly dependent of the 5V-coding sequences following the

RBS element. These results agree well with previous reports

detailing dramatic variations in the levels of expression of

individual RBSs linked to different genes [22].

3.2. Characterization of anti-hPAG antibodies and PAG

expression in mouse tissues

The high amount of glutaminase directed towards inclu-

sion bodies using the pET[phPAG] overproducer (Fig. 1–E)

facilitated the preparation of a high-titre stock polyclonal

antibodies after purification by SDS-PAGE of the recombi-

nant phPAG. The antibodies were first validated against

recombinant hPAG protein by Western blot of bacterial

extracts of the overproducer strains: a clear signal was

detected, whereas no signal was found in extracts from E.

coli transformed with the empty pET vector (results not

shown), stressing the specificity of antigen recognition.

Furthermore, the anti-L-PAG antibody recognized specifi-

cally the L-PAG but not the K-PAG isoform in Western

blots using recombinant human enzymes or rat kidney and

liver mitochondria as antigens [16]. Similar results were

obtained with the anti-KPAG antibody prepared against the

C-terminal region of the recombinant human K-PAG protein

[16].

Since antibodies provide an excellent analytical tool for

enzyme localization, an immunoblot analysis of mouse

tissues was done with antibodies specific for the L and K

glutaminase isoforms (Fig. 3). The recombinant phPAG

belong to the L-type isoform of glutaminase, as judged by

sequence analysis [10]; accordingly, two clear and very near

bands were seen in mouse liver mitochondria (Fig. 3B), in

the same range of size (approx. 58 kDa) as purified rat liver

PAG [24]. In contrast, a weak, almost undetectable, signal

was obtained in kidney (Fig. 3A), in agreement with the

high antigenic specificity showed by the antibodies. Con-

sistent results were also obtained with the anti-KPAG anti-

bodies: a strong immunoreactivity against a polypeptide of

about 66 kDa was observed in kidney (Fig. 3D) and brain

mitochondria (Fig. 3F), whereas no significant reactivity

was seen against the mouse liver mitochondria (Fig. 3E).

These results confirm the specificity of the antibodies and

show that mouse kidney and liver mainly express the K-type

and L-type isoenzymes, respectively.

Although no glutaminase enzyme has been cloned from

mouse tissues, the Western blot results strongly suggest that

the L isoenzyme is also expressed in mouse brain (Fig. 3C):

two bands of higher molecular mass to those seen in liver

were detected with the L-specific antibody. This result is in

accordance with the presence of L-type mRNA in brain of

mammals [16]; in addition, the L-PAG protein was detected

Fig. 2. SDS-PAGE of E. coli extracts. The gel was stained with Coomassie blue R-250. Lane 1, molecular mass markers; masses are indicated on the left side of

the gel; lane 2, crude bacterial extract; lane 3, extract from bacteria transformed with pGEX[GST–PAG] (construct B of Fig. 1); lane 4, bacterial extract after

transformation with pET[phPAG] (construct E); lane 5, bacterial extract after transformation with pET[mhPAG] (construct F); lane 6, affinity-purified GST–

PAG; lane 7, purified PAG after thrombin digestion of the GST–PAG fusion protein; lane 8, pellet fraction of bacterial cultures transformed with pET[phPAG];

lane 9, pellet fraction of bacterial cultures transformed with pET[mhPAG].
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in rat and monkey brain by immunocytochemistry employ-

ing the antibodies prepared in this work [16]. On the other

hand, antibodies against the rat liver L-PAG enzyme did not

react with any protein in rat brain mitochondria [24];

however, those elicited against the recombinant human L-

PAG showed a significant reactivity in mouse. In brain

mitochondria, the relative intensity of K-PAG was consid-

erably higher than that of L-PAG, in accordance with a

previous report showing that L-PAG is enriched in nuclei of

rat and monkey brain [16]. As a further control, the L-

specific antibody clearly recognized the PAG protein

present in ZR-75 breast cancer cell (Fig. 3G). In conclusion,

the pattern of PAG expression in mouse is consistent with an

L-gene that is differentially processed in liver and brain:

mouse brain express both L and K isoforms, as has been

previously found for human, rat and monkey brain [10,16].

The results of Western blot in mouse tissues were further

confirmed by Northern analysis with an L-isoform-specific

cDNA probe [10]. As shown in Fig. 4, a strong hybrid-

ization signal was present in mouse liver, whereas no signal

was observed in kidney, in accordance with the immunoblot

results. The size of the liver transcript was similar to that of

breast cancer cell L-PAG mRNA (Fig. 4), which has been

reported to be 2.4 kb [10]. By using somatic cell hybrids and

a K-type cDNA probe isolated from rat brain, a K-PAG gene

was mapped to mouse chromosome 1 [25]. Moreover, a

BLAST search of human K- and L-PAG against the mouse

genome database corroborated the localization for the K-

gene and found a match on chromosome 10 with high

identity to L-PAG; thus, the L isoform seems to be coded

in mouse by a different locus located in a different chro-

mosome, as has been previously found in human [9].

Immunoprecipitation experiments were also done in

order to evaluate the suitability of antibodies as a tool for

further structure/function studies. Using a reticulocyte lysate

system, the in vitro transcribed and translated [35S-Met]-

phPAG was immunoprecipitated by incubation with the

anti-phPAG antibodies. The immunopellet was analyzed

Fig. 4. Northern blot analysis of total RNA from mouse tissues and ZR-75

human breast cancer cells. 32P-labeled cDNA from the 5V-RACE clone of

hL-PAG was used as an isoform-specific probe [9]. Lane 1: ZR-75 poly(A+)

mRNA (2 Ag); lane 2, ZR-75 total RNA (20 Ag); lane 3, mouse kidney total

RNA (20 Ag); lane 4, mouse liver total RNA (20 Ag).

Fig. 5. Immunoprecipitation of hL-PAG. The ORF of the human L-PAG

was cloned into the pcDNA3 vector and transcribed and translated in vitro

in the presence of 35S-Met. The reaction mixture was then immunopreci-

pitated with anti-L-PAG antibodies and the immunopellet was analyzed by

SDS-PAGE and autoradiography. Lane 1, an aliquot of the translation

mixture; lane 2, IP pellet. The relative positions of prestained molecular

mass markers are indicated on the left.

Fig. 3. Immunoblot analysis of mouse tissues. Samples were subjected to SDS-PAGE, transferred to nitrocellulose, and immunostained using isoform-specific

anti-glutaminase antibodies. Mitochondria from mouse kidney (A and D), liver (B and E) and brain (C and F) were probed with antibodies against L-PAG (left

panel) or K-PAG (centre panel). Lane G on the right panel shows mitochondria isolated from ZR-75 breast cancer cells revealed with anti L-PAG antibodies.

The arrows indicate the positions of the molecular mass markers.
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by SDS-PAGE and autoradiography: a clear radioactive

band was seen at the expected molecular mass of phPAG,

as deduced by comparison with the in vitro translated

protein (Fig. 5). Thus, the result validates the use of the

antibodies for IP experiments.

The goal of this work was to optimize bacterial over-

producer expression constructs for hPAG, allowing the

production of highly specific antibodies against the L

isoenzyme with minimal cross-reactivity. These antibodies

have been proven useful for studies on L-PAG expression in

mouse tissues and IP protocols. As more isoform-specific

information, including cDNAs, antibodies and oligonucleo-

tides, become available, this data will be invaluable in

unraveling the pattern of distribution and regulation of the

PAG isoenzymes in mammals.
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[9] J.C. Aledo, P.M. Gómez-Fabre, L. Olalla, J. Márquez, Mamm. Ge-

nome 11 (2000) 1107–1110.
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