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bstract

Glutaminase catalyzes the hydrolysis of glutamine yielding stoichiometric amounts of glutamate plus ammonium ions. In mam-
als, there are two different genes encoding for glutaminase, known as liver (L) and kidney (K) types. The human L-type isoform

xpressed in baculovirus yielded functional recombinant enzyme in Sf9 insect cells. A novel affinity chromatography method, based
n its specific interaction with a PDZ protein, was developed for purification. Kinetic constants were determined for the purified
uman isozyme, which showed an allosteric behaviour for glutamine, with a Hill index of 2.7 and S0.5 values of 32 and 64 mM for
igh and low Pi concentrations, respectively. Whereas the protein showed a low Pi dependence typical for L-type glutaminases,
he enzyme was unexpectedly inhibited by glutamate, a kinetic characteristic exclusive of K-type isozymes, and was slightly acti-
ated by ammonia, unlike the classical liver enzymes which show an absolute dependence on ammonia. Subcellular fractionation

emonstrates that recombinant human glutaminase was targeted to both mitochondria and nucleus, and in both locations the protein
as catalytically active. This is the first report of the expression of a functional L-type mammalian glutaminase enzyme. The study

lso provides a simple and efficient method for affinity purification of the recombinant enzyme. Moreover, the data imply that this
uman enzyme may represent a new isoform different from classical kidney and liver isozymes.

hondria
2006 Elsevier Ltd. All rights reserved.
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. Introduction
Mammalian glutaminases (GA, EC 3.5.1.2) catalyze
he hydrolytic deamidation of glutamine to gluta-

ate plus ammonium ions. In humans, there are two

Abbreviations: GA, phosphate-activated glutaminase; KGA,
idney-type glutaminase isoform; LGA, liver-type glutaminase iso-
orm; GIP, glutaminase-interacting protein; IMAC, immobilized metal
ffinity chromatography; MPP, mitochondrial processing peptidase
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glutaminase genes: Gls, located in chromosome 2,
which encodes the isoform known as kidney (K-type)
glutaminase (KGA), and Gls2, located on chromo-
some 12, which codes for the liver (L-type) isozyme
(LGA) (Aledo, Gómez-Fabre, Olalla, & Márquez, 2000).
Recently cDNAs encoding two further human isoforms
of glutaminase have been reported. A K-type cDNA
named glutaminase C (GAC), which arises by alterna-
tive splicing of the Gls gene, has been isolated from

a HT-29 human colon cDNA library (Elgadi, Meguid,
Qian, Souba, & Abcouwer, 1999). A cDNA encod-
ing a modified L-type GA with 67 additional amino
acids at the N-terminus has been cloned from ZR-
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Insectin-Plus liposomes in Grace media. The mixture
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75 human breast cancer cells (Gómez-Fabre et al.,
2000).

Besides differences in molecular masses, the distinct
kinetic behaviour has been a hallmark frequently used
to distinguish between GA isoforms. The main kinetic
differences have been observed in the dependence of
the activator Pi—low for LGA, high for KGA—, the
relative affinity for the substrate glutamine—higher in
KGA than in LGA—, and the inhibitory effect of glu-
tamate, a unique characteristic reported only for KGA
isozymes (Curthoys & Watford, 1995; Kovacevic &
McGivan, 1983). Both isoforms have been tradition-
ally considered as mitochondrial enzymes (Curthoys &
Watford, 1995). In rat kidney mitochondria, the KGA
isozyme is processed from a 74-kDa precursor to yield
two mature forms of 66 and 68 kDa in a stoichiome-
try 3:1, respectively (Srinivasan, Kalousek, & Curthoys,
1995). Although the mitochondrial targeting of LGA
has not been characterized, L-type isoforms possess
N-terminal sequences characteristics of mitochondrial
signal peptide (Chung-Bok, Vincent, Jhala, & Watford,
1997; Gómez-Fabre et al., 2000). Human L-type GA
has been recently reported to be also present in neuronal
nuclei from mammalian brain (Olalla et al., 2002).

Heterologous expression of recombinant proteins
is an essential technology for protein characteriza-
tion. This methodology coupled with new developments
in affinity purification strategies are at the core of
modern proteomics technologies. Although many pro-
teins can be satisfactorily expressed and purified from
prokaryotic systems, other proteins, as those requiring
post-translational processing to yield biologically active
products, need eukaryotic expression systems. This has
been the case for mammalian GAs: bacterial expression
of intact KGA and LGA proteins has been unsuccessful
in obtaining functional enzymes (Campos et al., 2003;
Kenny et al., 2003). Nevertheless, truncated versions
of the rat KGA enzyme have been recently reported to
yield functional proteins in bacterial systems (Kenny et
al., 2003). Insect systems constitute a potent eukaryotic
expression system, with high yield and the advantage that
insect cells possess similar post-translational modifica-
tions to mammalian cells (O’Reilly, Miller, & Luckow,
1992).

While several recombinant microbial GAs have
been overexpressed and purified (Huerta-Saquero,
Calderón, Arreguı́n, Calderón-Flores, & Durán, 2001;
Nandakumar et al., 1999), mammalian GAs, and par-

ticularly LGA, have not been successfully purified in
significant quantities nor have their characteristics been
compared in detail due to their membrane association
and low abundance (Heini, Gebhardt, Brecht, & Mecke,
f Biochemistry & Cell Biology 39 (2007) 765–773

1987; Segura, Aledo, Gómez-Biedma, Núñez de Castro,
& Márquez, 1995; Smith & Watford, 1988). Structural
studies at atomic resolution are also lacking for mam-
malian GAs. In this work, functional expression and
affinity purification protocols for the recombinant human
LGA enzyme were implemented. Furthermore, the char-
acterization of human LGA indicated that there may be a
novel kind of GA isoform with distinctive kinetic prop-
erties and extra mitochondrial subcellular localization.

2. Materials and methods

2.1. Construction of the transfer plasmid

The expression vector pBlueBac4.5 (Invitrogen)
contains sequences (ORF1629 and 5′ fragment of the
lacZ gene) allowing the homologous recombination
with the Bac-N-Blue viral DNA (Invitrogen). The
transcription of the target gene is under control of
the polyhedrin promoter. The ORF of human LGA
isoenzyme was amplified by PCR using the following
primers: LGABamHI-forward: 5′-GGAGGCGTGG-
ATCCGCATGCGCTCCATGAAGGC-3′ and LGA-
HindIII-reverse: 5′-GGCTGTCCAAAGCTTGTGC-
TCATACCATGC-3′ (restriction sites in bold, start
and stop codons underlined). The amplified product
was cloned into the BamHI and HindIII sites of the
expression vector. The PCR program consisted of an
initial denaturation step of 5 min at 96 ◦C and 30 cycles
of 94 ◦C for 1 min, 62 ◦C for 1 min and 72 ◦C for 2 min
with a final extension of 10 min at 72 ◦C.

2.2. Insect cell transfection and recombinant virus
isolation

All the studies with the baculovirus expression sys-
tem were done with the Sf9 insect cell line derived
from Spodoptera frugiperda. Sf9 cells were cotrans-
fected with the recombinant transfer plasmid, containing
the coding sequence of human LGA, and with the
Bac-N-Blue viral DNA to obtain recombinant virus
for glutaminase. Cotransfections were done in six well
culture plates where 106 cells were seeded and left
at 27 ◦C for 1 hr until they were adhered to the sup-
port. After removing the media, cells were incubated
with 500 �l of Grace media and 1 ml of cotransfec-
tion mixture composed by 0.5 �g of Bac-N-Blue DNA,
4 �g of the recombinant transfer plasmid and 20 �l of
was applied in small drops over the cell monolayer. Cells
were kept at 27 ◦C with gentle stirring for 5 hr; then,
1.5 ml of complete Trichoplusia ni Medium-Formulation



urnal o

H
i
f
m
s
m
u
t
n
p
b

2
i

T
a
m
s
a
p
w
i
b
w
m
v
−

2

I
c
p
a
1
c
o
1
l
G
i
&
(
a
R
s
v
e
I

J.A. Campos-Sandoval et al. / The International Jo

ink (TNM-FH) media was added. Control cells were
ncubated only with Grace media or with the trans-
ection mixture without the viral DNA. The culture
edia were collected 4–5 days after transfection as a

ource of the recombinant virus. The virus stock was
aintained at 4 ◦C following virus titre measurement

sing plaque assay technique. The reconstitution of
he lacZ gene allowed for rapid detection of recombi-
ant viral lysis blue plaques. Recombinant viruses were
laque-purified to eliminate wild-type virus as confirmed
y PCR.

.3. Heterologous expression of human glutaminase
n Sf9 insect cells

For protein production Sf9 cells were cultured in
NM-FH complete media containing 0.35 g/l NaHCO3
nd adjusted at pH 6.0. After filter-sterilization, the
edia was supplemented with 5% (v/v) bovine foetal

erum, 100 IU/ml penicillin, 100 �g/ml streptomycin
nd 0.25 �g/ml amphotericin. Cells were grown in sus-
ension in 250 or 500 ml flasks in a metabolic incubator
ithout CO2 exchange at 27 ◦C. Then, cells were seeded

n 140 mm culture plates and infected with the recom-
inant virus at a multiplicity of infection of 1. The cells
ere further incubated at 27 ◦C in TNM-FH insect cell
edia containing 5% foetal bovine serum before har-

esting at 4 days post-infection. The cells were stored at
70 ◦C until purification.

.4. Affinity chromatography of LGA

Cells (150 × 106) were resuspended in 5 ml of buffer
(20 mM Tris, 1 mM EDTA, 250 mM sucrose, pH 8)

ontaining protease inhibitor cocktail (Roche) and sup-
lemented with 1% (v/v) TX-100 for 30 min at 4 ◦C in
rotary shaker. After centrifuging at 100,000 × g for

0 min the supernatant was applied to the GIP affinity
olumn. This column was prepared by coupling 10 mg
f purified “glutaminase-interacting protein” (GIP) to
ml of NHS-Sepharose (Amersham) affinity gel, fol-

owing the manufacturer’s instructions. The recombinant
IP protein, a PDZ protein which has been reported to

nteract with human LGA (Olalla, Aledo, Bannenberg,
Márquez, 2001), was purified as previously detailed

Aledo, Rosado, Olalla, Campos, & Márquez, 2001). The
ffinity resin was packed in a small Econo Column (Bio-
ad) and equilibrated with buffer I. After passing the
upernatant, the column was washed with five-column
olumes of buffer I and LGA was then eluted with a lin-
ar NaCl gradient (0–1 M, 10-column volumes) in buffer
. Fractions of 0.5 ml were taken and those showing the
f Biochemistry & Cell Biology 39 (2007) 765–773 767

highest GA-specific activities were pooled and kept at
−20 ◦C until analysis.

2.5. Preparation of mitochondria and nuclei from
Sf9 cells

All procedures were carried out at 4 ◦C or in ice.
The infected insect cells were harvested by centrifuga-
tion at 200 × g, washed in phosphate-buffered saline and
incubated for 10 min in pre-chilled hypoosmotic buffer
(10 mM Tris–HCl, pH 8.0). The cells were disrupted
by ten up-and-down strokes in a Teflon/glass homoge-
nizer; then, one volume of hyperosmotic buffer (40 mM
Tris–HCl, 500 mM sucrose, 2 mM EDTA, pH 8.0) sup-
plemented with protease inhibitor cocktail was added.
The cells were centrifuged at 1,500 × g. The procedure
was repeated with the pellet (nuclear fraction). The two
post-nuclear supernatants were pooled and centrifuged
at 10,000 × g for 10 min. The pellet (mitochondrial frac-
tion) was resuspended in a small volume of buffer I and
frozen at −80 ◦C. An alternative procedure for nuclear
extraction was also done using a Nuclear and Cyto-
plasmic Extraction kit (Pierce Chemical Co.) according
to manufacturer’s instructions. To assess the mitochon-
drial contamination of nuclear fractions cytochrome c
oxidase was assayed as a marker enzyme by using stan-
dard procedures (Aledo, de Pedro, Gómez-Fabre, Núñez
de Castro, & Márquez, 1997). Furthermore, a rabbit
polyclonal antibody raised against mitochondrial Hsp60
from Heliothis virescens (tobacco budworm) was used
to evaluate mitochondrial contamination of nuclear frac-
tions by immunoblot analysis, employing the dilutions
and recommendations suggested by the manufacturers
(Stressgen, Victoria, Canada).

2.6. Measurement of glutaminase activity and
kinetic assays

Glutaminase activity was routinely assayed by mea-
suring the ammonia produced in the catalytic reaction
as described by Heini et al. (1987). In experiments to
determine the effect of ammonia, the glutaminase activ-
ity of pure LGA protein was assayed at three different
pH values (7, 7.5 and 8) by measuring the production of
glutamate using glutamate dehydrogenase (Sigma) as an
auxiliary enzyme (Segura et al., 1995). The assay buffer
was 50 mM Hepes/KOH for pH 7 and 7.5 and 50 mM
Tris–HCl for pH 8.0. In these experiments, glutamine

and phosphate concentrations were 50 mM and those of
ammonia ranged from 0.25 to 4 mM. The fractions with
the highest specific activities were always used for the
kinetic assays of LGA.
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Fig. 1. Recombinant human LGA expression in baculovirus system.
(A) Isolation of pure LGA recombinant virus. Lane M: �-HindIII
molecular mass marker; lane 1: wild-type uncut Bac-N-Blue virus
showing the 839 bp band of the polyhedrin gene; lane 2: recombinant
LGA virus contaminated with wild-type virus; lane 3: pure recom-
binant LGA virus showing the 2,200 bp band corresponding to the
human LGA cDNA. The analysis was done by PCR of DNA isolated
using the plaque assay, as detailed in Section 2. (B) Identification of
recombinant human LGA protein. Sf9 cells infected with the recom-
binant LGA virus were analyzed by SDS-PAGE and Western blot
using anti-LGA1–602 antibodies. Lane 1: cell extract from Sf9 cells
infected with recombinant virus contaminated with wild-type Bac-
768 J.A. Campos-Sandoval et al. / The International Jo

2.7. Western blotting

Cell extracts and pure glutaminase proteins were
analyzed by SDS-PAGE and Western blotting essen-
tially as described (Segura et al., 1995). The blots were
developed with the enhanced chemiluminiscence (ECL)
technique as recommended by the supplier (Amersham
Biosciences). Isoform-specific anti-LGA1–602 antibod-
ies, raised against recombinant human LGA, were used
as reported before (Campos et al., 2003; Olalla et al.,
2002). A peptide containing the first fifteen amino acids
of human LGA sequence was synthesized, coupled to
keyhole limpet hemocyanin and immunization in rab-
bits performed as detailed elsewhere (Segura et al.,
1995). This antiserum was noted as anti-LGA1–15. Pro-
tein contents were determined by the Bradford method
(Bradford, 1976).

2.8. Sequence analysis

N-terminal sequence analysis was performed on
an Applied Biosystems Procise 492 protein sequencer
(Centro de Investigaciones Biológicas, CIB, Madrid,
Spain). Recombinant purified LGA protein was sepa-
rated by SDS-PAGE and transferred to Immobilon P
filters. Six to eight cycles were routinely done. Mass
spectrometry determinations were done with Bruker
MALDI-TOF/TOF Ultraflex equipment (Central Pro-
teomics Facility, Universidad Autónoma de Barcelona,
Spain). Spectra were taken in the linear mode using an
acceleration voltage of 25 kV and BSA was used as a
standard to calibrate the apparatus.

3. Results

3.1. Expression of human LGA in insect cells

Pure recombinant viruses were isolated by plaque
assay and clearly identified by PCR. Recombinant virus
showed a band of about 2.2 kb, corresponding to the
cDNA of human LGA, whereas wild-type Bac-N-Blue
virus showed the polyhedrin cDNA band of 839 bp
(Fig. 1A). Cells infected with purified recombinant
LGA virus resulted in a new protein that was detected
when cells were directly lysed in denaturing buffer and
subjected to SDS-PAGE and Western blot (Fig. 1B).
Infection of Sf9 insect cells with Bac-N-Blue-LGA
resulted in a good level of GA catalytic activity. Crude

cell extracts of insect cells had specific GA activities
of 0.5–2 U/mg. The non-infected cells did not show any
GA activity. For LGA, maximum expression levels were
found 4 days post-infection using a multiplicity of infec-
N-Blue virus; lane 2: cell extract from Sf9 cells infected with pure
recombinant LGA virus. The relative position of the molecular mass
markers is indicated on the left.

tion (MOI) of 1. The protein was seen as a clear doublet
using polyclonal antibodies raised against the recombi-
nant enzyme expressed in bacteria (Fig. 1B).

3.2. Purification of human LGA

Recombinant LGA protein was usually purified start-
ing from 150 × 106 cells. The cell extract, containing
63 mg of total protein and 33.45 U of glutaminase activ-
ity, was submitted to affinity chromatography using the
PDZ protein GIP as an affinity ligand. This protein was
isolated from a human brain cDNA library in yeast
two-hybrid screening (Olalla et al., 2001), using the C-
terminal half of human LGA as bait (Gómez-Fabre et
al., 2000). The interaction GIP-LGA occurs with high
affinity and takes place both in vivo as well as in vitro
pull-down assays (Olalla et al., 2001). A column of NHS-

Sepharose was prepared by coupling about 10 mg of pure
GIP per milliliter of swollen gel. The column was used
to purify the LGA from Sf9 extracts. After binding, LGA
was eluted with a salt gradient and fractions showing the
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Fig. 2. Purification of recombinant human LGA by GIP affinity
column. After affinity chromatography, purified human LGA was ana-
lyzed by SDS-PAGE and silver staining, as well as by Western blot
probed with anti-LGA antibodies. Lane M: molecular mass markers;
lane 1: soluble extract from Sf9 cells infected with the recombinant
human LGA virus and visualized by Coomassie blue staining; lane 2:
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Fig. 3. Precursor and mature forms of recombinant human LGA. Cell
urified LGA protein (specific activity 18 U/mg) obtained after GIP
ffinity chromatography and stained with silver; lane 3: Western blot
f purified recombinant LGA protein revealed with anti-LGA1–602

ntibodies.

ighest specific activities were pooled. The final prepara-
ion had 29 U of glutaminase activity and 1.6 mg of total
rotein reaching a specific activity of 18.1 U/mg. The
ool was analyzed by SDS-PAGE and silver staining, as
ell as by Western blotting (Fig. 2). A major band of

bout 63 kDa, the molecular mass of the mature protein
etected in crude extracts, was seen in the silver-stained
el. The band was also clearly detected by Western blot
sing specific anti-LGA antibodies (Fig. 2). The precur-
or (unprocessed) LGA band came out of the column at
ower NaCl concentrations and part of it coeluted with
he initial fractions of mature LGA (not shown).

.3. Molecular characterization and subcellular
ocation of recombinant LGA

Precursor and mature forms of human LGA were
ound in whole extracts of Sf9 cells. The two bands were
learly recognized by antibodies against the recombinant
GA protein expressed in bacteria (Fig. 3), but only the
recursor protein was detected using anti-peptide anti-
odies raised against the first fifteen amino acids of the
GA sequence (Fig. 3). The recombinant mature LGA
rotein was transferred to Immobilon P filters. Sequenc-
ng by Edman degradation of the mature form of LGA
howed cleavage between amino acids 38–39 and 39–40
f the deduced protein sequence (Gómez-Fabre et al.,

000), with two predominant sequences starting with
LSEA (�38LGA) and LSEA (�39LGA).
Subcellular fractionation showed that precursor and

ature forms of LGA were associated with mitochondria
extracts of infected Sf9 cells were analyzed by SDS-PAGE and Western
blotting. The blot was probed with anti-LAG1–602 (lane 1) or anti-
LGA1–15 (lane 2) antibodies.

(Fig. 4). Although glutaminases have been traditionally
considered as mitochondrial enzymes, a nuclear localiza-
tion of LGA has been recently described in rat and mon-
key brain (Olalla et al., 2002). In order to make sure of the
intracellular distribution of the expressed human LGA,
nuclei from insect cells were isolated by two different
procedures. Samples were then analyzed for identifica-
tion of the LGA protein. Western blot analysis detected
LGA in the nuclear compartment: a peptide band having
almost identical Mr as the mature form detected in mito-
chondria (Fig. 4). Whilst mitochondrial and nuclear frac-
tions displayed GA activity, the mitochondria showed
two to three times more amount of enzymic activity than
the nuclear pool. Nuclear and mitochondrial fractions
from infected Sf9 cells were used to purify recombi-
nant LGA by GIP affinity chromatography. The proteins
were submitted to MALDI-TOF and Edman degrada-
tion analysis to elucidate differences in the N-terminus
and/or molecular mass. Purified nuclear and mitochon-
drial LGA displayed the same peptide composition: a
mixture of two main polypeptides starting at amino acids
39 (�38LGA) and 40 (�39LGA) of the LGA sequence.
3.4. Kinetic analysis of LGA

We measured the effect of glutamine, phosphate (Pi),
glutamate and ammonia on LGA activity to character-
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Fig. 4. Nuclear and mitochondrial localization of recombinant human
LGA in Sf9 cells. Subcellular fractionation was done as described
under Section 2. Nuclear and mitochondrial fractions were analyzed
by Western blotting and the blot probed with anti-LGA1–602 antibodies.
The figure shows a representative experiment of different subcellular

Fig. 5. Kinetic properties of purified recombinant human LGA: depen-
dence on glutamine concentrations. The glutaminase activity of pure
LGA protein was assayed over a wide range of glutamine concentra-
tions at two phosphate concentrations: 5 mM (�) and 150 mM (�).
The values are presented as percentage of enzymatic activity, where
the 100% correspond to the Vmax calculated for each curve. A clear
sigmoidal dependence was found. The S0.5 values were 32 and 64 mM
for high and low Pi, respectively. (Inset) A representative Hill plot of

compared with classical liver isoforms, which require
ammonia as an obligatory activator (Patel & McGivan,
1984).

Fig. 6. Kinetic properties of purified recombinant human LGA: gluta-
mate inhibition. The glutaminase activity of pure LGA protein was
fractionations. Lane 1: nuclear fraction; lane 2: mitochondrial fraction.
The relative position of the molecular mass markers is indicated on the
left.

ize the kinetic properties of pure recombinant enzyme.
A clear sigmoidal dependence was found for the sub-
strate glutamine: the S0.5 values were 32 and 64 mM, for
high (150 mM) and low (5 mM) Pi, respectively; a Hill
coefficient of 2.7 was deduced from Hill plots (Fig. 5,
inset). As expected for an L-type enzyme, a low depen-
dence of Pi was seen: maximal activity was achieved at
Pi values as low as 15 mM (results not shown). How-
ever, the inhibitory effect produced by glutamate was
unexpected: at low Pi concentration (5 mM) and sub-
optimal glutamine concentration (20 mM) the IC50 was
50 mM (Fig. 6). This data is in the range of Ki values
reported for glutamate competitive inhibition of K-type
enzymes at high Pi concentrations (Shapiro, Morehouse,
& Curthoys, 1982). In contrast, there was no inhibi-
tion up to 100 mM glutamate at high Pi concentrations
and only 60% of activity was inhibited at 200 mM glu-
tamate (results not shown). In further experiments, the

dependence of LGA activity on ammonia was studied.
A slight activation effect was seen in a series of mea-
surements taken at three different pH values (7, 7.5 and
8) under physiological conditions of ammonia (Fig. 7).
the same data for high and low phosphate. A Hill index of 2.7 was
deduced. Results are the means ± SEM of three independent experi-
ments performed in duplicate.

The higher activation was seen at pH 7 and supposed
a 20% increase over control values without ammonia
added. This is another distinctive feature of human LGA
assayed in the presence of glutamate at two glutamine concentra-
tions: 20 mM (�) and 60 mM (�), as described in Section 2. In both
cases, the phosphate concentration was 5 mM. Each graph shows the
means ± SEM of at least three different determinations performed in
duplicate.
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Fig. 7. Kinetic properties of purified recombinant human LGA: effect
of NH4

+ concentration on glutaminase activity. The glutaminase activ-
ity of pure LGA protein was assayed in the presence of ammonia at
three different pH values: 7 (�), 7.5 (�) and 8 (�), measuring the
production of glutamate, as described in Section 2. The assay buffer
was 50 mM Hepes/KOH for pH 7 and 7.5 and 50 mM Tris–HCl for pH
8.0. In all the experiments, the glutamine and phosphate concentra-
tion was 50 mM. Values are expressed as the increase in glutaminase
activity relative to that of control samples incubated without ammo-
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ia (100% activity). Each graph shows mean values of two different
eterminations performed in duplicate.

. Discussion

Glutaminase activity in infected insect cells can be
ully ascribed to the recombinant human GA expressed
ecause it has been shown that Sf9 cells metabolise
lutamine via the NADH-GOGAT route (Drews et
l., 2000) and the endogenous GA activity was neg-
igible (Doverskog, Jacobsson, Chapman, Kuchel, &
äggström, 2000). The recombinant human LGA was

xpressed with high activity levels in the baculovirus
ystem. This is the first direct demonstration that the
DNA of human LGA, originally cloned from ZR-75
reast cancer cells (Gómez-Fabre et al., 2000) encodes
n active enzyme. Furthermore, we developed a novel
ffinity chromatography purification based on the inter-
ction between LGA and the PDZ protein GIP, recently
escribed by our group (Aledo et al., 2001). The one-
tep affinity chromatography strategy with immobilized
IP targets the last five C-terminal residues of LGA:
oint mutations in most of those residues significantly
ecreased or completely abolished the interaction (Olalla
t al., 2001). GIP is a small protein of 124 amino
cids containing a single PDZ domain; for this rea-
on, it is a good ligand for affinity chromatography.
GA was eluted with an ion gradient: the mature pro-
ein came out of the column at high salt concentrations,
hereas the precursor (unprocessed) form eluted at

ower ionic strengths, being less retained by the PDZ
rotein.
f Biochemistry & Cell Biology 39 (2007) 765–773 771

Purified LGA showed a predominant clear band with
apparent molecular mass of 63 kDa, which is consistent
with the size of the mature processed protein. The sub-
cellular destination of LGA in the infected Sf9 cells was
studied. In mitochondria, both precursor (66 kDa) and
mature (63 kDa) species of LGA were detected. The N-
terminal sequence of the mature form was determined by
Edman degradation. Two major sequences were detected
starting with HLSEA (�38LGA) and LSEA (�39LGA).
These cleavages are consistent with known substrate
sites for the mitochondrial processing peptidase (MPP),
having an Arg residue at position −2 or −3 (Oshima et
al., 2005).

We determined whether recombinant LGA was tar-
geted to other cellular destinations different from
mitochondria. Concretely, we evaluate its presence in
nuclei because a nuclear localization for LGA was pre-
viously reported by our group in brain of mammals
(Olalla et al., 2002), even though LGA does not pos-
sess a known nuclear localization signal in its primary
structure. Subcellular fractionation for mitochondria and
nuclei isolation was done by two different methods and,
in both cases, a clear band of mature LGA was detected
in the nuclear fraction by immunoblot analysis. This
nuclear GA cannot be ascribed to mitochondrial contam-
ination of nuclear fraction because neither cytochrome
c oxidase activity nor Hsp60 protein – used as mito-
chondrial markers – were detected on isolated nuclear
fraction. The two pools of LGA in Sf9 cells were cat-
alytically actives, although total GA activity was about
three times higher in mitochondria than in nuclei. These
data constitute the first demonstration of LGA being
located in two different compartments in a single cell
type. In addition, the nuclear localization supports pre-
vious immunocytochemistry studies in mammalian brain
which revealed segregation of an L-type enzyme in the
nucleus of neurons (Olalla et al., 2002).

Molecular characterization of mitochondrial and
nuclear recombinant LGA forms did not reveal any
significant difference between them: both were com-
posed by a polypeptide starting at amino acid 39 or
40 of the LGA sequence. Nevertheless, the LGA pro-
cessing in baculovirus system may somehow differ from
the native processing in mammals. For example, the
KGA protein purified from rat kidney is a tetramer com-
posed of 68 and 66 kDa subunits in a stoichiometry 1:3
(Srinivasan et al., 1995), while the recombinant KGA
enzyme expressed in Sf9 cells appears as a major mature

band of about 66 kDa with a minor precursor band of
74 kDa (Holcomb, Taylor, Trohkimoinen, & Curthoys,
2000). Therefore, whether nuclear and mitochondrial
LGA show different molecular structures as a conse-
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quence of distinct processing and/or post-translational
modifications remains to be established in mammalian
tissues.

The kinetic characterization showed that human LGA
is an allosteric enzyme with low affinity for glutamine
and low dependence for phosphate, as expected for an
L-type enzyme, but, surprisingly, it was inhibited by glu-
tamate, a kinetic behaviour typical of K-type isoforms.
To our knowledge, this is the first report of inhibition
by glutamate of a purified L-type GA. Previous stud-
ies with partially purified rat liver enzyme (Patel &
McGivan, 1984) and mitochondria isolated from human
liver (Snodgrass & Lund, 1984) confirmed that liver GA
is not inhibited by glutamate. In addition, human LGA is
scarcely activated by ammonia, unlike the liver enzyme
which is strictly dependent on ammonia. Partially puri-
fied GA enzymes from rat and human liver as well as
GA in intact and disrupted liver mitochondria have an
absolute requirement for ammonia as an obligatory acti-
vator (Patel & McGivan, 1984 and references therein).
In fact, the ammonia activation has been considered the
particular distinguishing feature of liver-type GA. In
agreement with our results, McGivan’s group recently
found mRNAs species identical to human LGA in sev-
eral colorectal tumours, but there was no evidence for the
presence of an enzyme with liver-type kinetics (Turner
& McGivan, 2003).

Human LGA is 67 amino acids longer than rat liver
GA protein. Comparison of both transcripts shows that
rat LGA lacks all the amino acids encoded by exon 1
and the first six amino acids of exon 2 of the human
LGA gene (Chung-Bok et al., 1997; Gómez-Fabre et al.,
2000). Considering our results, it is tempting to speculate
that the amino acids encoded by exon 1 and part of exon
2 of the Gls2 gene may be important for glutamate inhi-
bition and/or ammonia activation. Interestingly, the main
differences in the coding sequences of human LGA and
KGA are also located in regions involved with organelle
targeting (exon 1) and protein–protein interactions (exon
18) (Pérez-Gómez et al., 2003), which may be relevant
to explain their differential kinetic properties and regu-
lation. The existence of alternative spliced forms of the
Gls2 gene seems very likely, as happens with the Gls
gene, even though mRNA transcripts of different lengths
have not yet been characterized for single species. How-
ever, the existence of other rat liver sequences in the
database which are longer than the original one (Gen-
Bank # BC 104712 and # BC 089776) and data obtained

from immunoblot analysis of mouse tissues (Campos et
al., 2003) strongly support the existence of different L-
type isozymes. Thus, human LGA may be a new GA
isozyme different from the classical liver enzyme.
f Biochemistry & Cell Biology 39 (2007) 765–773

Cells and tissues expressing both K- and L-type iso-
forms can perform glutaminolysis under many different
conditions, as well as over a wide range of substrate, acti-
vator and inhibitor concentrations. It has been recently
found that co-expression of K and L isoforms in mam-
malian cells is a more frequent event than previously
thought (Turner & McGivan, 2003; Pérez-Gómez et al.,
2005). Therefore, it is important to set conditions for
GA assays that could discriminate between isozymes;
for instance, measuring in vitro activity at 50 mM Pi,
100 mM glutamine and 100 mM glutamate should inhibit
most KGA activity leaving essentially intact LGA activ-
ity. At the light of the kinetic data here described, it seems
evident that in certain human tumour cells previously
assayed, most of the GA activity can be ascribed to the
K-type isoforms (Pérez-Gómez et al., 2005).

This study represents the first report demonstrating
recombinant expression of a functional L-type mam-
malian GA enzyme. The isolation procedure yielded
pure human LGA in a one-step affinity purification
schedule. Furthermore, this work has shown a nuclear
targeting and unexpected kinetic properties of human
LGA, which strongly support the notion of this protein
being a new GA isoform able to perform additional func-
tions (Márquez, López de la Oliva, Matés, Segura, &
Alonso, 2006). Thus, human LGA may be a multifunc-
tional enzyme with different cellular destinations and
roles depending on cell type and status. Elucidation of
the signals and mechanisms underlying its targeting to
different cell locations, as well as its new putative cellular
roles, will require further studies.
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Aledo, J. C., Gómez-Fabre, P. M., Olalla, L., & Márquez, J. (2000).
Identification of two human glutaminase loci and tissue-specific
expression of the two related genes. Mammalian Genome, 11,

1107–1110.

Aledo, J. C., Rosado, A., Olalla, L., Campos, J. A., & Márquez,
J. (2001). Overexpression, purification, and characterization of
glutaminase-interacting protein, a PDZ-domain protein from
human brain. Protein Expression and Purification, 23, 411–418.



urnal o

B

C

C

C

C

D

D

E

G

H

H

H

K

J.A. Campos-Sandoval et al. / The International Jo

radford, M. M. (1976). A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle of
protein–dye binding. Analytical Biochemistry, 72, 248–256.

ampos, J. A., Aledo, J. C., del Castillo-Olivares, A., del Valle, A.
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