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Abstract Glutamine/glutamate homeostasis must be exquisite-
ly regulated in mammalian brain and glutaminase (GA, E.C.
3.5.1.2) is one of the main enzymes involved. The products of
GA reaction, glutamate and ammonia, are essential metabolites
for energy and biosynthetic purposes but they are also hazardous
compounds at concentrations beyond their normal physiological
thresholds. The classical pattern of GA expression in mammals
has been recently challenged by the discovery of novel transcript
variants and protein isoforms. Furthermore, the interactome of
brain GA is also starting to be uncovered adding a new level of
regulatory complexity. GA may traffic in brain and unexpected
locations, like cytosol and nucleus, have been found for GA
isoforms. Finally, the expression of GA in glial cells has been
reported and its potential implications in ammonia homeostasis
are discussed.

Keywords Mammalian glutaminases . Multifunctional
proteins . Novel isoforms . Protein trafficking . Astrocytes .

Hepatic encephalopathy

Introduction

The rapid advances in brain research hold the promise of
unravelling the main questions that still remain elusive for

diseases and disorders of this organ. Breakthrough transcrip-
tomics and proteomics studies are having a tremendous
impact on the elucidation of basic molecular mechanisms
in cerebral function and their deregulations in mental dis-
eases. In this mini-review, we highlight the impact of recent
findings for mammalian GA isozymes and stress their reper-
cussions in pathological states with special emphasis on
some disorders affecting the brain.

Outlook of mammalian GA genes and proteins

Mammalian GA enzymes catalyze the hydrolytic deamida-
tion of glutamine (Gln) to glutamate (Glu) and ammonium
ions. Two paralogous genes in separate chromosomes en-
code distinct GA isozymes: the Gls gene encodes kidney-
type (K) isozymes, whilst the gene Gls2 codes for liver-type
(L) isozymes (Aledo et al. 2000). Two K-type isoforms,
named KGA and GAC, arise from the Gls gene by a mech-
anism of alternative splicing (Elgadi et al. 1999). The exis-
tence of two transcript variants for the Gls2 gene, termed
LGA and GAB, has been also recently demonstrated
(Martín-Rufián et al. 2012). The distinct GA isoenzymes
differ in their pattern of expression in mammalian tissues
and cells, as well as in their molecular, kinetic and regula-
tory properties (Márquez et al. 2006; Márquez et al. 2010)
(Table 1).

Novel roles for mammalian GA isoenzymes

The presence of multiple GA transcripts has been demon-
strated in many mammalian tissues (Table 1) and even in a
single cell type (Martín-Rufián et al. 2012). The abundance
of a particular GA mRNA species may significantly change
depending upon the tissue type and the developmental or
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metabolic state of the tissue; therefore, each transcript may
represent a specific target for different stimuli, the overall
GA expression being the balance between these stimuli. In
order to get a deeper insight into novel potential functions of
GA proteins, it is necessary to characterize the whole mo-
lecular portrait of GA expression in different tissues and
cells. Quantification of GA transcripts in liver and brain of
rat and mouse revealed marked tissue- and species-specific
differences with regard to their absolute levels of expression
(Fig. 1) (Martín-Rufián et al. 2012). An unexpected result
was the dramatic change in mRNA levels observed in liver:
GAB was the most abundant isoform in mouse (11-fold vs
LGA) but not in rat, where LGA predominates over GAB
almost in the same proportion (10.5-fold). In brain, the
pattern of L-type mRNA expression was the opposite of
that previously found in liver: LGA was the main isoform
in mouse while GAB showed the greatest abundance in rat.
In rat and mouse brain, KGA was clearly the predominant
isoenzyme accounting for more than 90% of total GA tran-
scripts (Fig. 1). Thus, there are expression of both L-type
and K-type GA isoenzymes in mammalian brain.

On the other hand, little is known about regulation of GA
isoforms by post-translational modifications and structural
information to identify modified residues in their protein
sequences is still lacking. Nevertheless, experimental evi-
dences have been recently found suggesting that the K-type
isoforms GAC (Wang et al. 2010) and KGA (Thangavelu et
al. 2012) are phosphorylated as a result of their regulation
by different signalling pathways in cancer cells.

To further complicate the pattern of GA expression in
mammalian brain, it has been shown that an L-type GA

protein is located in neuronal nuclei, in contrast with the
mitochondrial location of KGA (Olalla et al. 2002). The
nuclear role of this L-type GA has yet to be determined,
but this novel location has been linked to a potential func-
tion as transcriptional coregulator (Márquez et al. 2006;
Szeliga et al. 2008). In this regard, a recent study has
revealed that overexpression of human GLS2 gene in
T98G glioblastoma cell line induced a marked reversion of
their transformed phenotype (Szeliga et al. 2009), but the
concrete molecular mechanisms underlying this phenotypi-
cal change are still unknown.

Interaction of GA isoforms with protein interacting part-
ners recently discovered in brain may allow targeting of GA
to different subcellular locations. Thus, the human L-type
GAB isoform has been shown to interact with two PDZ
proteins: GIP (Glutaminase-Interacting Protein) and α1-
syntrophin (SNT) (Olalla et al. 2001). PDZ proteins are
scaffolds for assembling multiprotein complexes and they
also target proteins to subcellular destinations. In brain, they
are crucial for regulation of synaptic protein composition
and structure. The interaction of GAB with PDZ proteins
may control GA activity and suggests a molecular mecha-
nism to explain its nuclear translocation (Márquez et al.
2010). GIP and SNT are widely expressed in mammalian
brain, particularly in astrocytes where they are concentrated
in cell processes and perivascular end feet (Olalla et al.
2008; Bragg et al. 2006). On the other hand, KGA protein
may also traffic in brain through interaction with caytaxin, a
protein exclusively expressed in neural tissues and encoded
by a gene associated to human cayman ataxia (Buschdorf et
al. 2006). This protein contains a novel protein-protein

Table 1 Mammalian GA genes, transcripts and protein isoforms

Transcript/protein name KGA GAC GAB LGA

Gene Gls Gls Gls2 Gls2

Transcript lengths 18 exons/ 4348nt 15 exons/ 3183nt 18 exons/2408nt 17 exons/ 2026nt

Transcriptional mechanism Alternative splicing Alternative splicing Canonical Alternative transcription
initiation and alternative
promoter

Transcriptional regulation c-Myc — p53 —

Expression Ubiquitous in most
nonhepatic mammalian
tissues, human cancer cells

Cardiac muscle,
pancreas, placenta,
kidney, lung, human
cancer cells

Brain, pancreas,
human cancer cells
and immune cells

Liver, brain, human
cancer cells

Human proteins 669 aa 598 aa 602 aa 565 aa

Pi dependence High — Low Low

Ammonia activation No No Very low Strong

Glutamate inhibition Strong — Moderate No

Interacting partners Caytaxin — GIP and SNT —

The data for transcripts, transcriptional regulations and proteins are for human glutaminases, whereas the kinetic and expression data have been
collected from different mammalian glutaminases. (−−−) Not determined
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interaction domain known as the BNIP-2 and Cdc42GAP
homology (BCH) domain. After cotransfection of PC12
cells with KGA and full-length caytaxin, KGA was specif-
ically redistributed by caytaxin to neurite terminals indepen-
dently of and away from mitochondria; therefore caytaxin
relocalized KGA from cell body to neurite terminals
(Buschdorf et al. 2006). Neuronal trafficking of KGA was
specifically ascribed to its interaction with caytaxin, which
also reduced the steady-state levels of Glu by inhibiting
KGA activity; thus, glutamatergic neurotransmission and
neuronal development could be regulated by this novel
interaction (Buschdorf et al. 2006).

Dysregulation of GA and its implication in brain

The relevance of the interorgan metabolism of Gln and Glu,
and its concomitant ammonia trafficking, clearly denotes the
crucial regulatory role of GA, and its counterpart glutamine
synthetase (GS), in mammals. The presence of GA and GS
activities in the same tissue allows the existence of Gln/Glu
substrate cycles which are important for metabolic regula-
tion. The operativity of such cycles was nicely demonstrated
many years ago in brain (Hertz 1979), liver (Häussinger et
al. 1982) and kidney (Baverel et al. 1984). Another para-
digmatic example occurs in cancer. Previous studies con-
firmed Gln as the major nitrogen source for tumour cells
(Márquez et al. 1989); hence, to assure a net flux of Gln
from host tissues to the tumour, many types of cancer cells
induce a simultaneous modulation of GS and GA activities
in liver and kidney conducive to a net production of Gln by
the host tissues (Quesada et al. 1988; Márquez et al. 1989).

Dysregulation of GA from peripheral tissues usually has
strong incidence in cerebral metabolism. Thus, metabolic
abnormalities have been detected implicating GA in the pa-
thology of hepatic encephalopathy (HE). Increased serum and
cerebral ammonia levels are a hallmark of this neuropsychi-
atric syndrome associated with liver dysfunction. In persons
with cirrhosis, intestinal GA has been proposed as the main
source of ammonia (Olde Damink et al. 2002) while KGA
activity was increased and correlated with minimal HE
(Romero-Gómez et al. 2004). Of note, a recent genetic study
identified a microsatellite GCA repeat in the promoter region
of the GLS gene that was associated to the development of
overt HE in patients with cirrhosis (Romero-Gómez et al.
2010). In this context, it should be mentioned that rat KGA
as well as human KGA and GAC cDNAs contain variable
CAG trinucleotide repeats in their 5’ ends (Márquez et al.
2010 and references therein). CAG repeat-length polymor-
phisms are shown to be the cause of various neurodegenera-
tive diseases, including Huntington’s disease, spinocerebellar
ataxias, and myotonic dystrophy. The trinucleotide CAG
repeats encode polyglutamine stretches that may give rise to
protein aggregation and damage of neural tissue. The func-
tional significance of these CAG repeats in GA, if any, is
unknown.

Besides the ammonia hypothesis of HE, but highly related
with it, the “Trojan horse” hypothesis has appeared in the last
years as an alternative way to explain ammonia neurotoxicity
(Albrecht and Norenberg 2006). The principal pathway for
ammonia detoxification in brain is the conversion of Glu to
Gln catalysed byGS, an enzymemostly expressed in astrocytes
(Norenberg and Martínez-Hernández 1979). However, the ex-
cess of Gln generated by GS reaction will in turn be noxious

Fig. 1 Quantification of
mRNA levels of KGA, GAB
and LGA transcripts in rat and
mouse tissues by qPCR. Graphs
show the percentage of absolute
copy number of mRNA
transcripts for KGA (light
green), LGA (red) and GAB
(blue) isoforms per ng of total
RNA. (Adapted from Martín-
Rufián et al. Mammalian gluta-
minase Gls2 gene encodes two
functional alternative tran-
scripts by a surrogate promoter
usage mechanism. PLoS One 7:
e38380. Epub 2012 Jun 5.
PMID: 22679499)
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and conducive to brain edema and astrocytic swelling
due to osmotic stress (Häussinger et al. 2000).
Moreover, the heightened Gln levels can induce oxida-
tive stress and mitochondrial permeability transition in
astrocytes, after mitochondrial transport and catabolism
(Rama Rao et al. 2005). Thus, mitochondrial Gln
behaves as a “Trojan horse” and ends up causing neu-
rotoxicity through deamidation by GA, thereby generat-
ing very high levels of ammonia in mitochondria
(Albrecht and Norenberg 2006). The hypothesis requires
the presence of astrocytic GA activity. Primary cultures
of astrocytes displayed strong GA activity (Kvamme et
al. 1982) and GA mRNA transcripts (Szeliga et al.
2008), but the existence of GA activity in vivo in
astrocytes has not yet been proved. We have found L-
type GA in rat brain astrocytes from the cerebral cortex
by immunocytochemical analyses (Olalla et al. 2008)
and further studies are under way to identify other GA
isoforms and to verify whether they are catalytically
active. It is noteworthy that L-type GA colocalized with
GIP in astrocytic processes and perivascular end feet,
which may suggest a mechanism for targeting and/or
regulation of GA in astrocytes (Olalla et al. 2008).

Conclusions

It will be of great importance to ascertain whether the
different biological roles suggested for GA isoforms can
be, at least in part, achieved by differential expression
of the alternative transcript variants recently discovered.
Further work is needed to detail the in vivo function of
GA in astrocytes and to fully characterize the regulation
of GA isoforms by protein interacting partners and their
relevance in metabolic brain diseases and cancer.
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