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Abstract. Glutaminolysis is initiated by either of two isoforms, In contrast, much less is known about glutaminase expression
K- and L-types, of the enzyme phosphate-activated glutaminasén humans, although recent molecular cloning studies are covering
The chromosomal localization, genomic organization, and the tisthis lack of information. Thus, Nagase and colleagues isolated a
sue-specific expression of the genes have been investigated in tfRAG cDNA from a human brain library; sequence analysis showed
human by using isoform-specific cDNA probes. Results obtainedhat this cDNA is homologous to the rat K-type (Nagase et al.
from radiation hybrid mapping experiments assigned the K-1998). Afterwards, Elgadi et al. (1999) isolated a cDNA from
glutaminase gene to human Chromosome (Chr) 2, and a secomliman colon cancer cells, very similar to the K-PAG obtained
locus forL-glutaminase in Chr 12 was identified. Southern blot from brain except in the C-terminal region; the authors conclude
analysis with the L-cDNA probe showed hybridization to a single that this new isoform derived from alternative splicing of a pri-
restriction fragment, while four to seven fragments were found tOmary transcript originated from the same K-gene. Very recently,
hybridize to the K-cDNA probe. The distribution of human gluta- e have cloned a PAG cDNA from a human breast cancer cell
minase expression was also investigated: the L-cDNA probe deyine, and, surprisingly, it turned out to be similar to the rat L-type
tected a single band of 2.4 kb in liver, brain, and pancreas, Wheree(é;dnez-liabre et al. 2000). Indeed, this liver-type isozyme is ex-
a single transcript of approximately 4.4 kb was detected in kidneypessed in human brain and pancreas, apart from liver, in sharp
brain, heart, placenta, lung, and pancreas by using the K-cDNAqnirast to the currently accepted model, which establishes the
probe. This work provides evidence that the human liver and kid+ asence of the K isoenzyme in all nonhepatic tissues, with the
ney glutaminase isozymes are encoded by separate genes locaje pe being expressed only in postnatal liver (Curthoys and Wat-
on different chromosomes; furthermore, the expression pattern ig, q 1995). The availability of specific DNA probes for both K and
human tissues revealed for both isoenzymes differs notably from ,man isoforms allowed us to determine the PAG gene organi-
the paradigm based upon the isoenzyme distribution in rats.  zatjon and tissue-specific expression in the human, which are de-
tailed in this paper.

Introduction )
Materials and methods

Glutamine, the most abundant free amino acid in the body, plays
an important role in the nitrogen and carbon-skeleton exchang€ell culture. Human breast cancer cell line ZR-75-1"({Gez-Fabre et al.
among different tissues, where this amino acid fulfills many dif- 2000) was purchased from American Type Culture Collection (A.T.C.C.,
ferent physiological functions. In this way, glutamine is used forManassas, Va., USA). The cell line was grown in RPMI 1640 medium
brain neurotransmitter synthesis, hepatic urea synthesis, renal argdPplemented with 10% (vol/vol) fetal calf serum (Engel et al. 1978) at
moniagenesis, gluconeogenesis in both liver and kidney, and as¥ C under air/CQ(19:1).
major respiratory fuel for many cells (Kovacevic and McGivan
1983). Radiation hybrid mapping experimentShromosomal locations of

In all these cases, phosphate-activated glutaminase (PAG; E®e two PAG genes were determined by using human x rodent hybrid
3.5.1.2) catalyzes the first step in the transformation of glutaminepanels, GeneBridge4 (Research Genetics Inc., USA). The presence or ab-
In the rat, PAG appears as two forms, denoted liver and kidne)?ence of each PAG gene in the whole panel was determined by PCR. The

pes (LPAG and K-PAG, fespectel). The LPAG ispresentneld PIEs o' STACCCCATTCECTCACCACAC 3 ot
only in adult rat liver, whereas the K-type enzyme is found in all - [oSP y:

. . R . ) . The reverse primers for the L- and K-isoforms were@G&GGCAAGC-
other rat tissues with PAG activity, including fetal I_|ver (Srr]lth and cATTAGGCTGTACC-3 and B-TAGTCACACAAAGCGGGCTGC-3,
Watford 1990). Both enzymic forms of PAG display different respectively. PCR specificity was increased by a hot-start step. Briefly,
kinetic, immunological, and molecular characteristics (McGivanpcCR reactions, in a final volume of 30, containing 25 ng DNA, 23@M

and Bradford 1983; Curthoys and Watford 1995) that may con-each dNTP, and 0.48M each primer, were subjected to a denaturing step
tribute to their differential short-term regulation and tissue-specificof 3 min at 95°C. One unit ofag DNA polymerase (Roche Diagnostics)
function. The complete cDNA for these rat PAG isoforms has beervas then added. A further 2-min denaturing step at 95°C was followed by
cloned (Shapiro et al. 1991; Chung-Bok et al. 1997). Despite thes0 cycles of amplification with a denaturation temperature of 95°C for 15 s;

high overall degree of identity in amino acid sequences, the scafn"€aling and extension at 65°C for 1 min. Afterwards, PCR products were
’ I%ze separated by electrophoresis in large submarine gels on 2% agarose

tered amino acid substitution pattern suggests that the two PAG. < e por product lengths were 139 bp for K-PAG and 107 bp for
enzymes are the products of related but separate genes (Chundpag

Bok et al. 1997).

- Human isoform-specific PAG probea. 0.95-kb K-specific PAG
Correspondence tal. Maquez; E-mail: marquez@uma.es probe was prepared by restriction of the human cDNA clone HK03864
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L-PAG MRSMKALOKALSRAGSHCGR 20
K-PAG MMRLRGSGMLRDLLLRSPAGVSATLRRAQPLVTLCRRPRGGGRPAAGPABAARLHPWWGG 60 Ch romosome 1 2 Ch romosome 2
PO
cR cR
L-PAG GGWGHPSRSPLLGGGVRHHLSEARAQGRETPHSHQP~———====m===m=m= = 56 i wWe2n2 10aq ———— AFMAO70WCY
_ . e —_—
K-PAG GGWPAEPLARGLSSSPSEILOFLGKGSTHPQPGYSPPAAPRAPGPKDGPGETDAFGNSEG 120 2| WI-3041 P S —
SR Lo - /WI-GQBO __\025323
L-PAG ---QHQDHDSSESGMLSRLGDLLFYTIAEGQERTPTHKFTTALKATGLQTSDPRLRDCMS 113 =+ CHLC.GATA6CO1.406 =°T \Df—qsl_aca(();ATAzsem
K~PAG KELVASGENKIKQGLLPSLEDLLFYTIAEGQEKIPVHKFITALKSTGLRTSDPRLKECMD 180 CHLC.
L i Kik. ok RRARARARRERAL EiARE ARk AR RAREARD AR WI-4263 WI-5509
1 AFMA106VDS5 207 e
L-PAG EMHRVVQESSSGGLLDRDLFRKCVSSSIVLLTQAFRKKFVIPDFEEFTGHVDRIFEDVKE 173 1511 WI-52
- \
K-PAG MLRLTLQTTSDGVMLDKDLFKKCVQSNIVLLTQAFRRKFVIPDFMSFTSHIDELYESAKK 240 WI-6327 D2s174
DLt kK skkikkkahAh K KAkkAkkAkrRARRARA Kk kyk gk Kk T
59.8 RP L411
L-PAG LTGGKVAAYIPQLAKSNPDLWGYVSLCTVDGORHSVGHTKIPFCLOSCVKPLTYAISISTL 233 4
K~PAG QSGGKVADYIPQLAKFSPDLWGVSVCTVDGQRHS TGDTKVPFCLOSCVKPLKYATIAVNDL 300
Saara A AT n AATAAAR LT T DA % AR AR A A hang s CHLC.GATA41A11
A
L-PAG GTDYVHKFVGKEPSGLRYNKLSLDEEGIPHNPMVNAGAIVVSSLIKMDCNKAEKFDEVLQ 293 T -
K~-PAG GTEYVHRYVGKEPSGLRFNKLFLNEDDKPHNPMVNAGAIVVTSLIKQGVNNAEKFDYVMQ 360
PO e S O e
F——LPAG
L-PAG YLNKMAGNEYMGFSNATFQSEKETGDRNYAIGYYHEEKKCFPKGVDMMAALDLYFQLCSV 353 E S \
K~-PAG FLNKMAGNEYVGFSNATFQSERESGDRNFAIGYYLKEKKCFPEGTDMVGILDFYFQLCSI 420
e T CHLC.GATA71A08 Wieato
AFAOG5XE0 o
L-PAG EVTCESGSVMAATLANGGICPITGESVLSAFEAVRNTLSIMHSCGMYDFSGQFAFHVGLPA 413 1 -
K-PAG EVTCESASVMAATLANGGFCPITGERVLSPEAVRNTLSLMHSCGMYDFSGQFAFHVGLPA 480 D12s868 CHLC.GATAB5E09
G N P CHLC.GATA73H09 182065
L-PAG KSAVSGAILLVVPNVMGMMCLSPPLDKLGNSHRGTSFCQKLVSLFNFHNYDNLRHCARKL 473 CHLC.GATA4B09-115 . AFMB3S3YE9
K-PAG KSGVAGGILLVVPNVMGMMCWS PPLDKMGNSVKGIHFCHDLVSLCNFHNYDNLRHFAKKL 540 T 107 WI-3652
Sk ke kKRR RA KA AR KAKAER G RAR 1h KA RAAR KAREARARAR kg WI-2993 ::/
1447
L-PAG DPRREGAEIRNKTVVNLLFAAYSGDVSALRRFALSAMDMEQKDYDSRTALHVARAEGHIE 533 41— D12s870 F KPAG
K~PAG DPRREGGDQRVKSVINLLFAAYTGDVSALRRFALSAMDMEQRDY DSRTALHVAAREGHVE 600 WI-3167 *
AR EAAK 1 K Kk RARRARK L ARk Rk Kk kAR Kok Kok ok K 1 Kk ok ok Kk ok ok ok kR kK s K / = D2S117
+ AFMB337ZD5
ol —— AFMA121YH1
L-PAG VVKFLIEACKVNPFAKDRWGNIPLDDAVQFNHLEVVKLLODYQDSYTLSETQAEAAREAL 593 D125367
K~PAG VVKFLLEACKVNPFPKDRWNNTPMDEALHFGHHDVFKILOEYQVQYTPQGDSDNGKENQT 660 D25348
O A WI-10756
L-PAG SKENLESMV 602 A
K-PAG VHKNLDGLL 669 1
T
Fig. 1. Amino acid alignment of human K-PAG and L-PAG. The deduced GHLG GATAT2410 1014
amino acid sequences of human K- and L-PAG (GenBank #AB020645 and / : .
AF110330, respectively) were aligned by using the CLUSTALW program. | —— —passa
Amino acid identities are indicated by asterisks, highly conservative sub- I /Dwﬁseaa‘:i

stitutions by colons, and conservative by full stops. The deduced amino

acid sequences corresponding to the cDNA fragments used as probes drig. 2. Localization of the PAG loci on the human Chrs 2 and 12. The

displayed in cursive. radiation hybrid map is presented as a vertical bar. Distances within the
map are shown on the left, expressed as centirays (cR), where 1cR corre-
sponds to 1% frequency of breakage between two markers after exposure

(Nagase et al. 1998) with the enzynigglll and EcaRl (nt 841-1791). As t0 3000 rad of X-rays.

L-specific PAG probe, the 1.1-kb’HRACE clone of the human breast
cancer cell PAG (nt 187-1259) was used (@&z-Fabre et al. 2000). The Results and discussion
cDNA fragments used as probes were coding sequence in both cases (Fig.

1). Radioactive labeling of these cDNA probes was performed by the . .
random primed method using the High Prime kit (Boehringer) and Recently, the isolation of two human PAG cDNA clones has been

[«-32P]dCTP (Amersham). reporteq (Nagase et al. 1998;'@92-Fabrg et al. 2000). The
nucleotide sequences have an overall similarity of 68%, and the
deduced amino acid sequences show 72% identity (Fig. 1). The

Genomic DNA Southern blot analysésigh molecular weight ge-  goattered amino acid substitution pattern observed is similar to that

nomic DNA was isolated from ZR-75 cells using TriReagent (Sigma, St. . . .
Louis, Mo.) according to the manufacturer’s instructions. Genomic DNAfound for the rat kidney and liver isozymes (Chung-Bok et al.

(15 ng) was digested with selected restriction enzymes, size fractionated 997)- This pattern of similarity rules out the possibility of an
on 0.7% agarose gel, transferred to Hyboridiylon membrane, and ~ alternative mRNA splicing process, suggesting that the K and L
processed as described elsewheréniép-Fabre et al. 2000). Briefly, the human PAG isoforms are probably encoded by different genes.
membranes were pre-hybridized at 68°C for 30 min in QuickHyb solutionFurthermore, the human PAG cDNA isolated from brain is highly
(Stratagene) and hybridized wiftfP-labeled cDNA probes in the same similar to the rat K-isozyme, having a sequence identity of 95% in
solution at 68°C for 1 h. Washes were carried ouix SSC/0.1% SDS 668 amino acids (Nagase et al. 1998), whereas the human PAG
at room temperature for 15 min and 0.1 x SSC/0.1% SDS at 42°C for 2>spNA isolated from breast cancer cells shares a considerable de-
#S”rgnbrzzgnfgf; x‘féisﬁf’;?ﬁgses‘irtgeﬁgiﬁr g(_ ;) '(\j/gg AR films at =80°C gree of identity with the rat L-isozyme (94% identity in 535 amino
: acids; Ganez-Fabre et al. 2000).

In spite of this information, to the best of our knowledge only
Northern blot analysesThe tissue distribution of human K- and L-type one locus has been previously reported for PAG gene in mouse,
PAG mRNAs was determined by the hybridization®3P-labeled cDNA  rat, and human (Nagase et al. 1998; Mock et al. 1989). In this
probes to a commercially available Northern blot of poj{AnRNA work, we have identified the chromosome on which the human

(Clontech). Prehybridization and hybridization were carried out as de : : : : _
scribed elsewhere (Guez-Fabre et al. 2000). Afterwards, the membranes-la gene.tﬁ tlr?caged’ u;'%g a:omdpr?henﬁlvg_gene I’T:aE)I_Fr)]Ing prolfe
were washed twicani2 x SSC, 0.1% SDS at 42°C, followed by two washes . ure wi € benebridge 4 radiation hybrid panel. e resuits
in 0.5 x SSC. 0.1% SDS, and 0.1 x SSC, 0.1% SDS. both at 60°C for 3¢ndicated that the L gene is located on human Chr 12; this loca-
min. The membranes were then exposed to Kodak X-OMAT AR films attion is distinct from that of the K gene, located on Chr 2. The
-80°C for 4-5 days. The integrity of the RNAs was checked with a L-PAG gene is located at 6.5 gR, from the genetic marker
GAPDH cDNA probe rehybridized in the same filter. CHL.GATA41A11 (Fig. 2). One centiray, 3y, corresponds to
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Fig. 4. Tissue-specific distribution of the human PAG isoforms. A human
multiple-tissue Northern blot containing approxu.d of poly(A") mRNA

per lane was sequentially hybridized with cDNA probes for human L-PAG
[left panel, taken from Gmez-Fabre et al. (2000)] and K-PAG (right
panel). Lanes contained, from left to right, RNA from human heart (H),
brain (B), placenta (PI), lung (Lu), liver (L), skeletal muscle (M), kidney

Fig. 3. Southern blot analyses of human genomic DNA. Samples contain-(K)’ and pancreas (P). RNA size marker bands are indicated on the left.

ing 15 ng of ZR-75 breast cancer cell DNA were digested with indicated
restriction enzymes, fractionated by gel electrophoresis, and hybridized
Wi’th cDNA probes specific for each PAG isoform. Left panel taken from Nagase and co-workers (1998) using RT-PCR with primers spe-
Gomez-Fabre et al. (2000). cific for the cDNA clone HK03864. Furthermore, this tissue dis-
tribution of K-PAG is roughly similar to that observed by Elgadi
1% frequency of breakage between two markers after exposure @t al. (1999) using Northern analysis with a K-PAG cDNA from
3000 rad of X-rays (Walter et al. 1994). We have further corrobo-human colon cancer cells, with two discrepancies: we were unable
rated the localization of the human K gene on Chr 2, employingto detect a PAG transcript in skeletal muscle or the second minor
radiation hybrid mapping and primers specific for the human brainband of 3.5 kb observed by these authors in kidney and pancreas.
K-PAG clone (Nagase et al. 1998). This last result is in good A notably different expression pattern was revealed for L-PAG
agreement with a previous work, which reported the location ofin human tissues: a cDNA probe for L-type PAG hybridized to a
human PAG on Chr 2 by using a rat brain cDNA clone as probe irsingle band of 2.4 kb, and the most intense expression was seen in
Southern transfer analysis with somatic cell hybrid (Mock et al.liver, although strong hybridization signals were also detected in
1989). The probe used by these authors was 100% identical to tHyain and pancreas. No signal was observed in heart, placenta,
rat kidney PAG cDNA (Shapiro et al. 1991), which further lung, skeletal muscle, and kidney. It is noteworthy that neither
strengthens the view of the locus on Chr 2 being the K-PAG geneK-type nor L-type PAG was apparent in skeletal muscle. This
Therefore, it can be concluded that there are at least two related btissue-specific expression pattern contrasts with that reported for
separate genes encoding for the K- and L-PAG, which map tdhe rat (Curthoys and Watford 1995) and argues against the present
distinct human chromosomes. view, which considers the K-type enzyme as the only isoform
Total human genomic DNA was analyzed on Southern blot toexpressed in all tissues with PAG activity in mammals, with the
further assess the complexity of the PAG genes. DNA was diexception of postnatal liver (Curthoys and Watford 1995).
gested with different enzymes, electrophoresed, blotted onto a ny- The occurrence of different PAG transcripts in the same tissue
lon membrane, and probed with a 0.95-kb and a 1.1-kb codindlas been reported in several species including pig (Porter et al.
fragment from the K- and L-PAG cDNAs, respectively (Fig. 1). 1995), human (Elgadi et al. 1999), and mouse (Aledo et al. 1998).
After digestion by endonucleases, a single restriction fragmentowever, in all these cases, the expressed transcripts belong to the
hybridized to the L-cDNA probe, whereas four to seven fragmentssame PAG isoenzyme: the K-type or a highly related spliced form
were detected when the K-cDNA probe was used (Fig. 3). Thenamed C-type (Elgadi et al. 1999). We have presented experimen-
very different patterns obtained with both PAG probes are consistal evidence that supports, for the first time, the view that in hu-
tent with the finding of two isoloci for PAG genes. The nucleotide mans a single organ can simultaneously express different PAG
sequences for mammalian PAG genes have not been determin@énes, which may have profound physiological implications. For
yet in any species, and, therefore, the genomic organization reexample, in brain the two PAG isoforms may play a different role
mains unknown. However, the very simple hybridization patternin glutamate-mediated neurotransmission or may be expressed in
observed with the L-PAG probe suggests that there is only one Idifferent cellular types or subcellular compartments, allowing their
gene. The more complex pattern obtained with the K-PAG probgegulation by separate cellular mechanisms. Interestingly, early
may suggest that this gene is longer than the L gene, containingtudies have shown that PAG appears in soluble and membrane-
introns with the restriction sites used; nonetheless, the possibilitfpound forms (Nimmo and Tipton 1979), and the enzyme associates
of different copies for the K gene cannot be ruled out. with mitochondrial and non-mitochondrial localizations (Aoki et
To determine the tissue distribution of K- and L-PAG mRNA al. 1991). Finally, it would be interesting to ascertain whether
species, we probed a human multiple-tissue Northern blot with thé@ltered expression patterns of both isoforms can be ascribed to
cDNA probes specific for each isoform (Fig. 4). The K-cDNA specific abnormalities or diseases.
probe hybridized to a single transcript of approximately 4.4 kb that
was highly expressed in "",’”ey and brain. Lower levels of EXPresacknowledgmentswe are indebted to Dr. Takahiro Nagase at the Kazusa
sion were also apparent in heart, placenta, lung, and pancreasya Research Institute for providing us with the cDNA for human K-
whereas no signal was observed in liver and skeletal muscle. ThisAG. We thank Professor I. Nez de Castro for critical reading of the
pattern of expression is identical with that previously reported bymanuscript, and the Whitehead Institute/MIT Center for Genome Research
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