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Guanindinoacetate methyltransferase (gene symbol,
GAMT) catalyses the synthesis of creatine from gua-
nidinoacetate and S-adensylmethionine. Pathological
mutations in the coding region of GAMT were recently
identified in two children with symptoms of muscular
hypotonia, ataxia, seizures, and abnormal extrapyra-
midal movements. During contig construction in the
telomeric region of human chromosome 19 we identi-
fied a cosmid clone carrying the entire GAMT gene.
This clone was shown to overlap with cosmids from
a contig that was previously mapped to chromosome
19p13.3. The human GAMT gene has a size of about
5 kb and consists of six exons which agree with the
published cDNA sequence. Since the mouse mutations
jittery/hesitant are located on band C of mouse chro-
mosome 10 in a region of conserved synteny with
19p13.3 and jittery mice exhibit ataxia and abnormal
movement behaviour, the genomic sequence of GAMT
was determined in wild-type and jittery mice. The cod-
ing region of the GAMT gene, however, was not mu-
tated in these mutant mice. Our linkage and sequence
data will facilitate the identification of new GAMT mu-
tations in patients suffering from an abnormal cre-

atine metabolism. © 1997 Academic Press

The creatine/creatine-phosphate system plays an
important role in phosphate bound energy metabo-
lism in particular in those tissues with high and
fluctuating energy demands. Creatine is synthesized

1 Sequence data from this article have been deposited in GenBank.
Accession numbers are AF010246, AF010247, AF010248; AF015887,
AF010498, and AF010499.

2 Corresponding author. E-mail: DJenne@dec.biochem.mpg.de.
Fax: (+49) 89 8578 3777.
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from guanidinoacetate in a methylation reaction
which is catalysed by the enzyme guanidinoacetate
methyltransferase with S-adenosylmethionine as
the methyl donor (1). The major site of endogenous
creatine biosynthesis is the liver, but considerable
amounts of creatine are also taken up with food and
milk. Peripheral tissues take up creatine from the
bloodstream by active transport and passive diffu-
sion. Certain cell types including neuronal cells, Ser-
toli cells and epithelial cells of the epidydimis are
capable of synthesizing considerable amounts of cre-
atine and may contribute significantly to the local
creatine requirement (2).

Recently, two unrelated children with an inborn
error of creatine metabolism were reported (3). One
patient presented with developmental delay, pro-
gressive muscular hypotonia and extrapyramidal
symptoms after a few months of life. The other pa-
tient developed severe ataxia and seizures at the
age of 4 years and showed a severe developmental
delay. Long term treatment of the former child
with oral creatine resulted in an impressive im-
provement of all clinical symptoms (4). Cloning and
sequencing of the cDNA for human guanidinoacetate
methyltransferase (gene symbol: GAMT) revealed
that two mutant alleles were present in both pa-
tients (3). One patient was homozygous for a muta-
tion in the codon for Lys-39 which was mutated
from AAG to AAA. Since this codon is immediately
followed by the 5’ donor of an adjacent intron
(AAGqgt), incorrect splicing of the intron after Lys-
39 occurred and resulted in abberrant 5 splice site
selection. The other patient was a compound hetero-
zygote. In addition to the same AAG to AAA muta-
tion, a direct 13-bp tandem duplication was found
within the second exon. These mutations caused an
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TABLE 1
GAMT Primer Sequences

Primer Exon Strand 5’ to 3’ sequence
(1) Murine and human GAMT
DJ542 1 + GTGATGGAGCGCTGGGAGACC
DJ557 2 - TGGCCATACCGAAGCCCACTT
DJ561 3 + AGGCCTGTGGGAGGATGTGG
DJ558 4 - TGGCCATACCGAAGCCCACTT
DJ562 5 + GGGGGAGCTGATGAAGTCCAA
DJ543 5 — CCCAGGAGGTGAGGTTGCAGTA
DJ544 6 - GGAAGGCGTAGTAGCGGCAGTC
(2) Human GAMT only
DJ580 2 - AGTCCCGGAGCCGCTGGAAG
(3) Murine GAMT only
DJ555 1 + GCCTGGTTTGCACAGCCTCAC
DJ579 1 - GGAGCCGGGACCTCTTTCCT
DJ572 2+3 + GCCAGGCCTCACATCTAAGTCC
DJ565 2+3 — GCAGGCACAGGCTGCCAAGT
DJ563 4+5 + TGAGGTTGGGCAAGGCTGTG
DJ564 4+5 — GGCCTTCCTGACTTCAGAATGG
DJ556 6 - CCCACAATCCAGCCACAAAGG

almost complete loss of GAMT activity in the liver
of both patients (3).

Here we report the exon-intron organization of the
human GAMT gene and its physical mapping to human
19p13.3 which is homologous to a region on mouse chro-
mosome 10, containing the jittery locus. Since the neu-
rological symptoms and developmental delay of jittery
mice resemble the clinical picture of GAMT deficiency
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in humans, we have also determined the sequence of
the murine GAMT gene in wild-type and jittery mice.
Our data indicate that murine GAMT is not mutated
in jittery mice.

MATERIAL AND METHODS

Cloning and sequencing of the human GAMT gene. Cosmid clone
32929 containing the GAMT gene was isolated from a chromosome
19 specific cosmid library and was identified as a member of the
cosmid contig containing the FISH mapped cosmid 19401 (5,6) by
partial restriction site mapping and fingerprinting of Eco RI sites.
The insert of cosmid 32929 was partially sequenced at the ends using
the vector specific (Lawrist 16) primers DJ180 (5'-CGACTCACT-
ATAGGGAGACCCA-3') and DJ181 (5'-CCTCGAGAATTACCCTCA-
CTAA-3"). Sequencing of cosmid and plasmid templates, gel-purified
PCR products and cDNA fragments was performed by the dideoxy
chain-termination method using an ABI PRISM 377 DNA sequencer
(Perkin Elmer).

PCR analysis. Elongase (GIBCO BRL) or TAQ polymerase-cata-
lysed (AmpliTAQ, Perkin Elmer) amplification of genomic or cDNA
fragments was performed as described by the manufacturers. The
murine cDNA of GAMT was amplified from cDNA which had been
reverse-transcribed from murine bone marrow poly(A)+ RNA (Mara-
thon cDNA amplification kit, Clontech). Primers for the sequencing
of the human and murine GAMT gene were designed on the basis
of the published human cDNA sequence (7) and the murine cDNA
sequence. These primer sequences are listed in Table 1. The murine
cDNA sequence was initially assembled from expressed sequence
TAGs (ESTs) that were found in GenBank using the program BLAST
and the human cDNA as query sequence. Ambiguities of the murine
GAMT cDNA sequence were eliminated by sequencing RT-PCR prod-
ucts. Genomic DNA of homozygous jittery (ji) mice was a generous
gift of M. Burmeister.

RESULTS AND DISCUSSION

During the course of contig construction and cos-
mid walking in the telomeric region of chromosome
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DJ180
32929 | i
4 kb
B B B

FIG. 1.
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Physical map and organization of the guanidinoacetate methyltransferase (GAMT) gene in human, rat and mouse. Upper part:

restriction site map of cosmid 32929 which covers the human GAMT gene. Restriction enzymes: B, Bam HI; R, Eco RI, S; Sac I; K, Kpn I.
Lower part: exon-intron structure of the human, murine and rat genes. Exons are depicted by black boxes and introns by thin connecting
lines. Exon-intron distribution of the rat gene is taken from a previous report (9).
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COCACTTGAG TGCAAGGCTA ATCTCTGTGC AGAGGCACCG CCCACTCOGC CTCCACCGRE 60
DJ555

CCCGEGRCTC CGCAGCCCTG CGCTCCOGGE. CTGRTTTGCA cacaeteace [ardacererr 120
M 8 8 8 4
CTGCAGCTAG CCOGCTCTTC GCGCCCGGCG AGGACTGCOGG CCCCGCGTGG CGCGCGGCCC 180
AAS PLF APGE DCG PAW RAATP 24
CCGCGGCCTA TGACGCGTCT GACACGCACC TGCAAATCCT GGGCAAGCCA GTGATGGAGC 240
AAY DAS DTHL QI L G KZP VMETR 44
GTTGGGAGAC CCCCTATATG CATGCGCTAG CGGOGGCTGC TGCCTCCAGA GGGGGCCGAE 300
WET PYM HATLA AAA A SR GGT RV 64
TCITGGAAGT GGGCTTCGGT ATGGCCATTG CAGOCTCCAG GGTGCAACAG GCCCCCATAG 360
LEV GFG MATIA A SR V QO APTITE 8
AGGAACACTG GATTATTGAG TGCAATGATG GGGTCTTCCA GCGTCTACAA GACTGGGCCC 420
EHW I I E CNDG VFQ RLOQ DWA AL 104
TGCGGCAGCC ACATAAGGTT GTTCCCTTGA AAGGCCTGTG GGAGGAGGTG GCACCTACCC 480
R QP HKUV VPLZEK GLW EEJV APTL 124
TGCCTGACGG TCACTTTGAT GGGATTCTAT ATGRCACGTA CCCGCTGTCT GAAGAGGCCT 540
PDG HFD G I LY DTY PL S8 EEA AW 144
GGCACACTCA CCAGTTCAAC TTTATTAAGA ATCATGCCTT COGCTTGCTG AAGACCGGGE 600
HTH Q FN FIKN HAF RLL KTG G 164
GOGTCCTCAC CTACTGCAAC CTCACGTCCT GGGGGGAGCT CATGAAGTCC AAATACACAG 660
VLT YCN LTS SW GEL MKS KYTD 184
ACATCACCAC CATGTTTGAG GAGACGCAGG TGCCTGCACT GUAGGAAGCT GGCTTCCTGA 720
I TT MFE ETQV P AL QEA GF L K 204
AAGAARACAT CTGCACAGAG GTGATGGCAC TGGTGCCCCC AGCCGACTGC CGCTACTATG 780
ENTI CTE VMAL VPP ADC R Y Y A 224
CCTTCCCTCA GATGATCACA CCCCTGGTCA CCAAGCAUTG_AJICAGCCGGE CCAGGTCTAC 840

FPOQ MIT PLVT KH 237
AAGGAGCCTG TGTCCTCCTC AGTALCTTTG TGGCTGGATT GTGGGCTCCA GCTCTCCACT 900

- D556
GTCCCTGCAG TGTGACATCC TAACCTCTGC CTGGCACTG 939

FIG. 2. Nucleotide sequence of mouse guanidinoacetate ami-
notransferase (GAMT) and cDNA derived amino acid sequence of
mouse GAMT. The nucleotide numbering starts with the first base
of the assembled cDNA sequence and is shown on the left. The
predicted amino acid residues are shown by standard one-letter
symbols below the first base of the respective codon. Amino acid
residues numbers (italicized) are given at the end of each row.
The methionine codons of the translational start site and the stop
codon are boxed, while the position of the primers DJ555 and
DJ556 are marked by an arrow above (forward primer) and below
(backward primer) the cDNA sequence, respectively. The cDNA
sequence has been completely sequenced between the primers
DJ555 and DJ556 and has been deposited into Genbank under
accession number AF015887.

19p13.3, we characterized cosmid 32929 by restriction
site mapping and partial sequence analysis in more
detail (Fig. 1). Using the polylinker primer DJ180 for
the cosmid vector lawrist 16, we directly sequenced the
end of the cosmid insert. Sequence comparison with
the Genbank database revealed a perfect match with
the 5’ end of the human GAMT cDNA sequence (7).
Based on the human and rat cDNA sequences (7,8) and
the genomic structure for the rat homologue of GAMT
(9), we designed several sequencing and PCR primers
(Table 1). Long distance PCRs were performed to iden-
tify the location and size of the five introns. Fig. 1 illus-
trates the restriction site map and genomic structure
of the human GAMT gene. The first and the last intron
is considerably larger than the introns between exons 2
and 5. Sequence analysis of the exon-intron boundaries
confirmed complete identity between the human and
rat genomic structure. A continuous sequence covering
the exons 2 to 5 and part of the flanking introns as well
as sequences determined for the exons 1 and 6 have
been deposited in the Genbank database (accession
numbers AF010246, AF010247, AF010248). These ge-
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nomic sequences will facilitate the analyses of GAMT
exons in other patients with a suspected defect in cre-
atine biosynthesis.

Cosmid 32929 belongs to the same contig as cosmid
19401 which was previously mapped to 19p13.3 be-
tween proteinase 3 (gene symbol, PRTN3) and tran-
scription factor 3 (immunglobulin enhancer binding
factor E2A; gene symbol, TCF3) using fluorescence in
situ hybridization (5,6). Thus GAMT is located in a
region which is homologous to mouse chromosome 10
(10). The recessive jittery (ji) mutation was mapped to
this region on mouse chromosome 10. Like patients
suffering from GAMT deficiency jittery mice develop
their first symptoms after birth and deteriorate pro-
gressively during the first 40 days. Jittery mice show
seizures and are unable to walk without falling. Finally
they die from starvation and dehydration. Hesitant is
another mutation of the same gene leading to an unco-
ordinated abnormal movement behaviour and reduced
fertility in males. In contrast to jittery mice, hesitant
homozygotes have a milder phenotype and a normal
lifespan (10).

Because of some similarities between the GAMT de-
ficiency syndrome in humans and the ji/hes phenotype,
GAMT appeared to be a good candidate for being mu-
tated in ji mice. A search of GenBank revealed the
presence of several mouse expressed sequence tags
(ESTs) with high homology to the rat and human
GAMT cDNA sequence (Genbank accession numbers:
W13274, AA238539, AA057971, AA255018, AA033104,
AA049899, AA030269, AA212732, W85027, W83179,
AA222935, AA261309, W98830, W53067, AA048544,
W71697, AA238076, AA008953, AA271145, W89424,
AA064314, AA153502, AA22240). The murine GAMT
cDNA sequence was tentatively assembled from these
EST sequences and aligned with the known nucleotide
and amino acid sequences for the human and rat en-
zyme. Sequence ambiguities were eliminated by se-
quencing a PCR generated cDNA fragment which cov-
ers the entire coding region of murine GAMT using the
primers DJ555 and DJ556. The nucleotide sequence of
this PCR product is available from GenBank under the
accession number AF015887 (Fig. 2).

Several additional primers were designed to amplify
the six exons and flanking regions of the murine GAMT
gene (see Fig. 3 for designations and annealing posi-
tions) from total mouse DNA. The following PCR prod-
ucts were partially sequenced from both ends:
DJ555<>DJ556 (covering exons 1 to 6),
DJ542<>DJ544 (exons 1 to 6), DJ542<>DJ543 (ex-
ons 1 to 5), DJ572<>DJ565 (exons 2 and 3),
DJ563<>DJ564 (exons 4 and 5), DJ562<>DJ556 (ex-
ons 5 and 6) using total wild-type and homozygous ji
DNA as a template. In this way most of the murine
genomic sequence has been established except for a
50 bp segment of the first intron (Genbank accession
numbers AF010498, AF010499). Comparisons of the
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CCCACTTGAG TGCAAGGCTA ATCTCTGTGC AGAGGCACCG CCCACTCCGC CTCCACCGGC CCCGCGECTC CGCAGCCCTG CGCTCCCGEC CTGGITIGCA 100
CAGCCTCACC ATGAGCTCTT CTGCAGCTAG CCCGCTCTTC GCGCCCGACG AGGACTGGE CCCCGCGTGS CGCGCGGCCC CCGCGGCCTA TGACGCGTCT 200
DJIS55 M s Ss AAS PLF APGE DCG PAW RAAP AATY DAS 30
DJ542 R
GACACGCACC TGCAAATCCT GGGCAAGCCA GTGATGGAGC GTTGGGAGAC CCCCTATATG CATGCGCTAG CGGCGGCTGC TGCCTCCAGA GEIACTCTGE 300
D THL 9 IL GKP VMER WET PYM HALSA AAA A SR G 61
CAGAGGARAC TGAGGCTGCA GCTTAAAAGA GCAGGAGCTC CCATGCATGT TGCAAGTCTC AGTTTCCTIG CCTGAGGCAC TGAGCTGCCT TGGGGCTACC 400
TTGGTCGGGA AGGGAAGGOT ATTTGCAARA AGTGGACGCR GGAAAGAGGT CCCGGCTCCG AACTGGAACT TCCTCTCCCA TGGAAGATTT CTACTTCCCG 500
DJ579
GGGCTGGGTC TTCGGACCAC AGTCGAGTGG AACTTAATAG GAAAGAGCGA CAAAGAGCAC AGGGGCGTNA NGCTTGTGCT TGTCGGGAAC CTCCGANTCT 600
CCANGGGCTG TTGCTAACAA TAGCTTGGNN AANACTGACC AGANANGGCN NCTNGTCCCG GGTTCCTGTT GGCCCCTGAA ACTTCTGTAC AAGGGGTGGT 700
GTCTGAGGCA CCCCAGTCTT CAAACAGGCC AGATGGGCAG TGAGTGAGTG GATTTCAAAG TTCACCCAAG GCAAATGAGG ACTTGGTATT AGGTGCAGAA 800
TGAAACGTGG AGGGGCTGCA GGTGTAGAGC CTCCAAGCCA GGCTTGGCCC TTTCTCACAG ATTAGAGCAC AAATCGCGTG GGCAGGGGCT CAGAGICCAG 900
GGATCCCTGG GGCCAGGCCC TGGGCTCCCA GACTAGCCGC TCTGATTGGC AGCTGGCCCG AGCCCACACT CTGCTGTTAC TTTGTTCTGT CCACCCACAT 1000
DJ572 .
GGTCCTGCTG GCTGGCTGAC TGGCTCGCCT TGAGACAAGT GTGAGCCAGG CCTCACATCT AAGTCCCCCT CCCCCACCCA AACCAGCTGT CATGTTTIGT 1100
CCTCCTAGGG GGCCGGRTCT TGGAACGTGAG CTTCGGTATG GCCATTGCAG CCTCCAGGGT GCAACAGGCC CCCATAGAGG AACACTGGAT TATTGAGTGC — 1200
GRVL EVG FGM A TIRAA RV QQA PIEE HWTI IZEGC 4
AATGATGGGG TCTTCCAGCG TCTACAAGAC TGGGCCCTGC GGCAGCCACA TAAGGTACCT TCTGCCGCTG GGGTGCAGAC TGGGAGTAAC CCTCAGGGCT 1300
NDGV F QR LOQD WALTER QP H K DJS61 . 109
GGGAGATCAT GGGGTCCCAT GTGACCCTCA ACCTCTITTG ACCCTCTCCT CTCCAAGGTT GTTCCCTTGA AAGGCCTGTG GGAGGAGGTG GCACCTACCC 1400

Vv VPLEK GLW EEV APT LI
TGCCTGACGG TCACTTTIGAT GGIGACGGGAA CTCTGGGAGC CTGGCAAAGG GGTTGAGCTC TGGGGAACCC GCTAGCGTCT GGGTACTACT TGGCAGCCTG 1500
P DG HEF D (G DJ565 130
TGCCTECTTT TACACTACCA TACCCTCTTC AGCCTGGTGG AGCTIGCCAT CARAAGGATG ACCAAAGTTT GACCCCCAGG ATGTACGTGG TGTAAGGAGA 1600
GAATGGATGC CTACAAGTTG TCCCCCATCC CAACAAACAC ACCTCCAATG TGCACTGGGG ACACATCCGT GGGAAGGGCA GCTGTATGGG CTGGGTTAGC — 1700
DJS63 N
GTCCAAGGCC ATGGGATGGC TCAGATGAGG TTGGGCARGG CTGTGCCAGC GCTGACTGGT ATGTGTTCAA ACTGCAGGGA TTCTATATGA CACGTACCCG 1800
DJSSe I L YD T Y P 138
CTGTCTGAAG BGGCCTGGCA CACTCACCAG TTCAACTTTA TTAAGGTAGG ACTGCAGGGG GCCAGGGACG GTGGGCCTTG GAAGGTCAGG TGGGCAGGGC 1900
L S EE AWH THOQ FNTFTI K 153
ATGTGACATT TACAGACCAG CAGCTCTCTT CCCATGGTCC TACCCCTTCC TGTCCACTGG CCTCTCTGCA GAATCATGCC TTCCGOTTGE TGAAGACCGG 2000
- nIs43 DJS62 R N HA FRLL KTG
GGGCETCCTC ACCTACTGCA ACCTCACGTC CTG3GGGGAG CTCATGAAGT CCARATACAC AGACATCACC ACCATGTTTG AGGTATGCTG CCTGAGAGCA 2100
G VL TYCN LTS WGE LMEKS KYT DIT TMFE 190
GGTGAGGAAG ACCTTACCCC GAAGCTTGEC AGTGGCCTTC CTCAGGCCAT GGCATGGGGG AGGCCCTCTG CTCGCTGGCC TAGGGGGCCA GAGCTCTCAA 2200
GAGGTCCGGT CAGGGTTGTG ATTTTCCATT CTGAAGTCAG GAAGGCCCCC ACTAGTCCTA GCCTTIGGTG GOTCCTCAGT GCTCTGTACA GCCCTGCTCA 2300
DJS64
CTGTATTCAA CCTGTGGGGC TGTGCCTEIC TTGGGEGACAG ATGCCCTCCA GTACCAGGGC AAGCAGGACA GCTTTCCCAC CAGCCCATGA GGCAGCTTTC 2400
ATCACATAAG ACTCTTTTCT TGAGAGGCCT ACAGCGGGCC TGTGCABGGA TGCTGGTCTG AGACACAGCA GAGCTTATCA GGAAATTGTT GCCTGCACCA 2500
GAATTCACTC ACACCCAGGT CCTGETCCCAC ATCATCTGGG GTGACCTGTG ACCCCGCCCT ACRGGAGACG CAGGTGCCTG CACTGCAGGA AGCTGGCTTC 2600
ET QV?PA L QE AGF 201
< DJS44
CTGRAAGAAA ACATCTGCAC AGAGGTGATG GCACTGGTGC CCCCAGCCGA CTGCCGCTAC TATGCCTTCC CTCAGATGAT CACACCCCTG GTCACCAAGC — 2700
LKEN I CT EVM ALVYVP PAD CRY YAFZP QMI TPTIL V TK HZ37
ACTGAGCAGC TCCAGCTCTC CACTGTCCCT GCAGTGTGAC — 2800

CGGCCCAGGT CTACAAGGAG CCTGTGTCCT CCTCAGTACC TTTGTGGCTG GATTGTGGGC

ATCCTAACCT CTGCCTGGCA CTG 2823

FIG. 3. Nucleotide sequence

DJs56

and coding regions of the murine GAMT gene. The five exons and four introns of the GAMT gene are

shown together with the translation of exons in single-letter code under the first nucleotide of each codon. Amino acid residues interrupted
by introns are given in parenthesis, residue numbers (italicized) are given on the right according to Fig. 2. The 5’ and 3’ splice junctions
(GT and AG) are underlined, and ambiguous sequence positions within the first intron are indicated by Ns. Exon and intron sequences
between the primers DJ555 and DJ556 have been submitted to GenBank under accession numbers AF010498 and AF010499 except for a
short stretch within the first intron. Nucleotide numbering starts with the first base of the most 5 murine EST sequence AA222404
(GenBank accession code) and ends with the last base of the murine EST sequence AA238539. Arrows in the forward and the backward
direction above or below the GAMT sequence indicate the position and length of forward and backward primers, respectively, that were

used in PCRs and sequence analyses.

coding sequences between C57BI/6 and homozygous ji
mice revealed no sequence difference within the GAMT
coding region. Since we have not studied transcript
levels for GAMT in different areas of the brain in
C57BI/6 and ji/hes mice, we cannot formally exclude
the possibility that a selective local deficiency of GAMT
activity in the brain of ji/hes mice is associated with a
clinical picture of predominantly neurological symp-
toms. Functional characterization of the GAMT pro-
moter in different cell types will be required to rule out
subtle mutations in regulatory elements of the GAMT
locus in ji/hes mice.
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