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Glutamic acid decarboxylase (GAD; E.C. 4.1.1.15) catalyzes
the production of GABA, the major inhibitory neurotransmit-
ter in the mammalian brain. We recently isolated a lambda
gt-11 recombinant, lambda-GAD, that contains the cDNA for
GAD from feline brain (Kaufman et al., 1986). Interestingly,
the beta-galactosidase-GAD fusion protein encoded by
lambda GAD is enzymatically active, catalyzing the conver-
sion of glutamate to CO, and GABA.

Here we report the nucleotide sequence of feline GAD
cDNA. It consists of 2265 bases, with a continuous open
reading frame of 625 codons. The derived sequence con-
tains the sequence Asn-Pro-His-Lys, which is identical to
sequence at the pyridoxal phosphate-binding site of porcine
DOPA decarboxylase (Bossa et al., 1977).

The first ATG sequence in the open reading frame begins
at nucleotide residue 118. The 585 codons 3’ to this putative
initiation site predict an amino acid composition, N-terminal
residue, and molecular size consistent with published char-
acterizations of GAD.

Glutamic acid decarboxylase (GAD; E.C. 4.1.1.15) catalyzes the
synthesis of GABA, the major inhibitory neurotransmitter in
the brain (Roberts et al., 1976; Hertz et al., 1983). Because of
its importance to the normal functioning of the brain and of its
suspected involvement in the pathogenesis of seizures and
movement disorders, a number of laboratories have undertaken
to isolate and study GAD from a number of species (Wu et al.,
1973; Blindermann et al., 1978; Qertel et al., 1981; Spink et al.,
1985). Although no sequence information for GAD has been
published, antisera to purified GAD have been used to identify
GABA-producing neurons in the brain (Saito et al., 1974; Mug-
naini and Oertel, 1985).

Using one of these antisera (Oertel et al., 1981), we isolated
a GAD c¢DNA clone from a bacterial expression library in the
vector lambda gt-11 (Kaufman et al., 1986). This library was
made from cDNA copied from the poly(A) RNA of feline oc-
cipital cortex.

Inlambda gt-11 expression libraries, cDNAs are inserted near
the 3'-terminus of the E. colilacZ gene (Young and Davis, 1983).
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Infected and induced bacteria produce a fusion protein con-
sisting of the amino terminal 1006 amino acid residues of beta-
galactosidase followed by the sequence encoded in the cDNA.
Recombinant phage containing GAD ¢cDNA directs the syn-
thesis of a fusion protein that reacts with 3 independently de-
rived antisera to GAD (Kaufman et al., 1986). The fusion poly-
peptide produced by lambda-GAD is enzymatically active: It
converts glutamate to stoichiometric amounts of carbon dioxide
and GABA. Since no amino acid sequence data are available
for GAD from any species, these immunological and functional
criteria have established the identity of lambda-GAD. In ad-
dition, RNA transcribed from GAD c¢DNA specifically hybrid-
izes in situ to the RNA of GABA-containing neurons in the
cerebellum and other brain regions (Wuenschell et al., 1986,
1987).

Here we report the nucleotide sequence of this GAD ¢cDNA
and the corresponding amino acid sequence of feline GAD.
Neither the nucleotide sequence nor the derived amino acid
sequence of GAD shows a significant similarity to other se-
quences in the Genbank or NBRF databases. The predicted
primary structure contains a sequence of 4 amino acid residues
(Asn-Pro-His-Lys) identical to a sequence in the pyridoxal phos-
phate-binding site of pig DOPA decarboxylase (Bossa et al.,
1977). We suggest that this sequence also serves as the site of
pyridoxal phosphate binding in GAD.

Materials and Methods

Preparation and fragmentation of feline GAD ¢cDNA. To obtain the
sequencing templates, we recloned the cDNA insert from lambda-GAD
into the Eco RI site of M13mp10. Deletion reactions were performed
on the replicative form of M13-GAD by the methods of Hong (1982),
Anderson (1981), and Dale et al. (1985). Ligation, transformation, and
plating were carried out according to the procedure of Messing (1983).
Plaques were picked in 3 ml of LB medium and grown overnight at
37°C. The phage was precipitated twice by polyethylene glycol, and DNA
was isolated by phenol and chloroform extraction, followed by ethanol
precipitation. The single-stranded DNA was suspended in 25-50 ul of
10 mm Tris-HCL, pH 7.5, 1 mm EDTA.

Whenever possible, we redigested the phage DNA with an enzyme
that recognized sites only within the sequence to be deleted, so that
phages with undeleted sequences were linearized and became nonin-
fective. For example, to sequence the region adjacent to a Bgl I site
(clone S51), we digested the replicative form of M13-GAD, first partially
with Bgl I and then completely with Hind III. The staggered ends were
repaired with Klenow enzyme, and infective phages were reformed by
ligation. The partial digestion was needed since Bgl I has 2 restriction
sites in the cloned DNA, one within the insert and another in the vector.
A partial digestion with Bgl I could result, however, in a high background
of undeleted phage. To eliminate this problem, we treated the ligated
DNA with Sma I (which is part of the polylinker of M13mp10). This
linearizes undeleted cDNAs and thereby decreases the transformation
efficiency.
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Figure 1. Sequencing strategy for fe-
! 33 DI2 15 20 25 27 line GAD ¢DNA. The open reading
5 32 s46 16 22 30 frame is shown by the bold line. The
—_ position of the putative initiation and
8 Si4 17 24 29 termination codons are also shown. The
letters and numbers above the arrows
. S9 538 18 2 2. refer to the sequenced subclones. The
D4 S10 S45 19 D40 prefix D refers to clones obtained by the
procedure of Dale et al. (1985). The pre-
44 S37 D43 2l S42 fix S refers to subclones of restriction
D36 S47 S34 26 fragments. Numbers without an alpha-
S5 50 betic prefix refer to clones obtained by

DNA sequencing. DNA was sequenced by the chain-termination
method of Sanger et al. (1977) with alpha-*>S-dATP (Biggin etal., 1983).
Template DNA (0.5 ug) was annealed to 2 ng of 17-nucleotide primer
in 8 ul of 10 mm Tris-HCI, pH 8.0, 5 mm MgCl, at 80°C for 5 min,
followed by 60 min at room temperature. DNA synthesis was carried
out for 30 min at 37°C, followed by a 15 min chase. After denaturation
at 95°C for 3 min in the presence of formamide, 1 ul of the sample was
electrophoresed using 6% acrylamide gel in 7 M urea, 0.1 m Tris, 0.1 m
borate, 5 mm EDTA. The gel was run for 2 or 6 hr, fixed in 10% acetic
acid, dried, and autoradiographed on Kodak XAR-5 film overnight at
room temperature.

Data processing. Sequence data were analyzed using the program of
Staden (1982). Similarity searches employed the program of Wilbur and
Lipman (1983).

Results

The sequencing strategy used is shown in Figure 1. The cloned
cDNA is 2265 nucleotides long. Over 99% of this sequence was
determined from both strands. The complete sequence of nu-
cleotides and the inferred sequence of amino acids are shown
in Figure 2.

Because the lambda-GAD produces immunoreactive and en-
zymatically active protein, we knew both the 5'-3’ orientation
of GAD c¢DNA in lambda-GAD and its reading frame. The
predicted reading frame contains an “open reading frame” 625
codons long, which begins with the sequence GAATTC, cor-
responding to the Eco RI site of lambda gt-11, and ends with
the TAG stop codon at nucleotide residue 1876. The first ATG
codon begins at nucleotide residue 118, corresponding to codon
no. 40.

Discussion

We here report the first data concerning the primary structure
of GAD. Previous studies of the structure of GAD have de-
pended on the isolation of a relatively rare and seemingly labile
protein. In the 14 years since the first report of purification and
characterization, no sequence data have become available (Wu
et al.,, 1973). The present data should provide a basis for un-
raveling many questions concerning the kinetically distinct forms
of GAD (Spink et al., 1985).

The 2265 nucleotide residues of feline GAD ¢cDNA represent
about 65% of the total length of GAD mRNA, as determined
by RNA blotting experiments (Wood et al., 1986). This feline
c¢DNA forms well-matched hybrids with a 3.7 kbase mRNA in
the brains of cats, mice, rats, and humans, as well as in PC-12
pheochromocytoma cells that have been induced with nerve
growth factor (Tillakaratne et al., 1985; Wood et al., 1986).
Julien et al. (1987) have recently reported an RNA of about 4
kbase in several regions of rat brain, using an independently
derived rat GAD cDNA.

the procedure of Hong (1982).

How much of the GAD coding sequence does lambda-GAD
contain?

In the absence of amino acid sequence data, we cannot know
whether the cloned cDNA contains the entire coding sequence.
The following data, however, support the hypothesis that the
clone does include the full coding sequence, beginning with the
ATG initiation codon at nucleotide residues 118-120 and end-
ing with the TAG termination codon at residues 1876-1878:

1. The fusion protein encoded by lambda-GAD is enzymat-
ically active. This activity makes it likely that most, if not all,
of the GAD coding sequence is contained in the cDNA.

2. The first codon after the presumed initiation site specifies
alanine, which has been reported to be the N-terminal amino
acid in both human and rat GAD (Blindermann et al., 1978;
Maitre et al., 1978).

3. The open reading frame downstream from the putative
initiation codon specifies a polypeptide of M, 66,000. Immu-
noblotting experiments in this and 2 other laboratories, as well
as electrophoresis of purified protein under denaturing condi-
tions, indicate that GAD consists of 1 or 2 types of polypeptide
chain with M, 59-67,000 (Blindermann et al., 1978; Maitre et
al., 1978; Spink et al., 1985; Gottlieb et al., 1986; Kaufman et
al., 1986; Julien et al., 1987). Some workers, however, have

Table 1. Comparison of the derived amino acid sequence of feline
GAD with the reported compositions of human and rat GAD

Human Rat Feline
Asp + Asn 59 52 52
Thr 39 26 38
Ser 41 37 43
Glu + GIn 69 46 57
Pro 17 28 24
Gly 45 43 45
Ala 47 28 37
Cys 10 12 13
Val 34 37 30
Met 4 7 17
Ile 34 33 31
Leu 55 55 56
Tyr 15 13 18
Phe 26 20 27
Lys 34 43 40
His 6 27 16
Arg 28 39 32
Trp - — 10
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* * 30 * * 60
E F R A E E A RDAPA BAYCRTILAZGQUPUV
GAATTCCGCGCAGAAGAGGCGCGGGACGCGCCGGCTTACTGTCGCCTAGCCCAGCCTGTT
* 120

P A R D w P R P D S R G P R T T E L M
CCTGCGCGCGACTGGCCGAGGACCCCGGACAGCAGAGGCCCCAGGACGACCGAGCTGATG
* 180

A 5 s T P S S 8§ A T 8 § N A G A D P N T
GbeuixuuAuLLLA1911Lu;LCGCAACCTCCTCGAATGCGGGAGCGGACCCCAATACT
* 210 240

T N L R P T T Y D T W C G V A H G ¢ T R
ACCAACCTGCGCCCCACMCATATGACACCTGGTGCGGCGTGGCCCATGGATGCACCAGA
* 270 * 300

K L G L X I ¢ F L Q R T N $ L E E K 8
AAACTGGGGCTCMGATCTGCGGCTTCCTGCAAAGGACCAACAGCCTGGAAGAGAAGAGC
360

R L V S A F K E R Q 8§ K N L L 8 ¢ E N
CGGCTTGTGAGCGCCTTCAAGGAGAGGCAGTCCTCCAAAAACCTGCTTTCCTGTGAAAAC
* * 420

§ D R D G R F R R T E T D F § N L F A R
AGCGACAGGGATGGACGCTTCCGGCGCACGGAGACGGACTTCTCCAACCTGTTTGCTCGA
480

D L L P A K N G E E Q T V L E VvV V
GATCTGCTTCCGGCTAAGAACGGGGAAGAGCAAACTGTGCAGTTCCTACTGGAGGTGGTA
510 * 540

N Y V R X T F D R S T K v L D F
GACATACTCCTCAACTATGTCCGCAAGACATTTGATCGCTCCACCAAGGTGCTGGACTTC
* 600

H K P L L E G M E G F N L E L 8 D H
CATCACCCACACCAGCTGCTGGAAGGCATGGAGGGCTTCAACTTGGAGCTCTCTGACCAC
* * 630

P E S L E I L VvV D ¢ R D T L X Y 6 V R
CCTGAGTCCCTGGAACAGATCTTGGTTGACTGCAGAGACACCCTGAAGTATGGGGTTCGT
660

T G H P R F F N @ L s T ¢ L D I I G L A
ACAGGTCACCCTCGATTTTTCAACCAGCTCTCCACTGGACTGGATATCATTGGTTTAGCT
* * 750 * * 780

G EWULT S TAN N M F T Y E I A P V

GGCGAATGGCTGACATCAACTGcCAATACCAATATGTTTACATATGAAATTGCACCAGTA

810

F V L M E I T L K K M R }: I V.G W S S

TTTGTCCTCATGGAGCAAATAACACTTAAGAAGATGAGGGAGATAGTTGGATGGTCMGT

* 870 840

K D G D G I F S P G G A I s N M Y s I M

AARGACGGTGATGGGATATTTICTCCTO0GCAGCCATCTCTAACATGTACAGCATCATE

* 930 * 870

A A R Y F E V KT K GMARAUV P K

GCCGCTCGCTACAAGTTCTTCCCGGAAGTTAAGACAAAGGGCATGGCAGCTGTTCCCAAA

990 * 1020

L vV L F T S E H 8 H Y 8 K K A G A A

CTGGTCCTC’I‘TCACGTCAGAACATAGTCACTATTCCATAAAGAAGGCTGGAGCTGCACTT

1050 * 1040

G F G 'r DNV IUILTIZKTCN z R G K I I P

GGCTTTGGAACCGACAATGTGATTTTGATAAAGTGCAATGAAAGGGGGAAGATAATTCCA

* 1110 * 1140

A D L E A K I L E A K X c; Y VP L Y V

GCTGATTTAGAGGCAAAAATTCTTGAAGCCAAGCAAAAGGGATACGTTCCCCTTTATGTC

1170 1200

N AT A G T T V Y G A F D p I Q E I A D

AATGCMCTGCTGGTACMCTGTTTA’I‘GGAGC’I‘TTCGATCCCATACAGGAGATTGCAGAT

* 1230 * 1260

I ¢ E K ¥ N L W L H V D A A W G 6 G L L

ATATGTGAGAAATACAACCTGTGGCTACATGTCGACGCTGCC’I‘GGGGCGG’I‘GGGC’I‘GCTT

1290 * 1320

M S R 1< HRHZXULS G I E R A N S V T W

ATGTCCAGGAAGCACCGCCACAARCTCAGTGGCATAGARAGGGCCARCTCAGTCACCTCG
*

1350 1380

N P H K M M G VL L Q C 8§ A I L V XK E K
AACCCTCACAAI'TGATGGGCGTGCTGTTGCAGTGCTCGGCCATCCTCGTCAAGGAAAAG
* 1440

G I L Q G C N M C A G Y L F Q P D K Q
GGTATACTCCAAGGATGCA CCAGATGTGTGCAGGATACCTTTTCCAGCCAGACAAACAG
* 1500

Y DV S Y D G D K A I Q C R H V D I
TATGATGTCTCCTATGACI TGGGGACAAGGCAATCCAGTGTGGCCGCCACGTGGACATT
1530 * 1560

F X F H L ¥ K A XK 6 T V G F E N Q@ I XN
TTCAAGTTCTGGCTGATGTLQAAAGCAAAGGGCACAGTGGGATTTGAAAATCAGATCAAC

* 1590 * 1620

K ¢ L E L A . A K I K N R E E F E
AAATGCTTGGAGCTGGCTG ATACCTCTATGCCAAGATTAAAAACAGAGAAGAATTTGAG
1650 * 1680

M V F D G E F E HT N V C F W Y I P Q

ATGGTTTTCGATGGTGAGC TGAGCATACAAATGTCTGTTTCTGGTATATTCCACAAAGC
1710 * 1740

L R G I P D . P E RRE X L H R V A P K
CTCAGGGGCATTCCAGATAuCCCTGAACGACGGGAAAAACTACACAGGGTGGCCCCCAAA
* 1770 * 1800

I KA L MMES G T T MV G Y P R G T
ATCAAAGCCCTGATGATGGAGTCTGGCACGACCATGGTTGGCTACCAGCCCAGGGGGACA
* 1830 * 1860

R P T F S G W § s T @ L L H s P I L T
AGGCCAACTTTTTCCGGATGGTCATCTCGAACCCAGCTGCTACACAGTCCGATATTGACT

1830 1920
$ 8 8 R R *

TCCTCATCGAGGAGATAGAAAGACTGGGCCAGGATCTGTAATTGCCCTCCATAGAACATG

AGTTTATGGGAATCCCCTTTCCTTCTGGCATTCTAGAATAACCTCTATAAATTGCCAAAA
2040
CACATAGGCTATTTCACTGAGGGAAAATATAATATCTTGAAGACTACTGTTTAAACATTA

2100
CTTAAGCTTGTTCTAGTATGTAGGAAATAATGTTCTTTTTAAAAAGTTGCACATTAGGAA
» *

2160
CACAGTATATATGTACAGTTATATATACCTCTCTCTGTATATGTATATGTATGTATAGTG

2220
AGTGTGGCTTGGTGATAGATCACAGCATGTGTCCCCCTCCAAGAGAATTAACTTTACCTT
2250 2265

CAGCAGCTACTGAGGGGCCAAACATGCTGCAAACCTGCGGAATTC

Figure 2. Nucleotide sequence of feline GAD ¢cDNA. The amino acid
sequence of the single long open reading frame is shown above the
nucleotide sequence. The boxed sequence matches that of the pyridoxal
binding site of DOPA decarboxylase from pig kidney (Bossa et al., 1977).

proposed subunits of M, 44,000 (Wu et al., 1973), 15,000 (Ma-
tsuda et al., 1973), and 80,000 and 40,000 (Wu et al., 1986;
Denner et al., 1987).

4. The nucleotide sequence contains no additional ATG se-
quence within 118 residues upstream from the putative initia-
tion site. Another initiation site would therefore specify a poly-
peptide with a minimum M, of 70,000. But our immunoblotting
experiments with feline brain extracts show a maximum M, of
66,000 (Kaufman et al., 1986).

5. The amino acid composition derived from the nucleotide
residues 121-1875 closely matches the compositions deter-
mined for purified rat and human GAD (Blindermann et al.,
1978; Maitre et al., 1978). (See Table 1.)

Similarities of GAD to other proteins

We have compared the sequence of GAD cDNA with nucleotide
sequences in the Genbank DNA sequence database and with
the amino acid sequences in the NBRF protein sequence da-
tabase. We did not find any convincingly similar sequence. Us-
ing the dot-matrix program by the University of Wisconsin
Genetics Computer Group, we found no significant similarity
between GAD and other pyridoxal enzymes either in database
or in the recently published sequence of mouse ornithine de-
carboxylase (Kahana and Nathans, 1985).

When, however, we compared the sequence of feline GAD
with the sequences of pyridoxyl peptides for 23 pyridoxal-de-
pendent enzymes (Tanase et al., 1979), we found that the se-
quence Asn-Pro-His-Lys, encoded by nucleotide residues 1321-
1333, is identical to the sequence at the pyridoxal binding site
of pig DOPA decarboxylase (Bossa et al., 1977). DOPA decar-
boxylase of Drosophila also contains the same tetrapeptide
(Morgan et al., 1986; Eveleth et al., 1986). The homology be-
tween feline GAD and Drosophila DOPA decarboxylase is still
more extensive: In a 90 amino acid residue sequence in the
region of the putative pyridoxal phosphate binding site, 40 are
identical in the 2 enzymes.

Other aspects of GAD structure

Using the algorithm of Kyte and Doolittle (1982), we have found
no strongly hydrophobic region that would indicate membrane
association. This is consistent with the expectation that GAD
is a soluble protein.

An unusual peptide sequence encoded by nucleotide residues
1-117

The 39 residues encoded by nucleotide residues 1-117 are un-
usually rich, both in charged side chains (7 positive and 7 neg-
ative groups) and in proline (6). In addition, the codon usage
within this segment diverges from that expected for mammals.
We are now studying the possible role of this unusual sequence
in the unexpected enzymatic activity of the fusion protein.

Possible heterogeneity of GAD molecular forms

Most studies of mammalian and avian GAD are consistent with
the idea of a native M, of 120-140,000, consisting of 2 identical
polypeptides (Blindermann et al., 1978; Maitre et al., 1978;
Spink et al., 1985; Gottlieb et al., 1986; Kaufman et al., 1986;
Julien et al., 1987). By contrast, Wu et al. (1986) and Denner
et al. (1987) say that GAD is a heterodimer consisting of poly-
peptides with M, of 80,000 and 40,000.

While it is possible that Wu et al. (1986) and Denner et al.



(1987) have identified another form of GAD, they do not sat-
isfactorily explain the convergent conclusion that GAD of rats,
mice, pigs, humans, and chickens—prepared in 4 other labo-
ratories with different purification protocols—all have subunit
M s of 59-66,000 (Blindermann et al., 1978; Maitre et al., 1978;
Spink et al., 1985; Gottlieb et al., 1986; Julien et al., 1987). Nor
do they discuss our published comparison of the sizes of im-
munoreactive GAD polypeptides (Kaufman et al., 1986). That
study employed 3 different antibodies: the sheep anti-rat GAD
of Oertel et al. (1981); the sheep anti-pig GAD of Spink et al.
(1985); and the rabbit anti-mouse GAD of Saito et al. (1974).

Gottliebet al. (1986) have also inferred a subunit M, of 59,000
for both rat and chicken GAD from immunoblotting studies
with a monoclonal antibody to chicken GAD. Immunocyto-
chemical localization of GAD performed with the monoclonal
antibody of Gottlieb et al. (1986) and with the polyclonal an-
tibodies of Qertel et al. (1981) and of Saito et al. (1974) all
revealed a distribution of immunoreactivity within the mam-
malian brain consistent with the expected distribution of GAD
as inferred from electrophysiology, enzymatic activity, and stud-
ies of GABA distribution and uptake (see also Roberts et al.,
1976; Hertz et al., 1983; Mugnaini and Oertel, 1985; Wuenschell
et al., 1986, 1987).

We and others have studied the cellular distribution of GAD
mRNA in the brain, using either RNA transcribed from the
cDNA whose sequence we report here (Wuenschell et al., 1986,
1987; Chesselet et al., 1987) or labeled DNA from the rat GAD
c¢DNA of Julien et al. (1987). The inferred distribution of GAD
mRNA is that expected from the results of immunocytochem-
istry, electrophysiology, and GABA uptake (Roberts et al., 1976;
Hertz et al., 1983). All these data, together with the GAD en-
zymatic activity of both the feline and the rat fusion proteins,
support the identification of the present clone as GAD. The
sequence data that we present here for feline GAD will make it
possible to design experiments to define further the identities
and enzymatic roles of reported multiple forms of GAD.
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