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Escherichia coli Has Two Homologous Glutamate Decarboxylase
Genes That Map to Distinct Loci
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Degenerate oligonucleotides based on the published Escherichia coli glutamate decarboxylase (GAD) protein
sequence were used in a polymerase chain reaction to generate a DNA probe for the E. coli GAD structural
gene. Southern blots showed that there were two cross-hybridizing GAD genes, and both of these were cloned
and sequenced. The two GAD structural genes, designated gadA and gadB, were found to be 98% similar at
the nucleotide level. Each gene encoded a 466-residue polypeptide, named, respectively, GAD a and GAD 13,
and these differed by only five amino acids. Both GAD a and GAD 13 contain amino acid residues which are
highly conserved among pyridoxal-dependent decarboxylases, but otherwise the protein sequences were not
homologous to any other known proteins. By restriction mapping and hybridization to the Kohara miniset
library, the two GAD genes were located on the E. coli chromosome. gadA maps at 4046 kb and gadB at 1588
kb. Neither of these positions is in agreement with the current map position for gadS as determined by genetic
means. Analysis of Southern blots indicated that two GAD genes were present in all E. coli strains examined,
including representatives from the ECOR collection. However, no significant cross-hybridizing gene was found
in Salmonella species. Information about the DNA sequences and map positions of gad4 and gadB should
facilitate a genetic approach to elucidate the role of GAD in E. coli metabolism.

The enzyme glutamate decarboxylase (GAD; also known
as glutamic acid decarboxylase; EC 4.1.1.15) catalyzes the
a-decaboxylation of glutamic acid to produce -y-aminobu-
tyric acid. Within bacteria, GAD activity seems to be
relatively unique to Escherichia coli (37). Gale (14) proposed
a general role for the inducible bacterial amino acid decar-
boxylases, including GAD, in the maintenance of physiolog-
ical pH under acidic conditions. E. coli GAD has been
extensively characterized with respect to its biophysical and
biochemical properties (1, 14, 30, 31, 39-46), and a partial
protein sequence has been available for some time (42, 43).
Based on genetic linkage studies in E. coli, the structural
gene for GAD (gadS) and a potential regulatory gene (gadR)
have been mapped between mtl at approximately 80.7 min-
utes and gltS at approximately 82.4 minutes (3, 23, 26, 27),
but these early results have not been followed up. For the
purposes of our immunological studies, we were interested
in obtaining the complete DNA and protein sequences of E.
coli GAD. At the time this work was initiated, an extensive
search of the literature and all available sequence data bases
suggested that neither the complete protein sequence nor the
gene sequence for E. coli GAD had been determined. To
obtain this information, we generated a DNA probe for the
gene based on a recent more extensive partial protein
sequence (24). By using this probe on E. coli genomic DNA,
we discovered that there were not one but two separate
cross-hybridizing GAD genes. We report here the complete
DNA sequences and map positions for these two genes,
which encode two distinct E. coli GAD polypeptides. The
genes are highly similar, yet they map to separate loci,
neither of which correspond to the previously reported map
position for gadS. Representatives from a diverse assem-
blage of E. coli strains were examined, and all were found to
contain two GAD genes. The conservation of two homolo-
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gous coding segments among diverse strains of E. coli
suggests that both gene products play a role in E. coli
metabolism. Although the complete protein sequence of one
isoform of E. coli GAD was reported while this manuscript
was in preparation (25), this is the first account of the
dimorphic nature of the GAD genes in E. coli and the first
time the complete DNA sequence of either isoform has been
reported.

MATERUILS AND METHODS

Culture media, bacterial strains, and bacteriophage librar-
ies. All bacterial cultures were grown in 2x YT (36) at 37°C
with vigorous aeration. Recombinant plasmids were propa-
gated in standard E. coli DH5oa, WM1100, or TG2 as
required. The Kohara XEMBL4 miniset library (version
9010) was obtained from the Japanese National Institute of
Genetics (19) and plated on E. coli NM 621. All other strains
used are described in Table 2, with the exception of Salmo-
nella typhimurium LT2 (50).

General procedures. To obtain E. coli DNA, we lysed cells
by resuspending the drained bacterial pellets in 100 mM
Tris-HCl-25 mM EDTA-1% sodium dodecyl sulfate (SDS)
and incubating them for 15 min at room temperature. The
lysate was extracted with phenol, phenol-chloroform, and
chloroform, and the DNA was precipitated with isopro-
panol, rinsed in 70% ethanol, and resuspended in TE (10mM
Tris-HCl [pH 8.0], 1 mM EDTA). To obtain X phage DNA,
we purified the intact phage particles on CsCl step gradients
and extracted the DNA as described in reference 36. To
generate the GAD gene probe, polymerase chain reaction
(PCR) conditions were 94, 55, and 72°C, each for 1 min, in a
total reaction volume of 100 ,ul. Buffer, primer, nucleotide,
and Taq DNA polymerase concentrations were as recom-
mended by the supplier (Perkin-Elmer Cetus, Norwalk,
Conn.). For each PCR, 5 ng of purified E. coli DNA was
amplified through 30 cycles, and the products were analyzed
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directly on a low-melting-point (LMP) 1.2% agarose gel. The
sequences of the oligonucleotide primers used in the PCR
were 5' GGNATGGCNATGAAATGG 3', 5' GGNATGGC
NATGAA(AIG)TGG 3', 5' CCAGATNACCCANCCGCA
3', and 5' CCAGATNACCCANCC(A/G)CA 3'. For hybrid-
ization probes, DNA fragments were excised from LMP
agarose gels, boiled, and labeled with [a-32P]dCTP by the
random hexamer primer method (12). Southern blots were
transferred to Hybond-N (Amersham Corp., Arlington
Heights, Ill.) and probed and washed as described previ-
ously (10). Southern blots of S. typhimunium DNA were
probed at a lower stringency (5x SSC [lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate], 0.1% SDS, 5x Den-
hardt's solution at 37°C) and washed in Sx SSC-0.1% SDS
at 56°C. DNA sequencing was done on double-stranded and
single-stranded templates with the Sequence Kit (United
States Biochemical, Cleveland, Ohio) and a series of syn-
thetic oligonucleotide primers. Searches for homologous
sequences were run for both DNA and encoded protein
against the GenBank, Unique EMBL, and HIV DNA or the
PIR, SWISS-PROT, and HIV protein data bases (Release
92.1.1; Intelligenetics, Mountain View, Calif.). The searches
were conducted by using FastDB from the Intelligenetics
Suite (Release 5.4) on a Sun SPARC Station 2 (Sun Mi-
crosystems Inc., Mountain View, Calif.).

Construction and screening of plasmid libraries. The clon-
ing vector pHAS was constructed by modifying the vector
pBluescript KS- (Stratagene, La Jolla, Calif.) in the follow-
ing way: (i) digestion of KS- with BstXI, blunting with T4
DNA polymerase, and religation to delete the BstXI and
SacII sites present in the original polylinker; (ii) digestion of
the resultant plasmid with EcoRV and ligation to the an-
nealed oligonucleotides (5' pCCACGTGTTTGGTGTG 3'-5'
pCCAAACACGTGG 3'); and (iii) ligation of the resultant
linear plasmid to the -360-bp BstXI fragment from the
vector pCDM8 (38) to create a circular molecule, pHAS. For
construction of libraries, pHAS DNA was digested with
BstXI, the =380-bp DNA stuffer fragment was removed by
running the cut vector DNA twice on an LMP 0.8% agarose
gel, and the DNA was purified from the final gel sliced by
using GeneClean (Bio 101, La Jolla, Calif.).
Two separate EcoRI libraries were constructed by digest-

ing 10 ,ug of E. coli DNA with EcoRI, size fractionating the
digested material on an LMP 0.7% agarose gel, excising gel
slices containing fragments of 4.4 to 6.6 kb and 9.4 to 23 kb,
and extracting the DNA from each slice with GeneClean.
The DNA fragments were ligated in separate reactions to
a 50-fold molar excess of the oligonucleotides (5' pCT
CTAGGG 3'-5' pAATfCCCTAGAGACAC 3'), purified
again by electrophoresis on LMP agarose gels and Gene-
Clean, and ligated into pHAS prepared as described above.
A single Hinfl library was constructed in the same manner
by digesting E. coli DNA with Hinfl, size fractionating
the digested material on an LMP 1.0% agarose gel, excis-
ing a single gel slice containing fragments of 1.2 to 2.3
kb, and ligating to a 50-fold molar excess of the oligonu-
cleotides (5' pCTCTAGGG 3'-5' pANTCCCTAGAGAC
AC 3', where N represents equal portions of G, A, T, and
C). The final ligations of E. coli DNA into pHAS were
precipitated with sodium acetate-ethanol, using 10 jig of
yeast tRNA (GIBCO BRL, Gaithersburg, Md.) as carrier,
transformed into E. coli WM1100 by electroporation (9), and
plated on ampicillin plates. Colonies were transferred to
nitrocellulose filters (Schliecher & Schuell, Inc., Keene,
N.H.), and the filters were baked and prewashed (36) and

then hybridized and washed under the same conditions as for
Southern blots.

Plating and probing the Kohara miniset library. A 100-,u
portion of 2x YT-10% glycerol was added to each well
containing the ordered set of clones (in 96-well plates), and
phage particles were allowed to elute overnight at 4°C. Fresh
lawns of E. coli NM 621 were poured onto 10-cm plates,
and after 3 h of growth, a 48-pin transfer apparatus was
used to transfer an =2-1.l drop of phage particles from
each well onto the bacterial lawns. These were grown
until an array of large plaques had formed with the same
geometry and corresponding to the original set of clones in
the 96-well plates. The plaques were transferred to nitrocel-
lulose filters, and the filters were baked, hybridized, and
washed as above.

Nucleotide sequence accession numbers. The DNA se-
quences reported here have been submitted to GenBank
under accession numbers M84024 and M84025.

RESULTS

Four oligonucleotides were designed based on the partial
protein sequence of E. coli GAD (24), using the regions of
protein sequence underlined in Fig. 3. In four separate
reactions, all possible combinations of 5' and 3' primers
were amplified through 30 cycles of PCR. Four control
reactions, each containing E. coli DNA plus a single primer,
were done in parallel. All the PCRs which contained two
primers generated a single predominant fragment of approx-
imately 470 bp, whereas the control reactions did not gener-
ate DNA fragments of any length (data not shown). The four
amplified products were excised from the gel, and the DNA
sequence of each was determined on both strands by direct
sequencing by using the PCR primers. Each of the DNA
sequences encoded a single long open reading frame, which
when translated corresponded to the known partial protein
sequence of E. coli GAD (24). One of the DNA fragments
was radiolabeled and used as a hybridization probe for the
GAD gene.
We digested E. coli DNA from a K-12 strain (J53-1) with

the restriction enzymes EcoRI, HindIII, Hinfl, PstI, and
SmaI and made a Southern blot. When the blot was probed
with the GAD PCR gene fragment, we found two cross-
hybridizing bands of different sizes but roughly equal inten-
sities in all the digests except PstI. The single band seen with
the PstI digest was approximately double the intensity of the
bands produced in the other digests. Representative results
for the EcoRI, Hinfl, and PstI digests are shown in Fig. 1.
With the exception of PstI, we knew from the DNA se-
quence that our gene probe did not contain any of these
restriction sites. These results indicated that there must be
two cross-hybridizing genes in E. coli. Moreover, the dou-
ble-intensity PstI band suggested that this enzyme cleaves
the same-sized fragment from each of the two genes. Al-
though the probe does contain an internal PstI site, it is so
near one end that the PCR product apparently does not
hybridize efficiently to any adjacent PstI fragments under
these stringency conditions. Both the 13.1- and 5.6-kb EcoRI
fragments and the 2.2- and 1.65-kb Hinfl fragments shown in
Fig. 1 were chosen for further analysis.

Clones EcoRI L (13.1-kb EcoRI fragment) and EcoRI S
(5.6-kb EcoRI fragment) were isolated from separate librar-
ies. A third library which contained both the longer and
shorter cross-hybridizing Hinfl fragments was constructed
and screened, and clones were isolated and determined to
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FIG. 1. Representative Southern blot made with E. coli DNA
from three K-12 strains (left eight lanes) and with purified A phage
DNA from three of the clones in the miniset library (right three
lanes), digested with enzymes as shown. The blot was probed with
a 32P-labeled 552-bp PstI-EcoRI restriction fragment from gadA. A
single band of approximately double intensity appears in the PstI
digests because the two genes contain identical PstI sites (see Fig. 2
and 3). Numbers on left show size in kilobases.

contain either the 2.2-kb (Hinfl L) or 1.6-kb (Hinfl S)
fragment on the basis of restriction mapping. Sequence data
obtained by primer walking through the cloned genomic
fragments revealed that although each contained an open
reading frame, no single clone encoded a complete GAD
gene. However, since the DNA sequence of the two GAD
genes is similar but not identical (see below), by comparing
sequences of the four clones, we were able determine that
the EcoRI L clone should be matched with the Hinfl S clone
and vice versa as shown in Fig. 2 (upper parts). By combin-
ing the DNA sequences from the matched pairs of clones, we
were able to reconstruct the entire open reading frame for
each gene.
The aligned DNA and encoded protein sequences ofgadA

and gadB are shown in Fig. 3. Each gene contains a long
open reading frame which encodes a protein of 466 amino
acids, with calculated molecular masses of 52,651 and 52,634
Da, respectively. A putative ribosome binding sequence is
found immediately 5' of the start codon (underlined in Fig.
3). Preliminary sequence data (not shown) suggest that there
are potential promoter sequences (16) 5' to each of the GAD
genes, and these are under investigation. The two DNA
coding sequences are 98% similar, and the deduced protein
sequences show 99% similarity. The 5 amino acids which
differ between the two proteins all occur within the N-ter-
minal 22 residues, and some of these represent nonconser-
vative substitutions (Fig. 3 and Table 1, upper part). Our
deduced protein sequence for GAD a is in agreement with
the published protein and deduced protein sequences for E.
coli GAD (25), with the differences listed in the lower part of

FIG. 2. Alignment of the GAD genomic clones with the E. coli
physical map and corresponding miniset phage clones (19). Each
pair of genomic clones (EcoRI L and Hinfl S or EcoRI S and Hinfl
L) is shown in the center of panel A or B, and above each pair and
connected by diagonal lines is an enlarged map of each gad open
reading frame, with a number of restriction sites indicated. The
arrow shows the direction of transcription. Hatched regions repre-
sentgad open reading frames, stippled regions overlaid on the open
reading frames indicate the region encompassed by the original PCR
probe, and the dotted lines within the redrawn physical map show
the actual restriction sites seen in these genes. * indicates that the
1OC7(279) phage clone has less overlap with 22E3(280) than is
indicated in the original physical map figure (see Results).

Table 1. The E. coli GAD gene sequences reported here
were not obtained from PCR amplification, which can gen-
erate mutations (22), and for each GAD gene, we indepen-
dently sequenced the upper and lower strands and found the
two strands to be in complete agreement with each other.
We suggest therefore that our DNA and deduced protein
sequences are correct and that those differences which exist
between our sequences and the protein and partial DNA
sequences published by Maras et al. (25) are due either to
polymorphisms between the different strains of E. coli
studied or to errors in the previously published sequences,
which in the case of the DNA data may have resulted from
artifacts introduced during PCR amplification.
To map the positions of the two E. coli GAD genes, we

radiolabeled the Hinfl L and Hinfl S DNA fragments and in
separate reactions hybridized these to duplicate sets of filters
containing DNA from the Kohara miniset library (19). With
both probes, three of the EMBL 4 clones gave a strong
hybridization signal [clones 10C7(279), 22E3(280), and
9G3(606)], with the stronger signal for the Hinfl L probe
corresponding to clone 9G3 and the stronger signal for the
Hinfl S probe corresponding to clones 10C7 and 22E3. At
least five additional X clones gave an intermediate cross-
hybridizing signal that was clearly below that of the 9G3,
10C7, and 22E3 clones but above background (discussed
below). Knowledge of the map positions of the strongly
cross-hybridizing X clones together with the lengths of the
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M D Qk K Lq Lv T D Fl R S E L L D S R F G A K As I S 24

gadA AAATTTAAG.G.&TCGAAATGGACCAGAAGCTGTTAACGGATTTCCGCTCAGAACTACTCGATTCACGTTTTGGCGCAAAGGCCATTTCT 90

gadB c.t.......... ta. ta. aag. aa.g...t. .g. . .t.t. c (90)

T I A E S K R F P L H E M R D D V A F Q I I N D E L Y L D G 54

gadA ACTATCGCGGAGTCAAAACGATTTCCGCTGCACGAAATGCGCGATGATGTCGCATTTCAGATTATCAATGATGAATTATATCTTGATGGC 180

gadB .. .a. t.c. c. c.(180)

N A R Q N L A T F C Q T W D D E N V H K L M D L S I N K N W 84

gadA AACGCTCGTCAGAACCTGGCCACTTTCTGCCAGACCTGGGACGACGAAAACGTCCATAAATTGATGGATTTGTCGATCAATAAAAACTGG 270

gadB. t. c.... .c.t-c..(270)
I D K E E Y P Q S A A I D L R C V N M V A D L W H A P A P K 114

gadA/B ATCGACAAAGAAGAATATCCGCAATCCGCAGCCATCGACCTGCGTTGCGTAAATATGGTTGCCGATCTGTGGCATGCGCCTGCGCCGAAA 360

N G Q A V G T N T I G S S E A C M L G G M A M K W R W R K R 144

gadA/B AATGGTCAGGCCGTTGGCACCAACACCATTGGTTCTTCCGAGGCCTGTATGCTCGGCGGGATGGCGATGAAATGGCGTTGGCGCAAGCGT 450

M E A A G K P T D K P N L V C G P V Q I C W H K F A R Y W D 174

gadA/B ATGGAAGCTGCAGGCAAACCAACGGATAAACCAAACCTGGTGTGCGGTCCGGTACAAATCTGCTGGCATAAATTCGCCCGCTACTGGGAT 540

V E L R E I P M R P G Q L F M D P K R M I E A C D E N T I G 204

gadA/B GTGGAGCTGCGTGAGATCCCTATGCGCCCCGGTCAGTTGTTTATGGACCCGAAACGCATGATTGAAGCCTGTGACGAAAACACCATCGGC 630

V V P T F G V T Y T G N Y E F P Q P L H D A L D K F Q A D T 234

gadA GTGGTGCCGACTTTCGGCGTGACCTACACCGGTAACTATGAGTTCCCACAACCGCTGCACGATGCGCTGGATAAATTCCAGGCCGACACC 720

gadB ............................. t.................................. t (720)

G I D I D M H I D A A S G G F L A P F V A P D I V W D F R L 264

gadA/B GGTATCGACATCGACATGCACATCGACGCTGCCAGCGGTGGCTTCCTGGCACCGTTCGTCGCCCCGGATATCGTCTGGGACTTCCGCCTG 810

P R V K S I S A S G H K* F G L A P L G C G W V I W R D E E A 294

gadA/B CCGCGTGTGAAATCGATCAGTGCTTCAGGCCATAAATTCGGTCTGGCTCCGCTGGGCTGCGGCTGGGTTATCTGGCGTGACGAAGAAGCG 900

L P Q E L V F N V D Y L G G Q I G T F A I N F S R P A G Q V 324

gadA/B CTGCCGCAGGAACTGGTGTTCAACGTTGACTACCTGGGTGGTCAAATTGGTACTTTTGCCATCAACTTCTCCCGCCCGGCGGGTCAGGTA 990

I A Q Y Y E F L R L G R E G Y T K V Q N A S Y Q V A A Y L A 354

gadA/B ATTGCACAGTACTATGAATTCCTGCGCCTCGGTCGTGAAGGCTATACCAAAGTACAGAACGCCTCTTACCAGGTTGCCGCTTATCTGGCG 1080

D E I A K L G P Y E F I C T G R P D E G I P A V C F K L K D 384

gadA/B GATGAAATCGCCAAACTGGGGCCGTATGAGTTCATCTGTACGGGTCGCCCGGACGAAGGCATCCCGGCGGTTTGCTTCAAACTGAAAGAT 1170

G E D P G Y T L Y D L S E R L R L R G W Q V P A F T L G G E 414

gadA GGTGAAGATCCGGGATACACCCTGTACGACCTCTCTGAACGTCTGCGTCTGCGCGGCTGGCAGGTTCCGGCCTTCACTCTCGGCGGTGAA 1260

gadB .......................... t............................. (1260)

A T D I V V M R I M C R R G F E M D F A E L L L E D Y K A S 444

gadA/B GCCACCGACATCGTGGTGATGCGCATTATGTGTCGTCGCGGCTTCGAAATGGACTTTGCTGAACTGTTGCTGGAAGACTACAAAGCCTCC 1350

L K Y L S D H P K L Q G I A. Q Q N S F K H T 466

gadA CTGAAATATCTCAGCGATCACCCGAAACTGCAGGGTATTGCCCAGCAGAACAGCTTTAAACACACCTGATAACATAACGTTGTAAAA 1437

gadB ............................................ a.................gt.......... g.ttaacg .... cg (1437)

FIG. 3. Nucleotide and deduced amino acid sequences ofgad4 and gadB. All nucleotides and amino acids which are unique togadB are
shown in lowercase; otherwise, they are identical with those found ingad4. Regions of complete nucleotide identity are indicated bygadA/B
at the start of the line. The putative Shine-Dalgarno sequence and the regions of protein sequence corresponding to the degenerate primers
used in the PCR are underlined. * indicates the lysine residue which binds pyridoxal phosphate.

two EcoRI fragments enabled us to assign positions for
EcoRI L and EcoRI S and to deduce the orientation of the
open reading frames for the two GAD genes (Fig. 3). To
confirm the assignments for the Hinfl L and Hinfl S frag-
ments, we first purified A DNA from the 1OC7, 22E3, and
9G3 phages, digested it with Hinfl, made Southern blots, and
then probed with the original GAD gene probe (Fig. 1, right
lanes). These results indicate clearly that clone 9G3 contains
the Hinfl L fragment and clone 22E3 contains the Hinfl S
fragment. Clone 1OC7 appears to contain a slightly truncated
Hinfl S fragment, suggesting that it is missing a portion of
the GAD gene, a result which is in keeping with our

understanding of the map position of this A clone relative to
the position we assigned togadB (Fig. 2). The miniset library
was constructed from Sau3AI partial digests of E. coli
W3110 DNA, and examination of the DNA sequence for
gadB reveals several Sau3AI sites downstream of the two
Hinfl sites (Fig. 2 and 3). Therefore, the insert in clone
1OC7(279) was apparently generated by digestion of the E.
coli chromosome at one of these Sau3AI sites, and the
truncated Hinfl fragment results from cutting at the usual
Hinfl site on the one side and a Hinfl site present in the
vector on the other. With respect to the E. coli physical map,
there is an inversion in the chromosome of E. coli W3110 in
the region that encompasses GAD a (17). Thus, although the
two GAD genes are shown to be transcribed in opposite
directions in Fig. 2, this would not be the case in other E. coli
K-12 strains.

All of our initial results for the GAD gene were based on
E. coli K-12 strains. We were interested in knowing whether
other strains of E. coli also had two GAD genes, or whether
this was a property which was unique to the K-12 strains.
The ECOR collection of E. coli strains provides a set of
bacteria with diverse genetic backgrounds, originating from
a wide range of hosts (33). We extracted DNAs from a
number of representative members in this collection (29),
digested each with a series of restriction enzymes, and
subjected these fragments to Southern blot analysis using a
GAD gene probe. The results of these experiments are
summarized in Table 2. Although the size of the cross-
hybridizing bands varied somewhat between strains, all E.
coli strains examined contained two bands for most digests.
It would appear, therefore, that most if not all strains of E.
coli contain two GAD genes.

Since S. typhimurium is closely related to E. coli, we
wondered whether we could detect a cross-hybridizing GAD
gene in this species. Even at the lowest stringency of
hybridization, we were unable to detect a clear signal on
Southern blots made from S. typhimurium DNA using the E.
coli gene as a probe (data not shown). Very long autoradio-
graphic exposures revealed multiple faint cross-hybridizing
bands, but these were more consistent with the less specific
signals seen with long exposures of the E. coli Southern
blots. If in fact S. typhimurium does make GAD, we suggest
that the gene sequence is significantly different from that
found in E. coli.
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TABLE 1. Comparison of amino acids at substituted positions
for GAD ax, GAD 13, and GAD* (25)'

GAD a GAD* GAD* GAD1a
Position DNA- protein DNA- DNA-encoded sequence encoded encoded

sequence sequence sequence

3 Q Q NAb K
5 L L NA Q
6 L L NA V
9 F F NA L

22 A A NA S

64 C S NA C
73 H R NA H

153 D N D D
165 C S S C
208 T T N T
295 L L V L
355 D N D D
a Ambiguities exist between the protein and partial DNA-encoded se-

quences for GAD*, so both have been listed. The partial DNA sequence of
GAD* spans the region from amino acids 148 to 431 of the 466-residue protein.
Residues which are unique to GAD 13 are shown above; residues which differ
between GAD a-GAD 1 and GAD* are shown below.

b NA, not available.

DISCUSSION
To obtain a gene probe for E. coli GAD, we designed

oligonucleotides based on two independent segments of
protein sequence whose relative positions were known and
then used PCR to generate the unknown gene sequence lying
between them. This represents a powerful application of the
PCR technology which is far superior to screening strategies
based on degenerate oligonucleotides. To clone the E. coli
GAD genes quickly and efficiently, we constructed a series
of sublibraries by digesting E. coli DNA with EcoRI or with
Hinfl and selecting fragments within a certain size range as
described in the Materials and Methods. To facilitate the
construction of the sublibraries, we created a new plasmid
vector, pHAS. When pHAS DNA is digested to completion
with BstXI, a DNA fragment of approximately 380 bp is
cleaved from the center of the polylinker, and the resulting
ends of the vector are sticky but not self-cohesive (38).
Ligation of foreign DNA into BstXI-cut pHAS prepared as
described in the Materials and Methods is highly efficient
and results in very low numbers of nonrecombinant (i.e.,
empty) clones in the final libraries, typically <0.1%.

Since our deduced GAD protein sequences are virtually
identical to the recently published protein sequence of Maras
et al. (25), we are confident that the gadA and gadB
sequences shown here do indeed encode E. coli GAD.
Further, all three protein sequences are in agreement with
the early partial protein sequence and total amino acid
composition data (42, 43). Predicted molecular masses for
both isoforms of GAD are also in agreement with estimates
based on sedimentation rates for monomeric GAD protein
(42). Protein sequence homology searches conducted by
using the FastDB algorithm produced results similar to those
obtained by Maras and colleagues (25). Our optimized
searches identified a plant tryptophan decarboxylase (8) as
the most similar protein in the data bases. However, when
our E. coli GAD protein sequences were aligned with other
protein sequences from the family of pyridoxal-dependent
decarboxylases (aligning with respect to the active-site
lysine which binds pyridoxal phosphate), the E. coli protein
sequences contained many of the conserved residues which

TABLE 2. Sizes of EcoRI, Hinfl, and PstI restriction fragments
from various strains of E. coli which hybridize to a gadA probea

Strain Restriction fragment(s) (kb)
(reference) EcoRI Hinfl PstI

K-12
J53-1 (4) 13.1, 5.6 2.2, 1.65 1.02
Wild type (4) 12.3, 5.5 2.2, 1.64 0.96
MG1655 (15) 13.2, 5.6 2.2, 1.65 0.97
25404 (ATCC) 15.5, 5.6 2.2, 1.66 0.98

ECORb
20 (33) 13.0, 5.5 2.1, 1.60 NDC
26 (33) 16.5, 5.6 2.1, 1.54 ND
29 (33) 16.5, 5.6 2.2, 1.65 ND
37 (33) 6.3, 5.6 2.2 ND
46 (33) 14.0, 5.7 2.2, 1.64 ND

Other
W (7) 16.5, 5.9 2.2, 1.68 1.02
11246 (32) 15.5, 6.0 2.2, 1.67 1.20, 1.10
a The probe is described in the legend to Fig. 1. Double-intensity bands are

shown in boldface. ATCC, American Type Culture Collection.
b ECOR strain hosts: 20, steer (Bali); 26, human infant (United States); 29,

kangaroo rat (United States); 37, marmoset (U.S. zoo); 46, Celebese ape
(U.S. zoo).

c ND, not determined.

were originally noted by Jackson (18) for this group of
enzymes. For the GAD a and GAD a proteins reported here,
the region containing these conserved residues, which likely
contributes to the active site, extends from the methionine at
position 240 to the cysteine at position 284 (data not shown).
Very little protein sequence similarity exists outside of this
region when comparing the E. coli protein sequences with
the known eucaryotic GADs, and this observation also
extends to other members of the group of pyridoxal-depen-
dent decarboxylases, both eucaryotic and procaryotic. It is
interesting that in those eucaryotic organisms in which the
GAD genes have been cloned, two related but non-cross-
hybridizing genes have virtually always been found (6).
Given the differences between the E. coli and eucaryotic
GAD gene sequences and the distinct biochemical properties
of the procaryotic and eucaryotic enzymes (11, 49), the fact
that two separate GAD genes occur in such diverse species
most likely represents an example of convergent evolution.
As noted in the Results, longer exposures of both the E.

coli and S. typhimurium Southern blots allowed us to detect
numerous additional weakly cross-hybridizing bands. These
likely represent genes encoding other pyridoxal-dependent
decarboxylases, since our probe included the highly con-
served region bracketing the pyridoxal-binding lysine. Such
an explanation would also account for the intermediate
hybridization signals observed for some of the clones when
the minset library was screened.
Our hybridization results with the miniset library, in

combination with the restriction mapping data and Southern
blot analysis, argue strongly that we have correctly assigned
the positions of the two GAD structural genes (gadA and
gadB) on the E. coli physical map (Fig. 2). The fact that
neither GAD gene mapped to the 82-minute region, assigned
to gadRS (3), suggests that this assignment should be re-
vised, although it is possible that a regulatory gene (gadR)
accounted for the earlier mapping results. It is also possible
that a single-copy structural or regulatory gene responsible
for the production of the pyridoxal phosphate cofactor could
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map to the 82-minute position. A mutation at such a locus
could result in a loss of GAD activity, as well as a loss of
enzyme activity for all other pyridoxal-dependent enzymes.

This type of mutation, however, would not necessarily affect
the production of pyridoxal-dependent enzymes. GAD im-
munoreactive protein with little or no enzymatic activity was
observed by Lupo and Halpern (23) in a Gad- E. coli strain,
but this was interpreted to represent a lesion in the gad
structural gene and considered supportive of the 82-minute
map position with a single gad locus.
The similarity between the two GAD genes and the

encoded proteins is quite striking. Other examples of dupli-
cation of structural genes in which the two homologs map to
distinct loci in E. coli include argI and argF (5, 47) and tufA
and tufB (2, 48). The arg genes have diverged to the point
that the two enzymes are biochemically distinguishable (20,
21). In contrast, the tuf genes are nearly identical, and the
only difference in the 339-residue structural proteins is a

single substitution at the C terminus. The tufA and tufB gene

products are essentially indistinguishable functionally and
structurally (13, 28), but the TufA protein appears to be
produced at higher levels (34, 35). Comparison of the tufA
and tuft gene sequences shows that nucleotide differences
tend to be clustered toward the 5' and 3' ends of the genes,

with very few differences occurring in the central region.
This same clustering of differences is also observed in gadA
andgadB (Fig. 3). An and Friensen (2) suggested that in tufA
and tufB this clustering of differences is consistent with the
notion that recombination events are more likely to occur

within the central portion of the genes. Alternatively, it can
be argued that physiological constraints have prevented
divergence of these homologous gene pairs. Since the gene

products of the tufloci were functionally indistinguishable, it
was suggested that the duplication provided an emergency

backup when demand for translation elongation factor
EF-Tu was high (2). A similar argument may apply to the
two gad loci, since the two E. coli GAD proteins are

virtually identical. Availability of the cloned GAD genes

together with accurate information about the locations of
gadA4 and gadB on the E. coli chromosome should facilitate
a genetic approach to elucidate the role of GAD in E. coli
metabolism.
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