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Nitrogen limitation induces the nitrogen-regulated (Ntr) response, which includes proteins that assimilate
ammonia and scavenge nitrogen. Nitrogen limitation also induces catabolic pathways that degrade four
metabolically related compounds: putrescine, arginine, ornithine, and y-aminobutyrate (GABA). We analyzed
the structure, function, and regulation of the gab operon, whose products degrade GABA, a proposed inter-
mediate in putrescine catabolism. We showed that the gabDTPC gene cluster constitutes an operon based
partially on coregulation of GabT and GabD activities and the polarity of an insertion in gabT on gabC. A
AgabDT mutant grew normally on all of the nitrogen sources tested except GABA. The unexpected growth with
putrescine resulted from specific induction of gab-independent enzymes. Nac was required for gab transcription
in vivo and in vitro. Ntr induction did not require GABA, but various nitrogen sources did not induce enzyme
activity equally. A gabC (formerly ygaE) mutant grew faster with GABA and had elevated levels of gab operon
products, which suggests that GabC is a repressor. GabC is proposed to reduce nitrogen source-specific
modulation of expression. Unlike a wild-type strain, a gabC mutant utilized GABA as a carbon source and such
growth required o>, Previous studies showing o>-dependent gab expression in stationary phase involved gabC
mutants, which suggests that such expression does not occur in wild-type strains. The seemingly narrow
catabolic function of the gab operon is contrasted with the nonspecific (nitrogen source-independent) induc-
tion. We propose that the gab operon and the Ntr response itself contribute to putrescine and polyamine

homeostasis.

Escherichia coli can use ammonia and a limited number of
organic compounds as sole nitrogen sources (30). Ammonia
supports the fastest growth rate, and a product of ammonia
assimilation, glutamine, signals nitrogen sufficiency and pre-
vents activation of the nitrogen-regulated (Ntr) response.
Growth with organic nitrogen sources is slower, results in low
glutamine (a signal of nitrogen limitation), and activates the
Ntr response. Expression of Ntr genes often requires the al-
ternate sigma factor ¢°* and the response regulator nitrogen
regulator I (NR; also called NtrC) (30, 31). Sometimes Ntr
gene expression also involves a o’°-dependent transcriptional
activator, Nac, itself the product of an Ntr gene.

Microarray and computer analyses of E. coli genes have
provided a catalog of Ntr genes and genes controlled by o™
(29, 50). About half of the products of ¢”*-dependent genes
are involved in nitrogen metabolism (29). Ntr proteins assim-
ilate ammonia and transport nitrogen-containing compounds,
such as amino acids and ammonia. Because of the number of
transport systems induced by nitrogen limitation, nitrogen
scavenging has been proposed as a major function of the Ntr
response (50).

The proposed assimilatory and scavenging functions of the
Ntr response do not account for the induction of a few cata-
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bolic pathways. It is remarkable that the majority of catabolic
pathways induced by nitrogen limitation catabolize a group of
metabolically related compounds: arginine, ornithine, pu-
trescine, and y-aminobutyrate (GABA) (Fig. 1). Arginine and
ornithine are substrates for putrescine synthesis, while GABA
is an intermediate in putrescine catabolism. This pattern of
gene expression suggests that Ntr genes may contribute to
putrescine and polyamine homeostasis during nitrogen-limited
growth.

To explore this possibility, we initially examined the gab
operon and its relationship with GABA catabolism. GABA
catabolism involves a two-step pathway that produces succi-
nate (Fig. 1, middle line) (7, 8, 23). gabT codes for a GABA
transaminase that generates succinic semialdehyde. gabD spec-
ifies an NADP-dependent succinic semialdehyde dehydroge-
nase, which oxidizes succinic semialdehyde to succinate (2, 7,
26). gabP encodes a GABA-specific permease (15, 26). Strains
with missense mutations in these genes grow poorly with
GABA as the nitrogen source (7, 41). In contrast to these
mutations, a mutation in gabC stimulates GABA catabolism,
which suggests that GabC is a repressor (8). The first three
genes are clustered and coexpressed (50), which suggests that
they form a gabDTP operon. Little is known about gabC, since
previous reports on its location are not consistent (7, 23), and
nothing is known about its expression.

GABA has been proposed to be an intermediate in the
catabolism of arginine, agmatine, ornithine, and putrescine
(Fig. 1) (41). However, recent results have shown that GABA
is not an intermediate in arginine and ornithine catabolism
(41). Instead, enzymes of the arginine succinyltransferase path-
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FIG. 1. GABA, putrescine, agmatine, arginine, and ornithine metabolism. The solid arrows indicate catabolic reactions, while the dashed
arrows are anabolic reactions. The genes that specify the enzymes involved are shown above the reaction arrows. The question mark indicates that
more than one enzyme is involved and that the gene for the second enzyme has not been identified. Details of the arginine pathway are given
elsewhere (38). Abbreviations: aKG, a-ketoglutarate; GLT, glutamate; FAD, flavin adenine dinucleotide.

way (Fig. 1, bottom line), products of the astCADBE operon,
are required for arginine catabolism (Fig. 1) (38). One product
of the ast operon, AstC, has been implicated in ornithine ca-
tabolism, which suggests that glutamic semialdehyde, not
GABA, is an intermediate in ornithine catabolism (Fig. 1)
(38). Nonetheless, GABA catabolism could conceivably con-
tribute to putrescine and agmatine metabolism.

In this paper, we describe an analysis of the structure, func-
tion, and regulation of the gab operon. We show that the gab
operon has an exceptionally narrow catabolic function, consid-
ering the compounds that activate its expression and the num-
ber of pathways in which GABA might be an intermediate. We
show that gabC is part of the gab operon and that its product
does not participate in GABA-specific regulation. These prop-
erties are consistent with a broader physiological function than
nitrogen source catabolism, such as modulation of putrescine
and polyamine content during nitrogen-limited growth.

MATERIALS AND METHODS

Strains and plasmids. The strains used in this study were derivatives of E. coli
K-12 strain W3110 (Table 1).

In strains SR1, SR2, and SR4, a gene coding for chloramphenicol resistance
replaces part of a gene of interest. Their construction involved variations of the
same procedure. For each, DNA was isolated from Kohara phage 443 (34),
which F. Blattner (University of Wisconsin—Madison) generously supplied. The
DNA of interest was cloned into the multicloning site of pWMS529 (22), and part
of the insert was replaced with a 1.2-kb chloramphenicol resistance cassette from
pACYC184 (3). A linear fragment of the disrupted allele was electroporated into
K4633 (recD1903::Tnl0), and chloramphenicol resistance from the resulting
strain was transduced into W3110. All constructs were confirmed by both South-
ern hybridization (35) and linkage to genetic markers in the vicinity (43). In the
descriptions that follow, the numbers in parentheses after restriction enzymes
refer to the coordinates of the sequence with GenBank accession number
AE000351.

In SR1, the chloramphenicol cassette replaces 139 bp of ygaE (gabC), which
deletes codons 122 to 168 of a 226-codon gene. The 3.2-kb BamHI (position
5788)-Sphl (position 9025) fragment was isolated from Kohara phage 443 and
cloned into pWM529. The resulting plasmid was digested with Clal (position
7878) and Stul (position 7740), and the large fragment was isolated and ligated
with the chloramphenicol resistance cassette.

SR2 has a 508-bp deletion of ygaF. The 4-kb Eco4711I fragment (positions 319
to 4288) from phage 443 was cloned into the Smal site of pWM529. The 508-bp
region between the Sall (position 1746) and SnaBI (position 2252) sites was
replaced with the 1.2-kb chloramphenicol resistance cassette. This deleted resi-
dues 38 to 206 of a putative 444-residue protein.

SR4 was constructed after ligation of the 4.8-kb Pvull (position 939)-BamHI
(position 5788) fragment from phage 443 into pWMS529. The DNA between two
BstEII sites (positions 3619 to 5355) was replaced with the chloramphenicol
resistance gene. This deletes codons 109 to 482 of the 482-codon gabD gene and
codons 1 to 303 of the 426-codon gabT gene.

SR6 and SR7 contain an operon fusion to lacZ, which was transferred to the
chromosome as previously described (9). This method involves ligation of pro-
moter-containing DNA into a cloning site just upstream of a promoterless lacZ
gene on pRS551 (42). Linearization of the plasmid, transformation into strain
TE2680, and isolation of kanamycin-resistant cells selected for strains with the
lacZ fusion integrated into the chromosome. Finally, the gene for kanamycin
resistance, which is adjacent to lacZ, was transduced from the TE2680 derivative
into W3110.

SR6 contains chromosomal lacZ under the control of the gabD promoter. The
promoter fragment was isolated from a plasmid containing gab DNA between
two Eco4 7111 sites (positions 319 to 4288). This plasmid was digested with Bsa Al
(positions 2252 to 2933), and the resulting 681-bp fragment (extending from
—640 to +41 with respect to the transcription start site) was ligated into the
multicloning site of pWM529. This permitted removal of the promoter-contain-
ing DNA as an EcoRI-BamHI fragment, which was ligated into the same sites of
pRS551, which are just upstream of a promoterless lacZ gene.

SR7 contains chromosomal lacZ fused to DNA upstream from gabP. The
plasmid used to construct SR1 was digested with BamHI (position 5788) and
Apal (position 6104). This DNA, which extends from —187 to +131 relative to
the 5" end of the gabP structural gene, was ligated into the multicloning site of
pWMS529 and then ligated into pRS551 as described for SR6.

HKO9 (nac::cat) was constructed by the method of Datsenko and Wanner (4).
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TABLE 1. Strains, plasmids, and phage used in this study

Strain, phage,

Relevant genotype or characteristics

Source or reference

or plasmid
AK3 rpoS::tet in W3110 Laboratory strain
BLS1 AgabC (ygaE)::cat Anac-28 P1 lysate from SRS (Kan") into SR1
BLS2 AgabC (ygaE)::cat rpoS::tet P1 lysate from SR1 (Cam") into AK3
CP6 AgabT This work
EB3364 Anac-28::kan 25
HK1 gabT::(mini-Tn5 lacZ-tet/1) in W3110 P1 lysate from MT114 (Tet") into W3110
HK9 Anac::cat This work
HK10 Anac::cat trp::(kan-gabD'-'lacZ) P1 lysate from HK9 (Cam") into SR6
K4633 recD1903::Tnl0 D. Friedman (University of Michigan)
MT114 gabT::(mini-Tn5 lacZ-tet/1) 1
SR1 AgabC (ygaE)::cat in W3110 This work
SR2 AygaF::cat in W3110 This work
SR4 AgabDT::cat in W3110 This work
SR5 nac-28::Tn5 in W3110 P1 lysate from EB3364 (Kan") into W3110
SR6 trp::(kan-gabD'-'lacZ) in W3110 This work
SR7 trp::(kan-gabP'-'lacZ) in W3110 This work
SR8 trp::(kan-gabD'-'lacZ) AgabC (ygaE)::cat in W3110 P1 lysate from SR1 (Cam") into SR6
TE2680 A(lac)X74 recD1903::Tnl0 trpDC700::putPA1303::(cat-'lac) 9
W3110 lacL8 lacl? Laboratory strain
Kohara 443 ygaF-gabDTP-ygaE (gabC) F. Blattner (University of Wisconsin)
pACYC184 cat 3
pGabp Transcription template for gabD promoter This work
pRS551 kan-'lacZ 42
pWM529 Cloning vector 22

The P1 primer was TTAGCTCACCAATTGCCACTGCCTTTTTTCCATCAC
TGGAGAACGTGTAGGCTGGAGCTGCTTCG, and the P2 primer was CTC
CTTTTATAGGGCAGGGGAACGCGACAGCTGATTAAAGGCATATGA
ATATCCTCCTTAG. This deleted all of nac from 144 bases upstream of the
structural gene to the stop codon.

CP6 (AgabT) contains a nonpolar deletion that was constructed as previously
described (4). The P1 primer was GTGGGACGTTGAAGGCCGTGAGTATC
TTGATTTCGCGTGTAGGCTGGAGCTGCTTCG. The P2 primer was CGG
TACAAGGATGCGCAGCACGTTGTAATACGGGCCCATATGAATATCC
TCCTTAGTTCC. The antibiotic resistance cassette was removed, which left an
in-frame deletion of residues 47 to 391 of a 426-residue protein.

Plasmid pGabp was used as a template for transcription in vitro. It was
constructed by cloning a PCR product from chromosomal DNA with primers
GCTCCGAATTCACCATCTACGCTCAGGACTGG (called gabD-L) and
GGTCGAAGCTTGGCGTGTAAGGCATCCACAC (called gabD-R) into the
EcoRI/HindIII site of plasmid pTE103. We verified the DNA insert by sequenc-
ing. The insert contained the gabD promoter region from —280 to +64 relative
to the transcription start site.

Cell growth. The minimal medium for growth was W salts (adjusted to pH 7.0)
supplemented with a carbon source at 0.4% and a nitrogen source at 0.2% (33).
Medium was supplemented with 100 pg of ampicillin per ml, 50 g of kanamycin
per ml, 25 ng of tetracycline per ml, or 10 pg of chloramphenicol per ml when
appropriate.

Enzyme assays. Cells were harvested late in the exponential growth phase,
when the A4, of the culture reached either 0.6 or 100 Klett units (no. 42 filter).
For the succinic semialdehyde dehydrogenase and GABA transaminase assays,
cell pellets were frozen, resuspended in 0.1 M KPO, buffer (pH 7.5)-1 mM
dithiothreitol-1 mM phenylmethylsulfonyl fluoride-9% glycerol just before as-
say, and disrupted with three 5-s bursts of sonication. The crude extracts were
ultracentrifuged for 90 min at 120,000 X g to remove NADH-oxidizing activity.
NADP-dependent succinic semialdehyde dehydrogenase activity was assayed in
0.1 M KPO, buffer (pH 7.8)-0.28 mM NADP at 30°C. The reaction was started
with the addition of 0.6 mM succinic semialdehyde, and the A5,, was monitored.
The assay used to measure GABA transaminase activity was identical to that
described previously (49), except that 100 mM HEPES buffer at (pH 7.0), 0.15
mM NADH, and 0.4 mM succinic semialdehyde were used. B-Galactosidase was
assayed as previously described (24). Specific activity is reported as nanomoles of
product formed per minute per milligram of protein.

In vitro transcription. Single-round in vitro transcription reaction mixtures
contained, in a final volume of 25 pl, transcription buffer (50 mM Tris - HCI [pH
7.5], 100 mM KCl, 10 mM MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA), 10 nM
pGabp (template), 4 mM ATP, 0.5 mM GTP, 0.5 mM CTP, 0.1 mM UTP, 1.25
ul of [a-*?PJUTP (800 Ci/mmol, 10 mCi/ml; ICN), 150 ug of heparin, and 100
nM core RNA polymerase (Epicenter Technologies). When indicated, the reac-
tion mixture also contained 300 nM ¢, 100 nM Ec”’ (Epicenter Technologies),
200 nM Nac dimer, or 250 uM cyclic AMP (cAMP) and 100 nM cAMP receptor
protein (CRP) dimer.

A mixture containing polymerase, cCAMP, and 3 U of RNAGuard (Pharmacia)
in transcription buffer was incubated for 5 min at 37°C. Nac and CRP were added
together, and the mixture was incubated for another 10 min. All components
were in transcription buffer, and the final volume after these additions was 20.5
wl. Transcription was initiated by addition of 4.5 pl of a solution containing GTP,
CTP, labeled and unlabeled UTP, and heparin in transcription buffer and al-
lowed to proceed for 15 min at 37°C, after which the reactions were stopped by
addition of 25 ul of 50 mM EDTA-100 pg of yeast tRNA per ml and the
mixtures were stored on ice. The reaction mixtures were extracted with 50 pl of
acidic phenol (pH 4.2; Sigma), and 40 wl of the upper phase was added to 10 .l
of sequencing loading dye. The tubes were heated to 90°C for 3 min and cen-
trifuged briefly before being loaded onto a 5% acrylamide-8 M urea—0.5X
Tris-borate-EDTA gel.

Primer extension. Primers for primer extension and sequencing reactions were
GGTCGAAGCTTGGCGTGTAAGGCATCCACAC for the gabD region and
GCCCCATCCTGAATCCTCTCGAAA for the gabP region. Primer extension
was based on previously described methods (17, 35), with the following modifi-
cations. For determination of the transcription start site in vitro, the transcription
reaction was run without labeled UTP. The nucleic acids were precipitated,
resuspended in water, mixed with labeled primer, dried, and resuspended in 30
wl of an annealing buffer consisting of 40 mM PIPES (pH 6.4), 1 mM EDTA, 400
mM NaCl, and 80% formamide. The mixture was heated for 2 min at 85°C,
cooled slowly to 50°C, incubated for 2.5 h, and ethanol precipitated twice. The
pellet was resuspended in 15 ul of a mixture containing the buffer supplied by the
manufacturer for murine leukemia virus reverse transcriptase (NEB), 100 pg of
bovine serum albumin per ml, 2 mM MgCl,, 1 mM each deoxynucleoside triphos-
phate, 7 U of RNAGuard, and 100 U of murine leukemia virus reverse tran-
scriptase. The reaction was performed for 90 min at 40°C and stopped by
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TABLE 2. Generation times for wild-type and mutant strains on various nitrogen sources
Avg generation time (min) * SE?
N source

W3110 (wild type) SR6 (wild type) CP6 (AgabT) SR4 (AgabDT) SR1 (AgabC) SRS (AgabC) SRS (Anac)
Ammonia ND? 84 £ 11 83 +2 ND ND 786 1223
Serine ND 184 =8 ND ND ND 171 £ 8 201 =3
Alanine ND 115+ 4 ND ND ND 116 = 4 180 = 10
Proline ND 215 £ 11 ND ND ND 222+ 14 235+ 12
Aspartate ND 227+ 14 ND ND ND 217 + 12 191 = 11
Glutamine 103 =5 98 £1 ND ND 103 £5 92+ 4 1371
GABA 398 374 £12 NG* NG 155 183 + 24 NG
GABA + aspartate 134 164 = 13 131 x5 ND 139 127 = 17 162 =5
Arginine 440 £ 12 405 £ 19 513 + 31 372+ 1 444 + 4 381 +7 252+ 4
Putrescine 1722 169 £ 8 152 168 = 1 184 =7 169 =9 149 = 4
Agmatine 144+ 6 ND ND 144+ 6 138 = 12 ND 168 + 10
Ornithine 228 =12 ND ND 276 = 1 240 =2 ND 318 £ 10

“ All values are for at least three separate cultures, except when no standard error is given, and these are for only one culture.

? ND, not determined.
¢ NG, no growth.

addition of 15 ul of sequencing loading dye. The mixture was heated for 3 min
at 95°C and loaded into a sequencing gel.

Other methods. Routine recombinant DNA techniques were carried out as
previously described (35). We carried out DNA sequencing by using chain-
terminating dideoxy nucleotides with T7 DNA polymerase (Sequenase) on dou-
ble-stranded templates (36). Sequencing reagents were from United States Bio-
chemicals, and [y->*P]JATP (7,000 Ci/mmol) was from ICN.

RESULTS

Phenotypes of gabT, gabDT, ygaE (gabC), and ygaF mutants.
Wild-type E. coli strains (W3110 or SR6) grew with a doubling
time of 6 to 7 h with GABA as the sole nitrogen source (Table
2). CP6 (AgabT) and SR4 (AgabDT) could not utilize GABA as
a nitrogen source. These strains grew normally with arginine,
ornithine, putrescine, and agmatine, which suggests that the
gab operon does not obviously contribute to their catabolism as
nitrogen sources (Table 2). The growth with arginine and or-

nithine was expected (Fig. 1, top line) (38), but the growth with
agmatine or putrescine was not, since GABA is a proposed
intermediate in their catabolism (41).

Nitrogen limitation induces gabD, gabT, and gabP expression
coordinately (50). This, together with their proximity, suggests
that they constitute an operon. The distance and potential
products of the genes adjacent to gabD and gabP (Fig. 2)
suggest that a putative gab operon might contain more than
three genes—perhaps under certain conditions that were not
assessed by the microarray analysis. Only 22 bases separate
gabD from the preceding ygaF gene. BLAST analysis suggested
that YgaF is a putative dehydrogenase, which could conceiv-
ably oxidize either y-aminobutyraldehyde or succinic semial-
dehyde (Fig. 1). However, SR2 (AygaF) had the same doubling
times (<15% difference) as W3110 (wild type) with GABA,
agmatine, arginine, and ornithine as nitrogen sources (S.

SR4
SR2 CPo6 SR1
l

gene ygaF gabD gabT gabP yvgak/gabC
gene designation ~ b2660 b2661 b2662 b2663 b2664
size (bps) 1269 1462 1281 1401 663
intercistronic
region (bps) 22 7 (or 13) 237 2 (or 20)

FIG. 2. The gab operon. The extents of the deletions and the insertion sites for SR1, SR2, SR4, and CP6 are indicated above the genes. The
line below the genes indicates the proposed transcript. There is uncertainty concerning the start codons of three genes. The genes and coordinates
(from the sequence with GenBank accession no. AE000351) of the first nucleotide of the start codons are as follows: ygaF, 1639 (GTG) or 1705
(ATG); gabT, 4452 or 4458 (both ATG); gabClygaE, 7379 or 7397 (both ATG). There are three repetitive extragenic palindromic elements between

gabD and gabP.
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TABLE 3. GabT (GABA-succinic semialdehyde transaminase) activity

Avg activity (nmol min~' mg of protein~') = SE (no. of determinations)

N source®

SR6 (wild type) CP6 (AgabT) HK1 (gabT::lacZ) SR4 (AgabDT)
Ammonia 257 *1.4(3) 1.71 = 0.84 (3) 24 +0.6(2) ND”
Alanine 134 =36 (5) ND 442 +0.24 (2) 37+x13(3)
Aspartate 152 =17 (5) 29*15(2) ND ND
GABA + aspartate 150 = 7.0 (4) 254 +0.3(3) 33+£29(3) 7.88 = 1.0 (4)
Glutamine 265 =5.0(3) 372 £28(3) ND ND
Arginine 267 = 11 (3) 0.77 = 0.39 (3) ND ND
Putrescine 391 £26(5) 111 =82 (3) 98.0 £2.9 (3) 102 = 2.1 (3)

“ All nitrogen sources were at 0.2%.
> ND, not determined.

Ruback and L. Reitzer, unpublished data). Therefore, YgaF is
not obviously involved in GABA catabolism.

BLAST analysis indicates that the gene downstream from
gabP, ygaE, codes for a putative transcriptional repressor. It is
the only potential repressor gene in the immediate vicinity.
SR1 and SR8 (both AygaE mutants) grew twice as fast as
W3110 and SR6 (isogenic wild-type strains) with GABA as the
sole nitrogen source but otherwise grew normally with all of
the other nitrogen sources tested (Table 2). The phenotype of
these mutants, together with enzyme assays from these strains
(results presented below), shows that ygaE codes for the gab
repressor. Therefore, ygaE is the previously described gabC
gene.

GabT transaminase and GabD dehydrogenase activities in
nitrogen-limited wild-type and gabT and gabD mutant strains.
To examine gab operon expression, we assayed the gabT prod-
uct, GABA transaminase (referred to as the transaminase),
and the gabD product, NADP-dependent succinic semialde-
hyde dehydrogenase (referred to as the dehydrogenase), from
extracts of exponentially growing cells. Transaminase activity
was low (26 U) for cells grown in ammonia-containing nitro-
gen-rich media and higher in all nitrogen-limited media (65 to
267 U) (Table 3; Fig. 3, lower left panel). Dehydrogenase
activity paralleled transaminase activity: it was low with am-
monia (28 U) and higher for all cells grown in nitrogen-limited
media (52 to 142 U) (Table 4; Fig. 3, lower right panel).

CP6 (AgabT), SR4 (AgabDT), and HK1 (gabT::lacZ) had low
transaminase activity (2 to 8 U) after growth with ammonia,
alanine, aspartate, arginine, and glutamine as nitrogen sources
(Table 3). SR4 (AgabDT) had low dehydrogenase activity (2 to
6 U) with alanine or GABA plus aspartate as the nitrogen
sources (Table 4). In contrast, all of the gabT mutants grown
with putrescine had 100 U of transaminase activity (Table 3)
and the AgabDT mutant had 65 U of dehydrogenase activity
(Table 4), which are about 25 and 40% of the fully induced
wild-type activities, respectively. These results suggest that pu-
trescine, but not other nitrogen sources, induces a gab-inde-
pendent transaminase and dehydrogenase. These gab-indepen-
dent enzymes account for the normal growth of gab operon
mutants with putrescine and agmatine as nitrogen sources. In
summary, gabT and gabD specify essentially all of the transam-
inase and dehydrogenase activities, respectively, except when
putrescine is the nitrogen source.

GabC-dependent regulation. SR8 (AgabC) had higher levels
of activities of both enzymes than those from SR6 (wild type),
but only in nitrogen-limited cells (Fig. 3, top panels). The

higher enzyme activities account for the faster growth with
GABA as a nitrogen source and suggest that GabC is a gab
operon-specific repressor.

Nac-dependent regulation. Most Ntr genes have either a
o>*-dependent promoter, which requires nitrogen regulator I
(NR;; also called NtrC), or a ¢’°-dependent promoter, which
requires Nac. nac is itself a o>*-dependent Ntr gene. The
regulatory region of the gab operon does not have the distinc-
tive sequence of o>*-dependent promoters, which is easily
identified in all known o>*-dependent promoters (29). Instead,
our results suggest Nac-dependent control.

SR5 (Anac) could not grow with GABA as a nitrogen source,
which suggests that gab operon expression requires Nac (Table
2). SRS grew normally (<20% difference) with agmatine, as-
partate, proline, or putrescine; at least 40% slower with am-
monia, alanine, glutamine, or ornithine; and 43% faster with
arginine (Table 2). The latter result had been previously ob-
served (25). Transaminase and dehydrogenase activities in SRS
were dramatically lower than in the wild-type strain (Fig. 3,
bottom panels). The only exception was for putrescine-grown
cells, which have putrescine-inducible gab-independent iso-
zymes.

Nitrogen source-specific regulation and the function of
GabC. Transaminase and dehydrogenase activities in the wild-
type strain varied with the nitrogen source (most easily seen in
the bottom panels of Fig. 3). Serine and alanine resulted in
lower activities than did the other nitrogen sources. GABA
induced enzyme activity as well as did several other nitrogen
sources, including those that are not metabolized to GABA
(e.g., aspartate, proline, and glutamine), which is not consis-
tent with GABA-specific induction.

The absence of GABA-specific induction suggests that
GABA does not bind GabC. To account for the lack of GABA-
specific induction, we considered the possibility that GabC
from E. coli has lost its responsiveness to GABA and that
GabC from other organisms has retained GABA responsive-
ness. Therefore, we cloned the Klebsiella aerogenes gabC gene
into SR8. If GABA inactivated the K. aerogenes GabC protein,
then a strain with the K. aerogenes gabC gene would grow faster
with GABA as a nitrogen source than a similar strain with the
E. coli gabC gene. The K. aerogenes and E. coli gabC genes on
a plasmid slowed the growth of SR8 with GABA as the nitro-
gen source to the same extent (B. Schneider and L. Reitzer,
unpublished data). We conclude that GABA or a product of
GABA catabolism does not inactivate K. aerogenes GabC.
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FIG. 3. GabT and GabD activities in wild-type, AgabC, and Anac strains. Cells were grown with each of the indicated nitrogen sources at 0.2%.
The errors bars are the standard errors of three to five determinations. Abbreviations: NH3, ammonia; S, serine; A, alanine; P, proline; D,
aspartate; GABA+D, GABA plus aspartate; Q, glutamine; R, arginine; PUTR, putrescine.

Therefore, GabC from at least two organisms fails to respond
to GABA or compounds derived from GABA.

The range of the nitrogen source-specific regulation in ni-
trogen-limited media was much greater in SR8 (AgabC) than in
SR6 (wild type) (Fig. 3). Transaminase activity from SRS var-
ied 12-fold (159 to 1,880 U), but that from SR6 varied only
4-fold (65 to 267 U). Dehydrogenase activity from SR8 varied
15-fold (68 to 1,050 U), but that from SR6 varied only 2.2-fold
(65 to 142 U). (The values for putrescine-grown cells were
excluded because of the complication of gab-independent

isozymes.) These results suggest that the function of GabC may
be to reduce nitrogen source-dependent variation.

A strain with a polar insertion in gabT is phenotypically
GabC™. GabD dehydrogenase was unexpectedly high in HK1,
which contains an insertion in gabT (Table 4). Dehydrogenase
activity in HK1 was four to eight times higher than that in SR6
(wild type) for cells grown with alanine, GABA (with aspar-
tate), and putrescine and 70 to 100% of that from SRS
(AgabC). In other words, HK1 is phenotypically GabC . In
contrast, CP6, which contains an in-frame deletion of gabT,
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TABLE 4. GabD (succinic semialdehyde dehydrogenase) activity”

Avg activity (nmol min~! mg of protein~') = SE (no. of determinations)

N source

SR6 (wild type) CP6 (AgabT) HK1 (gabT::lacZ) SR4 (AgabDT)
Ammonia 285 +3.5(3) 13.0 + 42 (3) 374 +11(2) ND
Alanine 525 + 17 (5) ND 396 + 130 (2) 2.1+ 0.6(3)
Aspartate 121 + 56 (5) 58.8 +2.5(2) ND ND
GABA + aspartate 89.3 + 13 (4) 533 + 6.6 (3) 398 = 51 (3) 6.36 = 1.1 (4)
Glutamine 130 * 6 (3) 109 + 8.6 (3) ND ND
Arginine 142 = 8.3 (4) 97.5 5.0 (3) ND ND
Putrescine 160 * 18 (5) 139 + 11 (3) 704 + 70 (3) 65.0 +3.2(3)

“ See the footnotes to Table 3.

invariably had less dehydrogenase activity than the wild-type
strain (Table 4). The simplest explanation for the difference in
dehydrogenase activity between HK1 (gabT::lacZ) and CP6
(AgabT) is the polarity of the insertion in HK1. This result
suggests that gabC is part of the gab operon.

Expression from a gabD-lacZ fusion. We examined expres-
sion from a gab-lacZ fusion in order to confirm the results
suggested by direct enzyme assays and to eliminate possible
complications due to redundant enzymes. SR6 contains a chro-
mosomal fusion of the gabD promoter (which was subse-
quently shown [see below] to contain DNA from —640 to +41
relative to the transcription start site) to lacZ. The gabD-lacZ
fusion is inserted within the #p operon, which leaves the gab
operon intact. Nitrogen limitation activated expression that
varied with the nitrogen source (Table 5), which agrees with
the results of direct assays (Fig. 3). B-Galactosidase activity was
at least 10-fold lower in isogenic nac mutant cells grown in
three different nitrogen-limited media (Table 5), which further
confirms control by Nac.

Loss of GabC had no effect on B-galactosidase activity from
cells grown with a variety of nitrogen sources and actually
decreased B-galactosidase activity twofold when GABA was
the nitrogen source (Table 5). This result is not consistent with
the faster growth of gabC mutants (Table 2) or assays of
transaminase and dehydrogenase activities (Fig. 3). One expla-
nation for the discrepancy is that the promoter fragment fused
to lacZ does not contain all of the GabC operator, even though
the fusion contains DNA from —640 to +41 with respect to the
gabD transcription start site. Attempts to clone a larger pro-
moter fragment were unsuccessful. An alternate explanation is
that the fusion’s location in the #7p operon affects the topology
of the promoter and prevents GabC binding. In any case, the

gabD-lacZ reporter recapitulated all aspects of regulation, ex-
cept the control by GabC, which was lost.

GabT transaminase and GabD dehydrogenase activities in
carbon-limited cells. W3110 (wild type) could not utilize
GABA as a carbon source, but SR1 (gabC) could (Table 6).
Such growth is not consistent with Nac-dependent control.
Therefore, we examined transaminase and dehydrogenase ac-
tivities from carbon-limited cells. Carbon limitation induced
both enzymes in W3110 about twofold with aspartate versus
glucose as the carbon source (Table 6). In contrast, SR1 had
low activities with glucose, three- to fourfold higher activities
with glycerol, and 20- to 30-fold higher activities with GABA
and aspartate as carbon sources. These activities are not con-
sistent with GABA-specific induction. Instead, slower growth
correlates with higher activities. BLS1 (gabC nac) consistently
had about twice the activities of SR1 (gabC) with aspartate or
GABA as the carbon source, which suggests that Nac impairs
expression during carbon-limited growth.

It has been reported that stationary-phase gab expression
requires o° (1, 37). Our results show that gab expression during
carbon-limited growth also requires ¢ BLS2 (gabC rpoS)
could not utilize GABA as a carbon source. Furthermore,
BLS2 (gabC rpoS), compared to SR1 (gabC), had 8- and 30-
fold less transaminase and dehydrogenase activities with glyc-
erol and aspartate, respectively, as the carbon sources (Table
6).

gab operon transcripts and regulatory sites. To confirm the
results of the mutant analysis and enzyme assays, we analyzed
transcription with purified core RNA polymerase (E), a’°, ¢°,
CRP, and Nac. We used purified Nac from K. aerogenes, which
is stable, unlike Nac from E. coli, which is unstable (11, 25).
The template, plasmid pGabp, produced a transcript of about

TABLE 5. B-Galactosidase activity from reporter strains with the gabD-lacZ operon fusion”

Avg activity (nmol min~! mg of protein~') = SE (no. of determinations)

N source
SR6 (wild type) SR8 (AgabC) HKI10 (Anac)

Ammonia 63.6 5.1 79.0 = 15 83*6
Alanine 236 = 61 218 =33 ND
Serine 382 = 86 322 =81 ND
GABA 1,530 £ 650 708 = 72 ND
GABA + aspartate 1,280 = 158 ND 120 = 2
Arginine 2,070 = 220 2,350 = 420 ND
Aspartate 1,790 =71 1,650 = 650 139 = 25
Glutamine 1,660 =+ 450 1,770 = 410 ND
Putrescine 3,350 = 140 3,220 = 240 147 = 11

“ See the footnotes to Table 3. All assays were performed at least three times.
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TABLE 6. Transaminase and dehydrogenase activities and rates of carbon-limited growth

gabDTPC IN E. COLI 6983

Strain and genotype

Carbon source”

Activity (nmol min~! mg of protein~') = SE
(no. of determinations)

Avg doubling time

(min) = SE?
Transaminase Dehydrogenase

SR6 (wild type) Glucose 257 *+1.4(3) 28.5+3.5(3) 84 =11
SR8 (gabC) Glucose 341 *6.1(3) 292 +51(3) 78 £ 6.4
W3110 (wild type) Glycerol 38.8 =11 (3) 327+43(3) 104 = 2.7
SR1 (gabC) Glycerol 110 =17 (3) 80.6 £ 9.4 (3) 100 = 3.7
BLS1 (gabC nac) Glycerol 121 £6.9 (3) 71.9 =52 (3) 116 = 9.1
BLS2 (gabC rpoS) Glycerol 13.9 = 0.47 (3) 10.5 = 0.29 (3) 130 = 7.8
W3110 (wild type) GABA NG* NG NG
SR1 (gabC) GABA 738 =50 (3) 434 £ 69 (3) 236 = 2.7
BLS1 (gabC nac) GABA 1,500 = 51 (3) 779 = 47 (3) 245 = 14
BLS2 (gabC mpoS) GABA NG NG NG
W3110 (wild type) Aspartate 472 =72 (3) 36.3 =49 (4) 256 =33
SR1 (gabC) Aspartate 1,000 = 30 (3) 534 +43(2) 310 = 14
BLS1 (gabC nac) Aspartate 1,700 = 67 (3) 961 = 61 (3) 344 =32
BLS2 (gabC rpoS) Aspartate 63.2 £6.7(3) 331 *+1.4(3) 336 £ 13

¢ Cells were grown with the indicated carbon source at 0.4% and 0.2% (NH,),SO,.

? Doubling times of at least three cultures are shown.
¢ NG, no growth.

400 bases, but only with Ea’® and Nac (see the two lanes next
to the markers in Fig. 4). The plasmid produces a discrete
transcript because of a strong transcriptional terminator down-
stream from the promoter region. Ea’° did not direct synthesis
of this transcript by itself or with cAMP and CRP. cAMP and
CRP had no effect on Nac-dependent transcription. Ec® did
not generate a similar transcript by itself or with either CRP or
Nac. The 110- and 720-base transcripts serve as internal con-
trols and can presumably be synthesized by either Ec”° or Ec®.
The transcripts probably correspond to a regulatory RNA of
plasmid replication and the bla transcript, respectively. The
purified Ec® complex was active because it synthesizes these
transcripts and initiates transcription from the astCADBE reg-
ulatory region (17).

Primer extension analysis of the in vitro transcript indicated
a start site 101 bases from the structural gene (Fig. 5). (We had
great difficulty detecting primer extension products from RNA
extracted from cells, presumably because of extensive degra-
dation.) Nac sites in K. aerogenes have a consensus of ATA(A/
G)-N;-(A/T)NT(C/G)GTAT and are centered 64 or 44 bases
from the transcription start site (11, 14, 27). There is a poten-
tial Nac-binding site that is centered 44 bases from the tran-
scription start site preceding gabD (Fig. 6), which is consistent
with the location of a known Nac-binding site.

GabC is a member of the FadR subfamily of the GntR
family of bacterial regulators, which are generally repressors
(32). The extremes of the protected regions for characterized
GntR-like proteins are —80 and +28 with respect to the tran-
scription start site (6, 10, 18, 21, 28). A consensus operator site
is an inverted repeat with t-GTa half-sites (capital letters in-
dicate highly conserved bases) separated by one to three bases
(32). Assuming that GabC binds a similar sequence, there are
four potential half-sites with no or one mismatch from —80 to
+28 (Fig. 6). A consensus half-site (no mismatches) overlaps
the —10 RNA polymerase-binding region and has an adjacent
half-site with two mismatches (Fig. 6).

The intercistronic gabT-gabP region contains 237 bases and
three repetitive extragenic palindromic (REP) elements.
Nonetheless, we considered the possibility that a promoter
precedes the third gene of the operon, gabP. Primer extension
indicated a transcript with a 5" end that was 88 bases upstream
of gabP, which was detectable only from SR1 (Ruback and
Reitzer, unpublished). A binding site for ¢’%-containing RNA
polymerase was not apparent from the region upstream of this
transcript. We also constructed a fusion of this region to a
promoterless lacZ gene on the chromosome, but expression
was always less than twice the background and unregulated
(Ruback and Reitzer, unpublished). Considering the polar ef-
fect of an insertion in gabT on gabC, we conclude that no
promoter precedes gabP. The primer extension results proba-
bly indicate an RNA-processing site.

DISCUSSION

The gabDTPC operon. Our results, combined with previously
published results, suggest an operon structure for the gab genes
and that four genes form the gabDTPC operon. The evidence
that the first three genes are members of the gab operon is
unambiguous. The GabT transaminase and GabD dehydroge-
nase activities change coordinately (Tables 3 and 4; Fig. 3 and
4). Furthermore, mutations in gabD have been previously
shown to be polar and reduce synthesis of the GABA per-
mease, i.e., GabP (23). Finally, microarray analysis indicates
coordinate expression of gabD, gabT, and gabP (50).

The evidence that gabC is also a member of this operon is
not as strong but reasonably convincing. The strongest evi-
dence is that a strain with a polar insertion in gabT mimics the
phenotype of a gabC mutant with respect to gabD expression.
It is unusual for a repressor to be encoded within the operon
that it regulates, so we considered alternative interpretations.
If it is proposed that gabC is not part of the gab operon, then
it becomes necessary to explain the differential effect of the
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Ec - - - - - + + + +
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Nac + - - ++- - ++ M

-

.—82

FIG. 4. Requirements for transcription in vitro from the gabD pro-
moter. The arrow indicates the location of the transcript that requires
Eo’ and Nac. M, molecular size markers (sizes are indicated in bases
on the right).

insertion in gabT versus an in-frame deletion of gabT on GabD
activity (Table 4). The only viable explanation that accounts for
this difference is that polarity on gabP expression affects reg-
ulation. This could occur if GabP itself has a regulatory func-
tion in addition to its transport function or if impairment of
transport affects accumulation of an inducer. The first possi-
bility seems unlikely, although it is certainly not impossible. We
can eliminate the second possibility, since gab operon expres-
sion does not require either GABA or a product of GABA
catabolism. Therefore, the simplest explanation for the effect
of the gabT lesion on GabD activity is polarity on gabC expres-
sion. The only uncertainty in this conclusion is the absence of
evidence of a four-gene gab operon transcript. We tried to
obtain evidence of this transcript but could not see discrete
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FIG. 5. Primer extension from the in vitro transcription product.
The arrow indicates the initiating nucleotide. The sequence of the
entire region is shown in Fig. 6.

bands in a Northern blot. Even if we had observed gab operon
transcripts, our expectation would be that the Northern blot
would confirm the microarray analysis, which did not indicate
gabC coregulation with other genes of the gab operon (50).
This would be a reasonable expectation because transcripts of
regulatory genes (e.g., gabC) are usually less abundant than
those for structural genes (e.g., gabD and gabT). The apparent
discoordinate level of gabC transcripts could result from less

gabD Ntr promoter

—120 TGACGATTIT CTGITTGTCA CCACCCCGCG CACGATCCAC ACCTGCAATG CGCCCTCCCC

,,,,,,, > >,
—60 GGCAGCGACA TCAGCAATTC CTATTGGTGC GCATATTGTC AGCAAGGTAC AAACGCTGTT

potential Nac site =35 -10
------- >
+1 GGCAAGCCAG AGTAACCCCG GACGCACGCT GCGAGCGGCA - 61 bases — ATG AAA
met glu

consensus K. gerogenes Nac site: ATAA/G)-Nx-(A/T)NT(C/G)GTAT

FIG. 6. Nucleotide sequence of the gabD promoter region. The
coordinates refer to the transcription start site. The RNA polymerase
—10 and —35 regions are underlined. The arrows above the sequence
indicate possible GabC-binding half-sites. The dashed arrows indicate
one mismatch with the t-GTa consensus for GntR-like proteins. The
solid arrows show a potential palindromic GabC site that has no
mismatches in the downstream half-site and two mismatches in the
upstream half-site. There are also potential half-sites with one mis-
match centered at +45, +58, +96, and +108 that are not shown.
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frequent transcription of the distal gabC gene or greater sus-
ceptibility to degradation. In any case, we consider the genetic
evidence to be more reliable than the biochemical evidence
and therefore conclude that gabC is the fourth gene of the gab
operon.

In contrast, our results argue that ygaF, the gene preceding
gabD, is not part of the gab operon. First, a deletion of ygaF
had no effect on catabolism of GABA or any other nitrogen
source, which implies that the function of YgaF is not related
to the function of gab operon products. Second, transcription
with purified proteins indicated that a promoter with the ap-
propriate regulation and regulatory sites precedes gabD. Fi-
nally, microarray analysis did not provide evidence of coregu-
lation of ygaF with the gab operon (50), which in this case is
considered meaningful because the ygaF transcript would be
expected to be as abundant as those for other enzymes, i.e.,
GabD and GabT.

Control of the gab operon. Nac mediates the induction of the
gab operon by nitrogen limitation. Nac also activates codBA
(b0336-0337), a putative polyamine transport/catabolic operon
(b1440-1444), yedL (b1932), nupC (b2393), and fkiB-cycA
(b4207-4208) and represses serA (b2913) and gltBDF (b3212-
3214) (50). However, the phenotype of E. coli nac mutants
tends to be subtle (25). The failure to utilize GABA as a
nitrogen source is its most distinctive phenotype.

GabC does not obviously respond to a specific inducer.
GabC is in the FadR subfamily of the GntR family of tran-
scriptional regulators (32). At least one other member of the
family, MatR, which regulates malonate metabolism in Rhizo-
bium leguminosarum, also fails to respond to a specific inducer
(21). Therefore, the absence of specific induction for these
proteins has a precedent.

gab expression shows a nitrogen source modulation, and
GabC reduces this modulation. This function could explain
why gabC is a member of the gab operon since a modulatory
function would become important only after the operon is
expressed. Nitrogen source modulation of Ntr gene expression
is also evident for activation of astCADBE (17, 38), a minimal
ginAp, promoter (39), and ygiG (C. Pybus and L. Reitzer,
unpublished data) and repression of gltBDF (12). The mecha-
nism of this modulation is not known and may vary from gene
to gene. For example, ArgR mediates arginine-specific stimu-
lation of astCADBE expression and this control may be unique
among Ntr genes (17). Control of Nac specific activity is prob-
ably not involved in nitrogen source-specific modulation, since
intracellular metabolites in K. aerogenes do not regulate its
activity (40). However, the instability of E. coli Nac has pre-
vented examination of the effects of metabolic intermediates
on its activity (25).

In addition to expression during nitrogen-limited growth, we
also observed gab expression during carbon-limited growth,
which required both ¢° and inactivation of gabC. Several
groups have observed gab expression in environments that are
not nitrogen limited (1, 37, 44, 48). When examined, such
expression requires ¢ and always involves strains with inser-
tions in the gab operon (1, 37, 44, 48). We propose that the
common factor is loss of GabC, since we could not detect
significant o>-dependent expression in wild-type cells during
either carbon-limited growth (Table 6) or stationary phase (B.
Schneider, H. Kasbarian, and L. Reitzer, unpublished data).

gabDTPC IN E. COLI 6985

However, loss of GabC is not sufficient for expression since we
could not reconstitute o>-dependent gab expression. CAMP,
growth rate, cell density, osmolarity, and starvation have been
shown to affect o°-dependent gene expression (20). cAMP and
its receptor protein did not stimulate expression (Fig. 4). In-
stead, our results suggest that a growth rate factor, such as
guanosine tetraphosphate, may be required, which has been
shown to be the case for other o5-dependent genes (19).

The function of the gab operon and polyamine metabolism.
Our results show that the gab operon is required for GABA
catabolism but does not contribute to the catabolism of any
other nitrogen source. The exclusivity of nitrogen source ca-
tabolism contrasts with the nonspecificity of induction; i.e., all
nitrogen sources induce. One explanation for this discrepancy
is that nitrogen source catabolism is not the only function of
the gab operon. Examination of the pattern of genes expressed
during nitrogen limitation suggests a possible alternate func-
tion for the gab operon. Nitrogen limitation induces few cata-
bolic enzymes, and surprisingly, most metabolize compounds
that are related to putrescine. Nitrogen limitation induces
b1440-1444 (putative role in both polyamine transport and
catabolism), gabDTPC (GABA catabolism, which could re-
move products of putrescine catabolism), and ygiG (a pu-
trescine-specific transaminase) (50; Pybus and Reitzer, unpub-
lished). Nitrogen limitation also activates the astCADBE
operon (17, 38), whose products metabolize both arginine and
ornithine away from putrescine synthesis.

Putrescine is the major polyamine in E. coli (5, 45). Poly-
amines have been implicated in protein and nucleic acid elon-
gation rates, translational fidelity, chromosomal structure, and
other crucial functions (5). Putrescine content is higher in
faster-growing cells, and loss of RpoS diminishes putrescine
pools (47). The putrescine content of cells in high-ionic-
strength media is also low (45). There is no agreement on the
mechanisms that control the intracellular putrescine concen-
tration, and it is likely that several mechanisms are involved. It
has been argued that feedback inhibition controls putrescine
synthesis (46), and the opposite has also been argued (5). It has
been proposed that putrescine export controls intracellular
putrescine (13, 16), but putrescine is not excreted in certain
media (45). Putrescine catabolism has not been considered as
a possible homeostatic control mechanism, but only because
polyamine catabolism has not been extensively studied. The
pattern of Ntr gene expression suggests that several catabolic
Ntr enzymes act in concert to diminish putrescine levels during
nitrogen-limited growth. If this is true, then enzymes of the Ntr
response not only assimilate ammonia and scavenge nitrogen
but also control polyamine homeostasis. Such a function would
account for the seemingly nonspecific Ntr induction of the
gabDTPC operon.
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