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Klebsiella aerogenes strains with reduced levels of p-amino acid dehydrogenase not only fail to use alanine as
a growth substrate but also become sensitive to alanine in minimal media supplemented with glucose and
ammonium. The inability of these mutant strains to catabolize the alanine provided in the medium interferes
with both pathways of glutamate production. Alanine derepresses the nitrogen regulatory system (Ntr), which
in turn represses glutamate dehydrogenase, one pathway of glutamate production. Alanine also inhibits the
enzyme glutamine synthetase, the first enzyme in the other pathway of glutamate production. Therefore, in the
presence of alanine, strains with mutations in dad4 (the gene that codes for a subunit of the dehydrogenase)
exhibit a glutamate auxotrophy when ammonium is the sole source of nitrogen. The alanine catabolic operon
of Klebsiella aerogenes, dadAB, was cloned, and its DNA sequence was determined. The clone complemented the
alanine defects of dadA strains. The operon has a high similarity to the dad4AB operon of Salmonella typhi-
murium and the dadAX operon of Escherichia coli, each of which codes for the smaller subunit of p-amino acid
dehydrogenase and the catabolic alanine racemase. Unlike the cases for E. coli and S. typhimurium, the dad
operon of K. aerogenes is activated by the Ntr system, mediated in this case by the nitrogen assimilation control
protein (NAC). A sequence matching the DNA consensus for NAC-binding sites is located centered at position
—44 with respect to the start of transcription. The promoter of this operon also contains consensus binding

sites for the catabolite activator protein and the leucine-responsive regulatory protein.

Alanine plays many important roles in the growth and phys-
iology of enteric bacteria. It is one of the major amino acids
present in proteins (33) and can be used in the biosynthesis of
the amino acid valine (46) and of the vitamin biotin (16), and
both the L and D stereoisomers of alanine are major constitu-
ents of the peptidoglycan layer (43). Alanine pools in Klebsiella
aerogenes and Escherichia coli are higher than levels of other
amino acids when cells are grown under a variety of laboratory
conditions (37, 42). In E. coli, the presence of exogenous ala-
nine causes the differential expression of many operons. This
differential expression occurs both in a leucine-responsive reg-
ulatory protein (Lrp)-dependent manner (12) and indepen-
dently of Lrp (28). Therefore, alanine has been implicated as a
regulatory molecule that plays a role in transcriptional regula-
tion. Catabolism of alanine yields pyruvate and ammonia; thus,
alanine provides a source of carbon, nitrogen, and energy.

Alanine catabolism has been well studied in the enteric
bacteria E. coli and Salmonella typhimurium (30, 38). The ca-
tabolism proceeds in a two-step process in which L-alanine is
converted to pD-alanine by alanine racemase, and then the D-
alanine is converted to pyruvate and ammonia by the mem-
brane-associated, heterodimeric p-amino acid dehydrogenase
(38). The genes that code for the racemase (dadX in E. coli;
dadB in S. typhimurium) and the smaller subunit of the dehy-
drogenase (dadA) have been characterized and form an
operon that is regulated by exogenous alanine and carbon
limitation (23, 44, 45, 47-49). Lrp has been implicated in the
derepression of the dad operons of both organisms in response
to alanine (21, 29), and Lobocka et al. have shown that the
activation of the E. coli operon under carbon-limiting condi-

* Corresponding author. Mailing address: Department of Biology,
The University of Michigan, Ann Arbor, MI 48109-1048. Phone: (313)
936-2530. Fax: (313) 647-0884. E-mail: rbender@umich.edu.

563

tions is dependent on the catabolite activator protein (CAP)
(23). Neither the dehydrogenase nor the racemase activity is
regulated by nitrogen in either organism (30).

We observed that the addition of L-alanine to minimal me-
dium supplemented with glucose and ammonium prevented
the growth of many of the K. aerogenes strains in our collection.
To understand this alanine sensitivity, we studied alanine ca-
tabolism in K. aerogenes. Here we present the characterization
of the dadAB operon from K. aerogenes and discuss how strains
unable to catabolize alanine develop a glutamate auxotrophy
when grown in minimal medium containing glucose, ammo-
nium, and alanine.

MATERIALS AND METHODS

Bacterial strains and plasmids. The K aerogenes and E. coli strains and
plasmids used in this work are listed in Table 1. It should be noted that although
the species K. aerogenes has been subsumed into the species K. pneumoniae, we
retain the older name for historical purposes and to distinguish strain W70 from
the nitrogen-fixing K. pneumoniae strain M5al, from which it differs consider-
ably. pCB925 is the original clone isolated containing the dadAB operon of K.
aerogenes. pCB752 is a subclone of pCB925 and was constructed by digesting
pCB925 with HindIII and cloning a 3.5-kb fragment into pBluescript (pBS) SK—;
pCB752 complements the Dad phenotype of KC2668. The dad promoter regions
from E. coli and K. aerogenes were amplified by PCR and cloned into pRJ800.
Primers were designed that hybridize to the upstream, oppositely oriented open
reading frame (ORF) (alape [GGGGAATTCCATAGAATCGATCGTCGCCA
T]) and to the start of the coding region of dadA (alaph [GATTAAGCTTCCA
GGCGCTGGCAACG]) to amplify the E. coli dad promoter. Chromosomal
DNA from E. coli DH5a was used as a template for PCR, the conditions for
which are described below. The resulting DNA fragment was purified and di-
gested with EcoRI and HindIII (the restriction sites were present in the primers)
and cloned into pRJ800, resulting in plasmid pCB889. The dad promoter region
from K. aerogenes was cloned the same fashion (primers kalapeco [GGGGAA
TTCATGGAGTCAATCGTAGCCAT] and kalaphin [CCCCCAAGCTTCAAT
CTCCCAGTATGACG]) except that pCB752 was used as a DNA template. The
resulting PCR fragment was cloned into pRJ800, resulting in pCB888. The DNA
sequence of each promoter was determined to ensure that no errors were gen-
erated during the amplification by Tag DNA polymerase. Plasmid pPC36 con-
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TABLE 1. Strains and plasmids used in this work

Strain'(); Relevant genotype or Reference or source
plasmid characteristics
K. aerogenes
MK9682  gltB200 ntr-45 4
KB958 hutC515 nac-1 7
MK1 Prototroph B. Magasanik
KC1422 hutC515 dadA1 (Mu cts hP1 1)  This laboratory
KC2001 gltB200 ntr-45 ntrC5::Tn5-131 25
KC2004 hutC515 Afbla]-2 This laboratory
nac-203::Tn5-131
KC2569 hutC515 dadAI nas-3::Tn5-131 5
KC2616 hutC515 Afbla]-2 This laboratory
crp-91::Tn5-131
KC2668 hutC515 Afbla]-2 dadA1 This laboratory
KC2725 nac-203::Tn5-131 in KC2668 This laboratory
KC2863”  gdh-3 in KC2668 This laboratory
KC3345¢  hutC515 nac-203::Tn5-131 P1 (KC958) x KC2004
KC3346Y  hutC515 Afblaj-2 P1 (KC3345) x KC2668
KC3821 KC3346/pCB888 This work
KC3847 KC3346/pPC36 This work
KC3848 KC3847/pCB888 This work
KC3902 KC2668/pCB515 This laboratory
KC3914 hutC515 (Mu cts hP1 This work
1)/pEG5005
KC4080 nas-3::Tn5-131 in KC3346 This work
KC4469°  hutC515 Afbla]-2 P1 (KC2616) x KC3346
crp-91::Tn5-131
E. coli
W3110 Prototroph R. G. Matthews
EB3364 nac-28 in W3110 32
EB3846 W3110/pPC36 This work
Plasmids
pBS SK—  High-copy-number cloning Stratagene
plasmid, Ap*
pEGS5005  Carries Mu d5005, Ap" Km* 20
pRIJI800 Promoterless lacZ fusion 2
plasmid, Ap”
pPC36 Low-copy-number tacp::nac S. Maloy
fusion, Sm" Sp”
pCB515 Low-copy-number gdhA, Sm* This laboratory
Sp*
pCB752 K. aerogenes dadAB operon in  This work
pBS SK—
pCB888 K. aerogenes dadAp in pRJ800  This work
pCB889 E. coli dadAp in pRJI800 This work
pCB925 Mu d5005::dadAB This work

“ All K. aerogenes strains listed here are derived from strain W70; all E. coli
strains are derived from strain K-12.

 gdh-3 in a mutation that results in an approximately threefold increase in
GDH activity when cells are grown in glucose-ammonium minimal medium.

¢ Transduction of strain KC2004 to Dad* (growth on alanine as the sole
carbon and nitrogen source), using phage P1 grown on strain KC958.

4 Transduction of strain KC2668 to Dad* (growth on alanine as the sole
carbon and nitrogen source), using phage P1 grown on strain KC3345.

¢ Transduction of strain KC3346 to crp-91::Tn5-131 (tetracycline resistance),
using phage P1 grown on strain KC2616.

tains nac driven by the isopropyl-B-p-thiogalactopyranoside IPTG-inducible tac
promoter (13, 15).

Enzyme assays. Cells were grown in W4 salts (6) supplemented with various
carbon and nitrogen sources (0.4 and 0.2% [wt/vol], respectively) as indicated in
Tables 2 to 5. Cells were grown to mid-log phase (50 Klett units), washed with
1% KClI, and concentrated 10-fold (approximately 1 mg of protein per ml). Cells
were permeabilized with toluene for the p-amino acid dehydrogenase and ala-
nine racemase assays, with 0.2% hexadecyl trimethylammonium bromide
(CTAB) for the glutamine synthetase (GS) assay, and with both CTAB and
0.02% sodium deoxycholate for the glutamate dehydrogenase (GDH) assay. The
p-amino acid dehydrogenase assay was performed in 100 mM phosphate buffer
(pH 7.4), with 20 mM p-alanine used as the substrate. The amount of pyruvate
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produced in each assay was determined as described previously (49). Specific
activity is reported as nanomoles of pyruvate produced/minute/milligram of
protein. The alanine racemase assay was performed as described previously (48)
except that to fully inactivate the K. aerogenes enzyme, the incubation at 85°C
prior to the addition of b-amino oxidase was increased to 10 min. Specific activity
is reported as nanomoles of p-alanine formed/minute/milligram of protein. The
GDH was assayed as described previously (11) and measured the 2-ketogluta-
rate-dependent B-NADPH oxidation. Specific activity is reported as nanomoles
of NADPH oxidized/minute/milligram of protein (with 2-ketoglutarate-indepen-
dent oxidation subtracted). The GS transferase assay, which determines total
(both adenylylated and unadenylylated) GS levels present, was performed as
described previously (6). Specific activity is reported as nanomoles of y-glutamyl
hydroxamate formed/minute/milligram of protein. Total protein concentration
was determined by the method of Lowry et al. (24).

Genetic and molecular techniques. Generalized transduction using phage
Plvir was performed as described previously (18). The use of phage Mu cts hP1
1 and plasmid pEG5005 to create bacterial gene libraries was performed as
described previously (20) except that to induce lysis by phage Mu in K. aerogenes,
the cells were shifted to 45°C for 3 h before harvesting. DNA digestion with
restriction endonucleases, ligation of DNA fragments, DNA electrophoresis in
agarose gels, and cell transformations were performed by standard protocols (1,
27). Plasmid DNA was purified by using alkaline lysis minipreps (27) or Qiaprep
miniprep spin columns (Qiagen). DNA fragments were purified from agarose
gels by electroelution and precipitation with ethanol (27) or by using Qiaquick
gel extraction spin columns (Qiagen). DNA sequencing was performed on dou-
ble-stranded DNA templates via the dideoxy method, using a Sequenase 2.0
sequencing kit (United States Biochemical), with one difference from the man-
ufacturer’s protocol: the NaOH denaturation of templates was replaced with a
heat denaturation step of 95°C for 3 min and immediate shift to ice. Additional
sequence determination was performed by the University of Michigan Core
Facilities. PCR was performed with Tag DNA polymerase (Gibco-BRL). Reac-
tions were performed with 50 pmol of each primer, 0.1 to 1 pg of DNA template,
0.2 mM deoxyribonucleic triphosphates, 1.5 mM MgCl,, 0.5 U of Tag DNA
polymerase, and buffer conditions specified by the manufacturer (Gibco-BRL).
The PCR cycle used contained an initial 3-min denaturation step at 94°C, fol-
lowed by 1 min at 56°C, 1 min at 72°C, and 1 min at 94°C for 32 cycles and a final
extension step of 3 min at 72°C.

Primer extension analysis. RNA was isolated by the method of Xiong et al.
(51). The primer extension analysis was performed as previously described (35).

Mobility shift assays. To radiolabel the DNA fragments used in the mobility
shift assays, the plasmids containing either the E. coli dad promoter (pCB889) or
K. aerogenes dad promoter (pCB888) were incubated with EcoRI, purified (by
ethanol precipitation), radiolabeled by using Klenow fragment and [**P]dATP,
again purified, and finally digested with HindIII (27). For experiments using Lrp,
pCB888 was further digested with PstI (after the DNA was purified), which
resulted in a radiolabeled DNA fragment of appropriate length to use as a
control. For mobility shift assays with the nitrogen assimilation control protein
(NAC), the labeled DNA fragments were incubated with purified NAC or NAC
dilution buffer 6 (19) and a 10-fold excess of calf thymus DNA in a total volume
of 10 pl. The binding mixtures were incubated for 20 min at room temperature,
and then 1 pl of type IT loading buffer (27) was added. Each reaction was loaded
into a 4% TE (10 mM Tris-HCI, 1 mM EDTA)-polyacrylamide gel, and the
fragments were separated by electrophoresis at 4°C and 13.3 V/cm in a Hoefer
electrophoresis chamber. The gel was transferred to 3MM filter paper and dried.
Autoradiographs were obtained by exposing X-ray film at —70°C with an inten-
sifying screen. Films were developed in a X-Omat developer. For the Lrp mo-
bility shifts assays, the protocol was essentially the same as described by Ernsting
et al. (17) except that more target DNA (0.1 pg) and more Lrp (8 to 200 nM)
were used in each reaction. Electrophoresis and gel transfer were performed as
for the NAC mobility shift assays.

Nucleotide sequence accession number. The sequence of the K. aerogenes
dadAB operon has been entered in GenBank under accession no. AF016253.

RESULTS

Alanine sensitivity of a dad4 mutant of K. aerogenes. To
determine if K. aerogenes could catabolize alanine in a way
analogous to that of E. coli and S. typhimurium, we assayed
strain MK1 for both alanine racemase and p-amino acid de-
hydrogenase activity in the presence and absence of L-alanine.
Both enzyme activities were present, and both were induced by
the presence of alanine in the growth medium (Table 2).
Somewhat surprisingly, strain KC2668, which is derived from
strain MK1, failed to grow on alanine as a carbon or nitrogen
source. Moreover, the presence of alanine at 0.2% (wt/vol)
prevented growth of this strain in minimal medium supplied
with glucose and ammonium as carbon and nitrogen sources.
Thus, we were unable to measure the induction of the race-



Vor. 180, 1998

TABLE 2. Regulation of D-amino acid dehydrogenase and alanine
racemase activities in K. aerogenes

Sp act”
Strain Relevant Grqwth - - -
genotype medium® D-Amino acid Alanine
dehydrogenase racemase
MK1 Wild type GN 13+3 22 =10
GNala 386 + 162 428 + 100
Gala 331 =32 415 =70
Ala“ 769 + 62 615 = 36
KC2725 dadAl nac-203  GNala 14+3 228 = 30
KC2001  ntrCS5 GN 104 ND
GNala 240 =7 ND
MKO9682  ntr-45 GNgln? 42+6 ND
GNglnala 629 = 70 ND
KC3346  wild type GN 71 ND
GNala 356 =59 ND
KC3345  nac-203 GN 14 £3 ND
GNala 206 = 18 ND
KC3847 pPC36° GN 104 ND
GNIPTG 52+ 11 ND
KC4469  cmp GNala 262 = 38 ND
Ala“ 336 = 98 ND

“ Growth medium was W4 salts supplemented with 0.4% glucose (G), 0.2%
(NH,),SO, (N), 0.2% L-alanine (ala), 0.2% L-glutamine (gln), and 1 mM IPTG
(to induce nac expression from the tac promoter [pPC36]) as indicated.

> Average and standard deviation of at least three independent assays. ND, not
determined.

©0.4% L-alanine.

40.2% 1L-glutamine added to supply glutamate (MK9682 is a glutamate auxo-
troph).

¢ Contains nac driven by the IPTG-inducible tac promoter.

mase or the dehydrogenase in KC2668. This alanine sensitivity
was not observed in the nearly isogenic strain KC2725, al-
though this strain still failed to use alanine as a carbon or
nitrogen source. KC2725 had low levels of p-amino acid dehy-
drogenase, even in the presence of alanine. Alanine racemase
levels were comparable to those in the wild type (Table 2). We
therefore concluded that the failure of both KC2668 and
KC2725 to grow on alanine as the sole source of carbon or
nitrogen was a result of the low levels of p-amino acid dehy-
drogenase activity.

Both KC2668 and KC2725 were derived from strain MK53
(hutC515). In fact, nearly all of the strains we tested that were
derived from MKS53 exhibited the alanine-sensitive phenotype.
MKS53 was isolated after treatment with ethyl methanesulfon-
ate (36), and it is therefore likely that the mutation that re-
duces the dehydrogenase activity occurred during this mu-
tagenesis.

We hypothesized that the mutation that results in the loss of
the dehydrogenase activity could be located in the dadA gene,
which codes for the smaller subunit of the dehydrogenase.
Using P1 transduction, we mapped the allele responsible for
the failure to catabolize alanine. dadA should be linked ap-
proximately 1% to nas, the gene that encodes the assimilatory
nitrate reductase in S. typhimurium (39), and to nar, the gene
that encodes the respiratory reductase in E. coli (9). The nar
and nas alleles are linked in K. pneumoniae (22). Using a
nas-3::Tn5-131 dad™ strain of K. aerogenes as a donor (KC4080),
we transduced KC2668 either to tetracycline resistance (en-
coded by transposon Tn5-731 [8]) or to the ability to grow with
alanine as the nitrogen source. We then tested each of the
transductants for the other phenotype. The dad allele in
KC2668 was 0.8% linked to nas. The linkage of the dad allele
to nas was our first evidence that the mutation that abolished
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Dp-amino acid dehydrogenase activity in KC2668 was in the K.
aerogenes dadA gene.

A clone of the dadAB operon complements the alanine de-
fects of KC2668. To clone the gene responsible for the reduced
dehydrogenase activity in KC2668, we used the in vivo cloning
strategy developed by Groisman and Casadaban (20). KC3914
can grow on alanine normally, is lysogenic for phage Mu, and
contains plasmid pEG5005 (20). A Mu lysate was prepared
from this strain and used to transduce strain KC1422 (dadA1)
to kanamycin resistance and the ability to grow with alanine as
the nitrogen source. Transformation of KC1422 with the plas-
mid from one such transductant verified that the plasmid
(pCB925) contained the information necessary to allow the
dadA strain to grow with alanine as the sole nitrogen source. A
3.5-kb HindIII fragment was cloned from this plasmid into pBS
SK— (Stratagene), and the resulting plasmid, pCB752, was
introduced into KC2668. pCB752 allowed KC2668 to grow
with alanine as the sole carbon or nitrogen source. It also
abolished the toxicity of alanine observed for KC2668. This
plasmid restored high levels of the dehydrogenase and in-
creased the levels of the racemase in KC2668 (data not shown).

Determination of the DNA sequence of a majority of the
3.5-kb HindIII fragment showed that this fragment contained
an operon highly similar to the dadAX operon of E. coli and
the dadAB operon of S. typhimurium. The operon contains a
promoter region followed by dadA and dadB, with a 9-bp
spacer between the two genes. Upstream of the region is an
oppositely oriented ORF similar in sequence to the ORF re-
ported by Lobocka et al. in the analogous region from E. coli
(23). This ORF was only partially sequenced. The DNA se-
quence of the dad operon was found to be 76% identical to
that of the dadAX operon of E. coli. The deduced amino acid
sequence of the alanine racemase of K. aerogenes was 79 and
77% identical to the corresponding proteins from E. coli and S.
typhimurium, respectively, while the deduced amino acid se-
quence of the dehydrogenase of K. aerogenes was 88% identical
to the protein from E. coli. Regions of high identity included
the putative flavin adenine dinucleotide binding domain of the
smaller subunit of the dehydrogenase and the lysine proposed
to interact with pyridoxal phosphate and the glycine-rich hinge
of the racemase.

The predicted promoter region of the dadAB operon of K.
aerogenes was very similar to the promoter of the E. coli operon
(23). Sequence comparison of the two promoters (Fig. 1) re-
vealed an exact match in the promoter region from positions
—7 to —38 (positions 198 to 167 in Fig. 1). This promoter most
resembles a sigma-70-dependent promoter. The promoter also
contains several putative binding sites for different activators.
There is a close match to the CAP-cyclic AMP (cAMP) rec-
ognition sequence located centered at approximately —60 (po-
sition 146 in Fig. 1) with respect to the start of transcription. In
addition, there are several putative Lrp binding sequences.
Also of interest is a putative binding site for NAC. The regions
containing the putative binding sites of these transcriptional
regulators have a high level of sequence identity compared to
the promoter of the E. coli dad operon, with the exception of
the binding site for NAC, which is not present in the E. coli
promoter.

The sequence identity of the promoter led us to predict that
transcription of the K. aerogenes operon would initiate from
the same nucleotide identified in E. coli. We used primer
extension analysis to map the 5’ end of the mRNA transcript
generated from this promoter to test this prediction (Fig. 2).
Total RNA was obtained from KC3821 (dadA™, pCB888)
grown in glucose-ammonium minimal medium with or without
0.2% vL-alanine. We identified one major product that corre-
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FIG. 1. Comparison of the regulatory regions of dadAB from K. aerogenes
and dadAX from E. coli. The lower DNA sequence is from dadAX as reported by
Lobocka et al. (23). The start of transcription and the proposed —10 and —35
promoter regions are in boldface. Solid underlines indicate putative CAP-cAMP
binding sites, AAAAA indicates the NAC binding site (the asterisk indicates the
C-to-T change that most likely is the reason NAC fails to bind to the dad
promoter from E. coli), and the broken lines indicate putative Lrp binding sites.

sponds with the previously identified start of transcription of
the E. coli dadAX operon. The amount of extended product
was increased by the presence of alanine (Fig. 2, lanes 1 and 2).
This result verifies that the predicted sigma-70-dependent pro-
moter is indeed the promoter of this operon and that tran-
scription is induced by alanine from this promoter.

Glutamate relieves the alanine sensitivity of dadA strains.
We found three nutritional supplements that allowed strain
KC2668 (dadAl) to grow in glucose-ammonium minimal me-
dium in the presence of alanine. First, the addition of gluta-
mate (0.5% [wt/vol]) to the medium allowed growth in the
presence of alanine. Second, the addition of amino acids that
could be catabolized to yield glutamate (arginine, asparagine,
aspartate, glutamine, histidine, and proline) allowed growth,
but those that could not be catabolized to glutamate (cysteine,
glycine, lysine, methionine, phenylalanine, serine, threonine,
and tryptophan) failed to allow growth. Finally, the addition of
the branch-chained amino acids (leucine, isoleucine, and va-
line) allowed growth, most likely by reducing the amount of
alanine transported into the cell.

We also identified several mutant strains that failed to grow
with alanine as the sole source of carbon or nitrogen (presum-
ably dadA1) that were not sensitive to alanine. Each of these
strains has higher levels of GDH than does MK1 (Table 3).
Strains that had higher levels of GDH expression, because they
possessed either multiple copies of the gdhA gene (KC3902,
pCB515) or a mutation that increased the expression of gdhA
(KC2863, gdh-3), grew in the presence of alanine, as did a
strain that lacked a functional NAC (KC2725, nac-203). NAC
has been shown to be a repressor of gdhA (40).

Nitrogen regulation of the dadAB operon. Initial studies of
the nitrogen regulation of the dadAB operon were complicated
by the effect of alanine on the nitrogen regulatory (Ntr) system
of K. aerogenes (26, 31). Using GS as a reporter for Ntr dere-
pression, we found that the presence of 0.2% L-alanine in the
growth media activated GS expression two- to sixfold (Table
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FIG. 2. Mapping the transcriptional start site of dadAB by primer extension.
The sequence lanes have been oppositely labeled such that the coding strand
sequence is denoted, although the actual reactions were performed with the
primer extension primer (RJS800EXT) and is thus the noncoding strand. Below is
a control extension reaction of the B-lactamase gene (blaP) also present on the
plasmid to ensure equal loading. RISOOEXT hybridizes to plasmid pRJ800 down-
stream of the multiple cloning site; thus, the extended products shown are from
the plasmid-borne promoter (pCB888) only. Total RNA was isolated from the
strains grown in glucose-ammonium minimal medium supplemented with ampi-
cillin (100 pg/ml) for plasmid maintenance and with alanine or IPTG as indi-
cated. Lanes: 1, KC3821, no addition; 2, KC3821, supplemented with 0.2%
L-alanine; 3, KC3848, no addition; 4, KC3848, supplemented with 1 mM IPTG.

4). L-Alanine has been shown to inhibit the GS from both E.
coli (50) and K. aerogenes (41), and we found that GS activity
is inhibited by p-alanine as well (data not shown). Alanine at
40 mM can inhibit nearly 90% of GS activity. The inhibition of
GS by alanine would result in a starvation for glutamine and
thus derepression of the Ntr system. This derepression would
lead to the higher levels of GS (Table 4) and the relief of the
glutamine starvation caused by alanine.

To avoid these complexities, we used a series of Ntr mutants
to study the regulation of the dadAB operon (Table 2). A strain
that cannot derepress the Ntr system (KC2001, ntrC5) was
unable to induce the dehydrogenase activity fully. A strain that
has constitutive derepression of the Ntr system (MK9682, ntr-
45) had increased expression of the dehydrogenase in the ab-
sence of alanine. Many genes and operons that exhibit Ntr-
dependent regulation also require the NAC protein for this
regulation (3). A strain that lacks NAC (KC3345, nac-203)
failed to derepress the dehydrogenase fully, much like the
Ntr-deficient mutant (Table 2). In addition, a strain that con-
tains an IPTG-inducible nac (KC3847, pPC36) had IPTG-
dependent derepression of the dehydrogenase. Purified NAC
bound to the promoter of the K. aerogenes dad operon in gel
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TABLE 3. Regulation of GDH activity in the presence of alanine

Strain Relevant genotype Growth medium? GDH sp act”
MK1 Wild type GNgln 310 = 25
GN 227 £ 15
Ggln 47+ 6
GNala 47 +3
KC2668 dadAl GNgln 417 = 11
GN gln ala 332+8
GN ala pro 51%5
Ggln 275
KC3902 dadAl, pCB515¢ GN 1,233 + 232
GNala 185 + 48
KC2725 dadAl nac-203 GN 410 = 49
GNala 365 + 43
KC2863¢ dadAl gdh-3 GN 1,244 + 268
GNala 874 + 102

¢ Growth medium was W4 salts supplemented with 0.4% glucose (G), 0.2%
(NH,),SO, (N), 0.2% vr-alanine (ala), 0.2% proline (pro), and 0.04% L-glu-
tamine (gln) as indicated.

> Average and standard deviation of at least three independent assays.

< pCB515 contains gdhA in multicopy (pSC101 origin of replication, four to
five copies per cell [14]).

¢ gdh-3 in a mutation that results in an approximate threefold increase in GDH
activity when cells are grown in glucose-ammonium minimal medium.

mobility shift assays (Fig. 3, lanes 6 to 10). We can therefore
conclude that the induction of dad is Ntr dependent and that
this dependency is mediated through NAC.

The consensus sequence for NAC binding in NAC-activat-
able promoters is ATA-N,-TAT (3). Such a site is present in
the dad promoter, centered at position —44 with respect to the
start of transcription (Fig. 1). This sequence is not present in
the promoter of the E. coli operon. An E. coli strain that lacks
a functional NAC (EB3364, nac-28) showed no loss of the
dehydrogenase induction by alanine, and a strain (EB3846,
pPC36) with an IPTG-inducible nac did not exhibit any IPTG-
dependent induction of dad (Table 5). NAC did not bind to the
promoter of the E. coli dad operon (Fig. 3, lanes 1 to 5).
Therefore, NAC is not involved in the regulation of the E. coli
dad operon.

To verify that the promoter activated by NAC was the same
promoter induced by alanine, we performed primer extension
analysis using strain KC3848, in which nac can be induced by
IPTG. Primer extension analysis using RNA isolated from this
strain grown in the presence of 1 mM IPTG yielded a product
identical to the product observed by alanine induction (Fig. 2,
lanes 2 and 4). Therefore, NAC activates the predicted sigma-
70-dependent promoter and most likely does so from a site
centered at —44.

Other regulators of the dadAB operon. Alanine racemase
and p-amino acid dehydrogenase are both slightly repressed by

TABLE 4. Derepression of GS by alanine in K. aerogenes MK1
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FIG. 3. Interaction of the dad promoters from E. coli and K. aerogenes with
NAC. pCB888, which contains the dad promoter from K. aerogenes, and pCB889,
which contains the dad promoter from E. coli, were digested and radiolabeled as
described in Materials and Methods. Each was then incubated with buffer 6 (19)
or increasing amounts of purified NAC (0, 16.5, 22, 33, and 66 nM) for 20 min.
The bound and unbound fragments were then separated by electrophoresis on a
4% TE-polyacrylamide gel run for 2 h at 13.3 V/cm at 4°C. The gel was dried,
and the DNA was visualized by exposure to X-ray film. Unbound vector and dad
promoter bands are indicated by labeled arrows; the unlabeled arrow indicates
the NAC-dadAp complex.

glucose (Table 2, strain MK1; cf. Ala with GNala). It is likely
that the slight activation seen in the absence of glucose is due
to CAP-cAMP binding to the CAP-cAMP binding site located
centered at —60 with respect to the start of transcription (Fig.
1), since a crp mutant (KC4469 [Table 2]) fails to repress the
dehydrogenase activity in the presence of glucose. This activa-
tion by CAP-cAMP is likely to be occurring in a manner equiv-
alent to that described for the operon from E. coli (23).

Lrp has been implicated in the regulation of the dad operons
of E. coli and S. typhimurium (21, 29). The proposed Lrp
binding sites of E. coli have high sequence identity with the
corresponding regions in the promoter of K. aerogenes (Fig. 1).
To test whether Lrp could bind in this promoter region, we
performed gel mobility shift assays using Lrp purified from E.
coli (Fig. 4). Incubation with Lrp yielded several retarded spe-
cies, suggesting that more than one Lrp dimer bound to these
fragments. The addition of 30 mM leucine or 30 mM alanine to
the binding reaction reduced the amount of free target shifted

TABLE 5. Regulation of D-amino acid dehydrogenase
activity in E. coli

p-Amino acid

Strain Relevant genotype Growth medium” dehydrogenase
Growth medium* GS sp act” sp act?
149 + 44 W3110 GN 19+1
476 = 135 GNala 250 £ 26
947 = 98 EB3364 nac-28 GN 21 £8
GNala 325x25
0.290 et es 1,452 £ 37 EB3846 pPC36° GN 209
0.040 .o 2,130 = 233 GNIPTG 30 =12

¢ Growth medium was W4 salts supplemented with 0.4% glucose (G), 0.2%
(NH,),SO, (N), 0.2% L-alanine (ala), and L-glutamine (gln) as indicated.

? Detergent-treated cells were assayed for the total amount of GS present in
the transferase assay (6). Results are the average and standard deviation of at
least three independent assays.

¢ Growth medium was W4 salts supplemented with 0.4% glucose (G), 0.2%
(NH,),SO, (N), 0.05% v-alanine (ala), and 1 mM IPTG (to induce nac expres-
sion from the tac promoter [pPC36]) as indicated.

> Average and standard deviation of at least three independent assays.

¢ Contains nac driven by the IPTG-inducible tac promoter.
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FIG. 4. Interaction of Lrp with the promoter region of dadAB from K. aero-
genes. pCB888 was digested and radiolabeled as described in Materials and
Methods; 0.1 pg of DNA was incubated with increasing amounts of Lrp (lanes 1,
6, and 11, no Lrp; lanes 2, 7, and 12, 8 nM; lanes 3, 8, and 13, 23 nM; lanes 4, 9,
and 14, 68 nM; lanes 5, 10, 15, 200 nM) and incubated for 20 min at room
temperature; 30 mM L-leucine (lanes 6 to 10) or 30 mM L-alanine (lanes 11 to 15)
was added prior to the addition of Lrp. Separation of the bound and unbound
fragments by electrophoresis and visualization of the DNA fragments by auto-
radiography are described in Materials and Methods. The vector and unbound
dad promoter bands are indicated by labeled arrows; the two unlabeled arrows
indicate the Lrp-dadAp complexes. The unlabeled band that appears in lanes 5,
10, and 15 is most likely the result of an Lrp-vector DNA complex due to the high
levels of Lrp present.

(Fig. 4; cf. lane 4 with lanes 9 and 14) but did not abolish the
ability of Lrp to shift the target to the lowest-mobility product.

DISCUSSION

In this work, we have shown that K. aerogenes expresses both
alanine racemase and D-amino acid dehydrogenase activities
and that the dadAB operon is regulated by the Ntr system
through NAC. A dadA mutant not only fails to use alanine as
a carbon or nitrogen source but becomes sensitive to the pres-
ence of the amino acid in glucose-ammonium minimal me-
dium. A clone containing the dadAB operon of K. aerogenes
complements these growth defects and codes for the genes for
the smaller subunit of the dehydrogenase (dadA) and the race-
mase (dadB).

The most surprising behavior of KC2668 was its sensitivity to
the presence of alanine in glucose-ammonium minimal me-
dium. It is apparent that dadA mutants of E. coli and S. typhi-
murium do not exhibit this sensitivity, and therefore the K
aerogenes sensitivity to alanine could be explained by a differ-
ence in the physiology of these organisms. We believe the
inability of K. aerogenes dadA mutants to grow on glucose-
ammonium minimal medium supplemented with 0.2% L-ala-
nine is due to a glutamate auxotrophy established through
alanine’s derepression of the Ntr system. K. aerogenes assimi-
lates ammonia two ways, depending on its availability. When
ammonium levels are high, GDH (ammonia + 2 ketoglutarate—
glutamate) is derepressed and is responsible for meeting the
glutamate demand of the cell. Under these conditions, only a
low level of GS (ammonia + glutamate—glutamine) is needed
to supply the cell with glutamine. When ammonium levels are
low, GDH is fully repressed and GS levels are greatly en-
hanced. The elevated levels of GS allow for an increased ability
of the cell to scavenge ammonia and make glutamine. How-
ever, since GDH is fully repressed under nitrogen limitation,
most of the glutamine produced by GS is converted back to
glutamate by glutamate synthase (glutamine + 2-ketogluta-
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rate—2 glutamate). Thus, in nitrogen-limiting conditions, GS
levels are elevated to provide the cell not only with glutamine
but with glutamate as well. Both L- and p-alanine can inhibit
GS in vitro. This interaction of alanine with GS could explain
the derepression of Ntr in the wild-type strain even though
ammonia levels are high: inhibition of GS by alanine would
lead to a drop in glutamine pools, which would in turn dere-
press Ntr, as has been seen with other inhibitors of GS such as
methionine sulfoximine (10). Derepression of the Ntr system
by alanine would affect both pathways of glutamate synthesis.
First, Ntr derepression would lead to greater expression of the
ginA ntrBC (ginALG) operon, and so GS levels would be in-
creased until there was enough GS to overcome the alanine
inhibition and restore the glutamine pool to an appropriate
level. Second, gdhA would be repressed by the Ntr system (via
NAC), and so the presence of alanine would ultimately result
in repressed levels of GDH similar to that of nitrogen-limited
conditions. Therefore, in the presence of alanine, K. aerogenes
must assimilate all of its nitrogen through GS and glutamate
synthase. Under these conditions, the alanine is being catabo-
lized by the high levels of the racemase and the dehydrogenase.
However, if the strain is unable to catabolize alanine, as with
KC2668, the accumulation of alanine would be even greater
and the amounts of GS needed to overcome the inhibition
would be greater still. It is our belief that in the presence of
0.2% 1-alanine, a dadA mutant is unable to make enough GS
to provide all of the glutamine and glutamate necessary for
growth. Conditions that overcome the alanine sensitivity in
dadA strains all yield alternative sources of glutamate, either
by catabolism of other substrates such as glutamine or proline
or by raising the amount of GDH present in the cell. These
increased amounts of GDH provide additional glutamate from
the high levels of ammonia available. These results also predict
that in the presence of alanine, KC2668 contains enough GS to
satisfy the demand for glutamine needed for biosynthesis and
growth but not enough GS to provide for all of the nitrogen
assimilation needed by the cell.

The alanine sensitivity of K. aerogenes dadA strains can
therefore be attributed to the role that NAC plays in the
repression of gdhA. Neither E. coli or S. typhimurium represses
GDH when nitrogen is limited and so would not exhibit the
sensitivity to alanine accumulation.

Alanine is present in intracellular levels as high as 2 mM
during growth in minimal medium (42). This amount of ala-
nine might be enough to inhibit the activity of GS, and so it is
possible that even in the absence of exogenous alanine, the
amino acid has an in vivo effect on GS. This might partially
explain the slight elevation of GS levels in cells grown in
glucose-ammonium minimal medium lacking exogenous glu-
tamine (Table 4). However, GS is a highly regulated enzyme,
and we provide no direct evidence that normal pool levels of
alanine have any effect on the enzyme’s activity.

The dadAB operon of K. aerogenes is activated by the Ntr
system, and this activation is achieved by NAC. In contrast, E.
coli has no reported nitrogen regulation of its dad operon. The
apparent binding site in the K. aerogenes promoter matches the
consensus sequence for sites able to activate transcription.
ATA-N,-TAT (3). We can therefore include dadAB in the
NAC regulon. The binding site in the dad promoter matches
the derived consensus sequence but differs from the other
characterized NAC-activated promoters in its position relative
to the start of transcription. The other characterized NAC-
activated operons all have a NAC binding site centered at —64
with respect to transcription, while the site in the dad operon
is located at —44. While this is the first natural site found to be
located at a position other than —64, there is evidence that
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NAC should be able to function normally from a site located at
—44. Pomposiello and Bender (35) showed that a site centered
at —42 activates transcription of an artificial promoter con-
struct, although less than the same site centered at —64. The
fact that we see only a twofold decrease in the dehydrogenase
levels in a nac mutant is consistent with the idea that NAC
activation is weaker from a site at —44 than from a site at —64.
However, induction of nac by artificial means increased the
dehydrogenase levels as much as fivefold.

The dehydrogenase activity is slightly repressed by the pres-
ence of glucose in the growth medium. The derepression of the
dehydrogenase in the absence of glucose is presumably due to
CAP-cAMP, as a binding site was identified in the promoter
region of the operon and a crp mutant of K. aerogenes failed to
derepress the dehydrogenase activity in the absence of glucose.
Catabolite repression and the roles of cAMP and CAP in K.
aerogenes are basically identical to the system as it is defined in
E. coli (34). Two CAP-cAMP binding sites were identified in
the E. coli promoter, and it is possible that only one of these
binding sites, the upstream site centered at —60 with respect to
the start of transcription, is active in K. aerogenes. The other
CAP binding site in E. coli dadAX overlaps the —10 region of
the promoter, and a role for CAP in activation from this
position is unclear. The corresponding site from K. aerogenes
diverges significantly and has only 6 of 14 nucleotides from the
CAP-binding consensus sequence. We predict that this site
would not be active in K. aerogenes.

Lrp has been proposed to be a repressor of the dadAX
operon of E. coli (29). We have shown that purified Lrp from
E. coli binds in the promoter region of the K. aerogenes dadAB
but provide no evidence for the protein’s role in the regulation
of the operon. It had been shown previously that the presence
of leucine or alanine in the binding reaction abolished the
binding of Lrp to the dad promoter of E. coli, but our results
were different: while leucine and alanine apparently reduced
the affinity of Lrp for the K. aerogenes dad promoter, they did
not abolish it. Whether the observed dissimilarity is due to a
difference between the two organisms, the reaction conditions
of the assay, or the protein used (purified wild-type or histi-
dine-tagged protein) is unclear.

In conclusion, it is clear that the catabolism of alanine is
important in developing a metabolic balance in the cell. The
inability to catabolize the amino acid can affect growth by
interfering with several regulatory systems of the cell, most
notably Ntr. Thus, even an important metabolite such as ala-
nine, necessary for protein and cell wall synthesis as well as in
metabolism, must be maintained at a balanced level; otherwise,
it can become toxic.
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