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A fragment of the Escherichia coli K-12 chromosome complementing the D-amino acid dehydrogenase and
catabolic alanine racemase deficiency of a dad operon deletion mutant was cloned in a mini-Mu plasmid. The
dadA and dadA genes were localized to a 3.5-kb part of the plasmid insert. The nucleotide sequence of this
fragment revealed two open reading frames encoding 432- and 356-amino-acid-long proteins. We show here
that they correspond to the dadA and dadX genes. The dadA gene can encode only the smaller of the two
subunits of D-amino acid dehydrogenase. A computer search revealed the presence of a flavin adenine
dinucleotide-binding motif in the N-terminal domain of the deduced DadA protein sequence. This is in
agreement with biochemical data showing that the D-amino acid dehydrogenase contains flavin adenine
dinucleotide in its active center. The predicted dadX gene product appeared to be 85% identical to a

dadB-encoded catabolic alanine racemase of SalnoneUla typhimurium. The organization of the dadA and dadX
genes confirmed our previous conclusion based on the genetic data (J. Wild, J. Hennig, M. Lobocka, W.
Walczak, and T. Klopotowski, Mol. Gen. Genet. 198:315-322, 1985) that these genes form an operon. The main
transcription start points of the dad operon were determined by primer extension. They are preceded by a

putative Cr70 promoter sequence and two cyclic AMP-cyclic AMP receptor protein (cAMP-CRP) binding sites,
one of higher and one of lower affinity to CRP. We propose that the high-affinity site, centered 59.5 bp upstream
of the main transcription start point, plays a role in cAMP-CRP-mediated activation ofdad operon expression
in the absence of glucose.

Alanine in either L or D stereoisomeric form can be utilized
by Escherichia coli as a sole source of carbon, nitrogen, and
energy. The L-alanine catabolic pathway proceeds in two steps:
racemization of the L isomer to D-alanine by alanine racemase
and oxidative deamination of D-alanine to pyruvate and am-
monia by D-amino acid dehydrogenase (43).
Of the two enzymes of alanine catabolism in E. coli K-12,

only D-amino acid dehydrogenase has been purified to homo-
geneity and characterized (41). The protein is a heterodimer
and contains flavin adenine dinucleotide (FAD) and nonheme
iron in its active center. It has a broad specificity towards
D-amino acids, of which D-alanine is the best substrate. The
enzyme is membrane bound and directly linked to a respiratory
chain (43). Purified D-amino acid dehydrogenase reduces
ubiquinone analogs in the presence of D-alanine (42). Oxida-
tive deamination driven by the enzyme supplies energy for an

active transport (29, 30, 42).
The genetics of alanine catabolism is poorly understood.

Wild and Klopotowski (61) isolated mutants of E. coli K-12
unable to use either L- or D-alanine as a carbon source and
lacking D-amino acid dehydrogenase activity. The mutations
were mapped at the 26-min position of the E. coli chromo-
some. The identification of mutants that synthesize the tem-
perature-sensitive enzyme allowed the authors to establish that
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the affected gene, designated dadA, is a structural gene for
D-amino acid dehydrogenase. It was not clear, however,
whether the dadA locus encodes one or both enzyme subunits.
The existence of a separate gene for each subunit was sug-
gested by independent results of Beelen et al. (4) and Franklin
and Venables (14). Both groups isolated mutants, designated
alnA and dad, respectively, which are unable to use D-alanine
as a carbon and nitrogen source and which lack the ability to
convert D-alanine into pyruvate. Because of the similar loca-
tion of mutations, mapped at 1 min of E. coli chromosome,
between the ara and leu genes, Franklin et al. (15) proposed
that they affect the same gene, which the authors called dadB.
However, Wild and Klopotowski (61) showed normal D-amino
acid dehydrogenase activity in strains containing a deletion of
the ara-leu region of the chromosome. They also found that
dadB mutants are defective in catabolism of pyruvate, which is
an intermediate of alanine degradation. Therefore, the loca-
tion of the dadB gene and the role of its product in D-alanine
utilization need further clarification.

In our previous studies, we identified a dadX gene encoding
the catabolic alanine racemase and mapped it distal to dadA
(59). The dadX mutants are able to use D-alanine but not
L-alanine as a carbon source. Genetic data indicate that the
dadA and dadX genes form an operon transcribed counter-
clockwise from a promoter upstream of dadA (59). Several
insertions and deletions in dadA exert a polar effect on the
expression of dadX. Mutations in a regulatory region, dadR,
preceding dadA4, similarly affect the intracellular level of both
D-amino acid dehydrogenase and catabolic alanine racemase

(59, 63).
Transcription of the dad operon is induced by either alanine
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TABLE 1. E. coli K-12 strains used during this study

Strain Genotype Source or referencea

MC4100 araD139 A(argF-lac)205 deoCl flb-3501 ptsF25 relA rpsliSO 10, 32
EC1094 As MC4100 but A(dad-fadR)286 metF185 trpE6185 59
EC1769 As EC1094 but lysogen of Mu cts This study
XPh43 A(argF-lac)U169 trp A(brnQ phoA proC phoB phoR)24 21
EC1631 As MC4100 but metF185 trpB202 Xd'F (dadA-lac)l kW 59
EC2098 As EC1631 but Acrp malT::TnlO T(T4) of EC2080 with EC1631
EC2126 As EC1631 but Acya zie-296::Tn1O T(P1) of EC2081 with EC1631
CA8445 HfrH thi Acya Acrp J. Beckwith
EC2080 HfrH thi Acya Acrp malT: :TnJO T(P1) of MM130 with CA8445
EC2081 HfrH thi Acya Acrp zie-296::Tn1O T(P1) of SK2210 with CA8445
MM130 leuB6 his-4 rpsLl36 thi-I ara-14 lacYmtl-1 xyl tonA31 tsx-78 tsr-I malT::TnlO J. M. Brass
SK2210 A(lacZY)286 tsx-3 supE44 hisG4 rpsL281 xyl7 mtl-l zie-296::TniO argH 4+80dIIlac AlacZ95 B. Bachman

a T indicates that Plvir (P1)- or T4GT7 (T4)-mediated transduction served to introduce the latest marker.

stereoisomer when present in the growth medium (59, 62). with 10 mM L-alanine or 20 mM D-alanine when indicated.
However, L-alanine appears to be an internal inducer since in Tetracycline, ampicillin, or chloramphenicol, when needed,
dadX mutants lacking alanine racemase D-alanine does not were added to the final concentration of 15 ,ug/ml, 100 ,g/ml,
induce dad operon expression (59). Franklin et al. (15) pro- or 50 ,ug/ml, respectively. TTC medium was prepared accord-
posed that a product of the dadQ (alnR) gene, mapped at min ing to Bochner and Savageau (6). To differentiate between
99 of the E. coli chromosome, is a positive regulator of the dad fadR' and fadR colonies, TTC medium supplemented with 5
operon. In the dadQ mutant, L-alanine does not stimulate mM decanoate (50) was used. Colonies which were unable to
D-amino acid dehydrogenase synthesis (4). metabolize decanoate (fadR) turned red on this medium, in
The induced and noninduced levels of alanine catabolism contrast to whitefadR* colonies, which were able to do so.

enzymes are significantly lower in cells grown in the presence TTC media supplemented with 25 MM L- or D-alanine were
of glucose (14, 34, 59, 61). This regulation occurs at the employed for identification of DadA and DadX phenotypes.
transcriptional level (62). The dadA dadX+ mutants unable to use either L- or D-alanine
Our report describes the structure of the dad operon and its

predicted products. We discuss some mechanisms regulating as a carbon source form white colonies on taTC medium
the operon expression and present evidence for direct involve- containing either of the alanine Isomers, in contrast to the red
ment of a cyclic AMP-cyclic AMP receptor protein (cAMP- colonies of dadA+ dadX+ strains (61). The dadA+ dadX
CRP) complex in the control of dad transcription, mutants form white colonies on L-alanine- and red colonies on

D-alanine-supplemented TTC media (59). MacConkey me-

MATERUILS AND METHODS dium (37) containing 1% maltose or galactose was used todistinguish Acya or Acrp mutants from the wild-type strain.
Bacterial strains, plasmids, and phages. The strains of E. Enzyme assays. Alanine racemase and D-amino acid dehy-

coli K-12 used in this study are listed in Table 1, except for drogenase assays were performed as described previously (59,
strain JM101 (45), which served to propagate M13 phages and 61). 1-Galactosidase activity was assayed according to Miller
Bluescribe plasmid derivatives. The helper Mu cts62 phage was (37).
generously provided by M. Casadaban. The plasmids used in Genetic techniques. Pl bacteriophage transduction and
this study are shown in Table 2. Plvir lysate preparation methods were described previously
Media and growth conditions. Growth media and culture (37). Lysates of T4GT7 phage were obtained as described in

procedures were those described previously (59, 62). For reference 64. For T4GT7 transductions, equal amounts of
induction of dad operon expression, media were supplemented recipient bacteria suspension and phage lysate were mixed,

TABLE 2. Plasmids used during this study

Plasmid Genotype and/or relevant characteristic(s) Source or~~~enotype~~~~~~~~~~~~~~~~reference
pEG109 MuII4042:phoA proC Cmr 21
pHD1 MuII4042::fadR dadA dadX Cmr This study
pBR322 Apr Tcr 45
pBR325 Apr Tcr Cmr 45
pBR327 Apr Tcr 45
pBluescribe APr Stratagene Co.
pHD2 5.8-kb HindIII-BamHI fragment of pHD1 in pBR327 This study
pHD3 5.8-kb HindIII-BamHI fragment of pHD1 in pBR325 This study
pHD4 3.3-kb HindIII-PvuII fragment of pHD2 in pBR322 This study
pHD5 2.5-kb PvuII-BamHI fragment of pHD2 in pBR322 This study
pHD9 4.1-kb AvaI-BamHI fragment of pHD2 in pBR322 This study
pBSD1 3.6-kb BglII-KpnI fragment of pHD3 in pBluescribe This study
pHD11 2.3-kb SphI-KpnI fragment of pBSD1 in pBluescribe This study
pBSD2 0.8-kb EcoRV-BamHI fragment of pHD3 in pBluescribe This study
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incubated for 1 h at 30°C to express the phenotype, and plated
on selective media.

Plasmid and DNA techniques. Plasmid DNA isolation,
restriction digestions, ligations, subclonings, and transforma-
tions were performed by following standard protocols (2, 45).

Sequencing. Plasmids pBSD1 and pBSD2 were used as a
source of restriction fragments of the dad operon, which were
subcloned into the vectors M13mp8, M13mp9, M13tg130, and
M13tgl31 (31, 45). M13 phage techniques were as described
elsewhere (45).
DNA sequences were determined by the dideoxynucleotide

chain termination method (46), using Klenow polymerase I
(Amersham) or Sequenase 2.0 (U.S. Biochemical Corp.) ac-
cording to the supplier's protocols. Newly synthesized DNA
was labeled with ax-t3S-dATP (Amersham). Sequencing reac-
tion products were resolved and detected according to stan-
dard protocols (45).

Nucleic acid and deduced protein sequences were analyzed
by using Genetics Computer Group (GCG) programs (Uni-
versity of Wisconsin Biotechnology Center, Madison). The
programs TARGSEARCH and TERMINATOR (9, 40)
served to search for putative promoters and factor-indepen-
dent terminator sequences. Potential cAMP-CRP binding sites
were found with FITCONSENSUS (GCG) by using 18 CRP-
binding sites (11) to generate the consensus pattern.

Determination of the start point of dad transcription. The
transcriptional start point of the dad operon was determined
by primer extension with reverse transcriptase by using a
modification of the method of Belfort et al. (5). Cells of
MC4100 were grown up to A600 = 0.5 at 30°C in M63 minimal
medium (37) containing 1% glycerol as the carbon source with
or without 10 mM L-alanine. Each culture (15 ml) was rapidly
chilled by pouring it onto a frozen solution (5 ml) of 10 mM
Tris-HCl (pH 7.5), 1 mM EDTA, and 100 pug of chloramphen-
icol per ml. Total cellular RNA was isolated according to the
modification of a hot acidic phenol method described by
Hinton (24). RNA (5 to 10 ,ug) was incubated with 0.5 pmol of
[y-32P]ATP-labeled 21-mer primer (5'-GCAACGCCTACCA
CACCACTT-3') complementary to the beginning of the
DadA coding sequence in a final volume of 20 ,u at 73°C for 3
min. After samples were slowly cooled at room temperature
for 30 min, they were supplemented with dithiothreitol, all four
deoxyribonucleotides, and RNasin (Promega) to final concen-
trations of 10 mM, 350 ,uM, and 0.2 U/,ul, respectively. The
reaction, catalyzed by 10 U of avian myeloblastosis virus
(AMV) reverse transcriptase (Bethesda Research Laborato-
ries), took place in a final volume of 25 ,ud for 90 min at 42°C
and was stopped by the addition of 1 ,ul of 0.5 M EDTA. To
remove RNA and proteins, samples were incubated at 37°C for
30 min with 0.4 mg of Ti RNase per ml and for 1 h further with
50 ,ug of proteinase K per ml in the presence of 0.5% sodium
dodecyl sulfate in a total volume of 50 ,lI. After phenol-
chlorophorm-isoamyl alcohol (25:24:1) extraction and ethanol
precipitation, DNA was dissolved in 5 RId of 10 mM Tris-HCl
(pH 8.0)-i mM EDTA and separated in 6% acrylamide-bis-
acrylamide (20:1)-7 M urea gel as described by Sambrook et
al. (45). To localize positions of 3' ends of obtained cDNA,
sequencing reactions with the same primer and pHD3 plasmid
DNA as a template were run on the same gel.
Assay of cAMP-CRP binding to the dad regulatory region.

Binding of the cAMP-CRP complex to its predicted recogni-
tion regions was tested by the gel shift assay. CRP protein was
a generous gift from S. Adhya and S. Ryu. Plasmid pBSD1
served as a source of restriction fragments of the dad regula-
tory region. The 309-bpAvall-SspI and the 152-bp BstEII-SspI
fragments of pBSD1 (see Fig. 3) were separated by electro-

phoresis in 4% NuSieve agarose gels (Rockland). DNA was
purified from gel slices by using the GeneClean (Bio 101, La
Jolla, Calif.) kit. Obtained fragments were radiolabeled with
[a-32P]dCTP (6,000 Ci/mM; Amersham) and the Klenow
fragment of DNA polymerase I (45). After labeling, the
reaction mixture was extracted with phenol-chloroform-
isoamyl alcohol (25:24:1) and passed twice through Sephadex
G-25 spun columns (5'Prime3', Inc., Boulder, Col.) to remove
unincorporated nucleotides. Comparable amounts of each
tested DNA fragment were incubated with CRP protein in 20
mM Tris-HCl buffer (pH 8.0) containing 100 mM KCl, 2 mM
dithiothreitol, 10 mM MgCl2, 0.1 mM cAMP, bovine serum
albumin (0.1 mg/ml), poly(dA-dC) (1 pug/ml), and 5% glycerol
for 10 min at 37°C. After incubation, the mixture was loaded
on a running 5% polyacrylamide gel (acrylamide toN,N'-methy-
lenebisacrylamide weight ratio, 38:1) containing 0.1 mM
cAMP and electrophoresed in 45 mM Tris-borate-1 mM
EDTA buffer (pH 8.3).

Nucleotide sequence accession number. The DNA sequence
reported here is available in GenBank under accession number
L02948.

RESULTS

In vivo cloning of the dad operon. To clone the E. coli dad
operon, we employed a mini-Mu bacteriophage as described by
Groisman and Casadaban (21). This cloning system allows
preparation of bacterial gene libraries in the form of phage
lysates. Furthermore, specific features of the mini-Mu phage
employed permit recovery of phages carrying bacterial DNA
inserts as multicopy plasmids.

Strain XPh43, which contains the wild-type dad operon and
is lysogenic for Mu cts, was transformed with mini-Mu plasmid
pEG109. A phage lysate prepared on one of the transformants
was used to transduce the EC1769 recipient carrying a deletion
of the dad region. Among selected chloramphenicol-resistant
colonies, dad' transductants able to grow on minimal medium
containing L-alanine as the sole source of carbon appeared at
a frequency of 2 x 10-'. One of the dad' transductants
served as a source of the pHDI plasmid carrying a 7.8-kb
bacterial DNA fragment inserted into mini-Mu DNA. The
pHD1 plasmid complemented the A(dad-fadR)286 strain, re-
storing the activity of both D-amino acid dehydrogenase and
alanine racemase (Table 3). It also restored the FadR+
phenotype of this strain, indicating that genes constituting the
dad operon as well as the closely linked fadR gene (59) were
cloned. Synthesis of D-amino acid dehydrogenase and catabolic
alanine racemase expressed from the pHD1 plasmid was
inducible by L-alanine, as is the synthesis of enzymes expressed
from the chromosomal dad operon (Table 3).
The pHD2 plasmid containing the 5.8-kb HindIII-BamHI

fragment of the pHD1 chromosomal insert complemented the
DadA- and DadX- but not FadR- phenotype of the A(dad-
fadR)286 strain. To localize the dad genes within the insert of
pHD2, plasmids carrying its different restriction fragments
were constructed and tested for complementation of the
DadA- DadX- phenotype of EC1094 (Fig. 1). In the pres-
ence of the pHD9 plasmid carrying the 4.1-kb EcoRV-BamHI
fragment, strain EC1094 became DadA+ DadX+, implying
that both genes were present and expressed within the cloned
insert. Further complementation analysis suggested that the 5'
end of the dadA gene is located between the SphI and PvuII
sites, as indicated by the fact that pHD5 carrying the insert
starting at-the PvuII site did not restore the DadA+ phenotype.
It also did not complement the alanine racemase deficiency of
EC1094. The only plasmid restoring alanine racemase activity
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TABLE 3. Restoration of D-amino acid dehydrogenase and
catabolic alanine racemase activities in a A(dad-fadR)286 strain

carrying the pHD1 plasmida

Relevant genotype Enzyme activityb

D-

E. coli Amiino Alanine
strain/plasmid ~~~~~~~~acidrcmsstrain/plasmid Chromosome Plasmid dehydro- race

genase

- + - +

XPh43/pEG109 dadA+ dadX+ dadA dadX 6 72 9 60
EC1769/pEG109 A(dad-fadR)286 dadA dadX 0 0 5c 7C
EC1769/pHD1 A(dad-fadR)286 dadA+ dadX+ 35 68 35 115

a Bacteria were grown for 18 h in minimal medium supplemented with 0.5%
glucose as a carbon source. L-Alanine was added to induce enzyme synthesis,
when indicated, to a final concentration of 10 mM.

' The specific activity of each enzyme is expressed in nanomoles of product
(pyruvate or D-alanine) formed per minute per milligram (dry weight) of cells in
the presence (+) or absence (-) of L-alanine. Each result is an average from at
least three independent experiments.

c The residual alanine racemase activity in the dadA dadX strain represents the
activity of a constitutively expressed biosynthetic isozyme encoded by the
unlinked air gene (59).

was pHD9 (Fig. 1). This suggests that the 3' end of the dadX
gene resides within the KpnI-BamHI fragment. The inability of
the pHD5 plasmid, which contains the 3' end of the dadX gene
but does not contain the 5' end of the dadA gene, to comple-
ment the DadX- phenotype indicates that the dadA and dadX
genes comprise an operon with the promoter proximal to the
dadA gene.

Nucleotide sequence of the dad operon. To determine the
structure of the dad operon and its putative regulatory region,
an SphI-BamHI fragment of pHD2 complementing both dadA
and dadX mutations was sequenced. The strategy of sequenc-
ing, using as templates restriction fragments of dad cloned into
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FIG. 2. Restriction map of the 3.252-kb SphI-BamHI fragment of
the pHD2 plasmid showing the sequencing strategy of the dad operon.
u, recognition sites for Sau3A. Chromosomal inserts of pBSD1 and
pBSD2 plasmids used as a source ofDNA for cloning into M13 phages
are shown as double lines. Light single lines with arrowheads indicate
the positions and extents of sequencing. The locations of genes in the
sequenced fragment are indicated above the restriction map.

different M13 vectors, is shown in Fig. 2. The complete
nucleotide sequence of both strands was determined. The
sequence (Fig. 3) starts at the SphI site (nucleotide [nt] 1) and
ends at the junction of chromosomal DNA and DNA of the
mini-Mu plasmid used for in vivo cloning (nt 3262). Sequence
analysis revealed the presence of two long open reading frames
(ORFs), directed from the 5' to the 3' end and positioned in
tandem. According to the results of the complementation
analysis (Fig. 1), they should correspond to the dadA and dadX
genes. A computer search (44) indicated ATG codons at
positions 526 and 1834 as the most probable translation
initiation sites inside the first (dadA) and the second (dadX)
ORF, respectively. Immediately upstream of both ATG codons
are regions homologous to a Shine-Dalgarno sequence, which
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of each insert. The length of each cloned insert (in kilobases) is shown. The ability of each plasmid to restore the DadA (A) and/or DadX (X)
phenotype of the EC1094 strain, as measured by the assay of D-amino acid dehydrogenase and alanine racemase activities, is shown on the right.
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CGTACGGCTGCGACCTCATCCGTAGGTAGTAGACAAGACTCCAATAGTGAAGTTAGACCACGCCCATCCATAGGTCGGCCATCTCAAAGCGGTGGGCCAGATAGAGACGGTCTATTTGTAGGTCGTCCAGCTTGC

100
ORF <1

W D P G D S L R T T D K N M S D I T A M TTGTCGGCGCTCTCTGTGTGGAGCACCTCATTTCAAGCATAGAACACCTGTTAAAAACC
AGGTCAGCCCAGGTAGCGAGTTTGCACACCACAGGAATAAGTATCTTAGCTAGCAGCGGTATGCGCGTGGAGTAACAACAGCCGCGAGAGACACACCTCGTGGAGTAAAGTTCGTATCTT GACAATTTTTGG

AvaIl 300 gaucaccuccuua 400

GCGTCGCCGGAGAA TTTCTTTGCGATTTCTTATTATCAGAGTGCCACTAATCCGCTTCTGAACGGAATTTTATGCTGGATAAAAAGGGCGTTCAGCAGGAGATACTAAAGACGCCATATTGCCGCAGAGTC
CGCAGCGGCCTCTTAAAAAAAGAAACGCTrAAAGAATAATAGTCTCACGGTGATTAGGCGAAGACTTGCCTTAAAATACGACCTATTTTTCCCGCAAGTCGTCCTCTATGATTTCTGCGGTATAACGGCGTCTCAG

SspI +1(1) +1(2) 5 0 auuccuccacuag
*GAAGGGCGTCAAAAGCCTTATAATTACATACAT3-T-TACTTATTTACTACGGGC+_:iTGC4 4 *1 GTTGTCATA

TCCCTCTACACTCGGTCGAGTGGTATTTTCGGCGTACAACTTATTATAAAAGTTGI
cAMP-CRP(1) BstEIZ

L2

CTGGGAAGTGGTGTGGTAGGCGTTGCCAGCGCCTGGTACTTAAATCAGGCAGGACAT(
L G S G V V G V A S A W Y L N Q A G H

700

TATGCTGCACCGTGGGCGGCACCAGGTGTGCCTTTAAAAGCGATTAAATGGATGTTIC
Y A A P W A A P G V P L K A I K W M F

TGCGACACCAGCCACTACATGGAAAACAAAGGGCGGATGGTGCGTCTGGCGGAATACi
T R H Y MHEN K GOR MV R L A

rACCGAACAACAGTATGAAAATGCGACCCGCGATATCGCCGTGCTG
T E QQ Y EHNA T RD I AV L

1100

SGGCGGCCTGCAGTTACCCAATGATGAAACCGGAGACTGTCAGCTA
GOG L Q LPMN D ETOG D CQ L

SCAAATCTACGGCGTGAAGTGTGGCGATGAAGTGATTAAGGCCGAT
Q I YOGV KCOG D E V I K AD

1400

'ACC SCATOOAOAATGGTGCGCCGGTATCCACCATI
T IP I A Q E D G A P V S T I

1500

;CTGTTGCAACCGCGTCGTGAAOTGGTGGTccA
L L Q P R R ET L E H V VR D

'ACACGCTAAACTTGTATCCGGTCACGGCACGCTO
T R F KHNLW L NTGHMT L

1800

OGCGCGCTACAGCCGTGGATTTACGCCATCACGTCCGGGCCATSTTA
A R Y S R O FT P5 RP G H L

1900

:CGCCAGGCCGCGACGCACGCGCGCGTCTG.GTCGGTGGTAAAAGCC,
R Q A A T H A R V W S V V K A

Avail

,TTACGTGAGCGCGGCTGGAAAGGACCGATCCTGATGCTGGAAOGG
L REER O W K G P1I LHM LEOG

2200

'GCGCGGCTAAAAGCACCGTTGGATATTTATCTTAAAGTGAACAGT
A R LEKA P L D I YL K VHNS

;ATGTCGCA;TTSTGCCGA,AGCGGAACATCCTOATGGAATTTCCGGCI
H SMH F A E A KMH P DOG ISOG

,CATrITGACTGGGTTCGGCCTGGCATTATTTTGTATGGCCGTTCG,
H F DW VERP 011 LV 0 R S

2600

kGCGGGCGAGCGTGOTOGGCTACGGCGGTCGCTATACTGCGCGCGAT1
A GE K V 0 V GOR Y T AR D

Avall

;CGCACCATGACGGTGGGGACCGTCTCGATGGATATGCTAGCGGTC
R TE T V 0 TV S H D H L A V

'GGAACGGTOOGGCTATGAGTTGATGTGCGCGCTGGCCGTACGCGTC,
0 TSV 0 Y E L H CA LA VVVRV

T 3000

GCAACTGTAGTTGTTTA CA CATGATAGTGTCCATT

AACTCGACTTCAGATAAATCACGCTTTACCCrTGATGGAGCCTGTACATAG

E Y

1000

;GAAGAT
E D

kTTTACC
F T

K;CGTAT
A Y

rCTTOAT
L D

rCTCTAT
L Y

OGCTGG
G W

CATO
H G

;AACGCT
N A

TTTTTC
F F

rGGGATG.
G E

:CGGATG
R M

;CCGTCC
P S

GAACAG
E Q

.GATTTA
D L

C D

TTCCG7
F R

CTGACG
L T

GGCGAG
G E

TCGCTG
S L

ACCGAG
T E

GGGCGT
G R

AGCGTA
S V

ATTGTC
I V

ATAACG
I T

CAAAAT
Q N

2300

ACCCTG
T L

GAAGCG
E A

CTAAAA
L K

GGCGTG
G V

GCTGCC
A A

ACTCAATAGTTCTACACTAATCTAATAATAAGAAAATGACATAGATGGCAA H R V V I
cANP-CRP(2) L* DadA

600

GAGGTCACCGTCATTGATCGGGAGCCGGGGGCCGCCCTGGAAACCAGTGCCGCGAATGCCGGGCAAATCTCCCCCGGA
E V T V I D R E P G A A L E T S A A N A G Q I S P G

800

CAGCGCCATGCGCCGCTGGCGGTTCGTCTCGACGGTACGCAGTTCCAGTPAAATGATGTGGAATGTTACGTAAC
Q R H A P L A V R L D G T Q F Q L K W M W Q H L R N

900 SspI
a a a *aI a a a a

AGCCGTGATTGCCTGAAAGCATTGCGC GCCG AAACCAATA?TTCGTATGAAGGTlACOCTGCAACTG
S R D C L K A L R A E T N I Q Y E G R Q G G T L Q L

GCCGGOGTACCGTATCAGCTGCTGGAATCCAGCCGCCTGGCGGAAGT GAG =cIGAGTGGCGCACAAA
A G V P Y Q L L E S S R L A E V E P A L A E V A H K

1200

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

1300

;TGATGCWGTTTGGTTCTTACTCGACGGCGATGCTCAAAGGCATTGTTG _CTAC
V M A F G S Y S T A M L K G I V D I P V Y P L K G Y

;AAACCTACAAAATCGCCATTACCCGTrTCGATAACCGCATTCGTGTGG TGGCGG AA

E T Y K I A I T R F D N R I R V G G M A E I V G F N

1600

lCACGGCOCOOTCAT0TCOAGCAOGCTACTGGACTGG CCCCTTGCCACA C TC
P R G G H V E Q A T F W T G L R P I T P D G T P V V

1700

CGASCTTGCGTTCTCGGTCAGTTGTTAAGCGA
T E A C G S G Q L L S D L L S G R T P A I P Y E D L

auuccuccacuag

GCACACAGCTAAGGAAACG AGATGACCCGTCCGATACAGGCCAGCCTCGATCTGCAGGCATTAAAACAGAATCTGTCC
A H HN T R P I Q A S L D L Q A L K Q N L S

La DadX 2000

rACOGGCATGGTATTGAGCGTATCTGGAGCGCGATCGGGGCCACCGATGGCTTTGCATTGCTTAACCTGGAAGAGGCA
Y G H G I E R I W S A I G A T D G F A L L N L E E A

2100

-ATGCTCAGGATCTGGAGATTTATGACCAGCACCGCCTGACCACCTGCGTACACAGCAACTGGCAGCTCAAAGCACTG
H A Q D L E I Y D Q H R L T T C V H S N W Q L K A L

kATCGGTTGGGCTTCCAGCCCGATCGCGTGCTTACCGTCTGGCAGCAGTTGCGGGCAATGGCGAATGTTGGCGAAATG
N R L G F QP D R V L T V W Q Q L R A M A N V G E M

2400

3CGCGTATTGAGCAGGCGGCGGAGGGGCTGGAGTGTCGGCGTTCGTTGTCCAATTCGGCGGCGACTCTGTGGCACCCG
A R I E Q A A E G L E C R R S L S N S A A T L W H P

2500
* a a a * a a a

.GTCAGTGGCGTGATATCGCCAATACCGGATTACGTCCGGTGATGACGCTAAGCAGTGAGATTATTGGTGTCCAGACG
G Q W R D I A N T G L R P V M T L S KE I I G V Q T

2700

-GAATCOGCATTGTCGCCGCAGGGTACGCCGACGGTTATCCGCGCCACGCCTTAACCGGTACCCCTGTTTTAGTGGAC
R I G I V A A G Y A D G Y P R H A L T G T P V L V D

2800

kCGCCTTGCCCGCAGGCGGGTATTGGTACGCCGGTTGAGCTGTGGGGCC CGCC
T P C P Q A G I G T P V E L W G K E I K I D D V A A

2900

CCCGGTTGTGACGGTGTAACTTGTTGTAAGCCGGATCGGAGGCAACGTCTTCTGGGTGCAAAAAAATCATCCATCCGGCTGGTCA
P V V T V .............................

3100

rAAAAGGATGGACACTATTTCCCCGGAACCTGAACTCACCGCACAGGCGTTCTAT T CTCG
3200

*T** * * * * * *

oAl IOTGTAATEOCCTGATITTOrATATGTPCAATPCAACATCAAATGAAOGTqTAAATrATOOACGACAAACAAI'SGCAOGCTCA
3250

GGCTGCCGTTCAG

FIG. 3. Nucleotide sequence of the dad operon and deduced amino acid sequences of its protein products. The nucleotide sequence starts at
the SphI site of the pHD2 plasmid insert and ends at a junction of the DNA of E. coli and the mini-Mu vector used for cloning. Regions of
homology with the 3' end of 16S rRNA (lowercase letters) corresponding to ribosome binding sites are shown in front of each protein coding
sequence. Transcription initiation sites are marked by arrows. Position +1(1) corresponds to the beginning of the major transcript in
L-alanine-induced cells, and position + 1(2) corresponds to the major transcript in noninduced cells. Dashed lines above the sequence indicate - 10
and - 35 regions of the putative dad promoter. Sequences resembling the consensus sequence for CRP-binding sites are underlined. The predicted
position of the 3' end of the dad transcript is marked with an arrowhead. The DNA segment labeled by underlining with carets shows a region
of homology with known factor-independent transcription termination sites in E. coli.
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DAAOf
DAAOh
DAAOm

DAAOr

DAAOp

DadA

D
V A V I G . G..GL..A.. .. G V E R

E

4 ..II VVVG A G V I G L T S AL N K G N KT VA..
2 ..R V V V I G A G V I G L S T A L C IHE R Y H S VQPH..

2 ..R V A V I GA G V I G L S T A L C I H E R Y H P T Q P L H N..
2 ..R V VV I G A G V I G L S T A L C I H E L Y H S AQ PD..

2 ..R V V V I GA G V I G L S T A L C I H E R Y H S VQPD..

2 .. RV V I L G S G V VGV ASAW NYQ AGGH EVT V I D R..

FIG. 4. Comparison of the amino acid sequences of FAD-binding
domains of D-amino acid oxidases (DAAOf, Fusarium solani [26];
DAAOh, human [39]; DAAOm, mouse [52]; DAAOr, rabbit [38];
DAAOp, pig [16]) with the N terminus of the predicted DadA protein.
Identical or functionally similar residues found in at least four se-
quences are boxed. Conservative replacements allowed are I/LIV, T/S,
and A/S. Well-conserved residues of FAD-binding protein domains
and the conserved secondary structure 1oc4 are shown above the
sequence (as proposed by Schultz [48]).

serves as a prokaryotic ribosome binding site (49) (Fig. 3). The
initiation codon of dadX lies 9 bp beyond the termination
codon of dadA4, which supports the results of complementation
analysis showing that there is no separate promoter for dadX.
The dadA and dadX genes seem to be the only structural genes
of the dad operon. There is no ORF within a 100-bp fragment
of DNA downstream of dadX. Instead, the computer search
revealed the presence of a putative factor-independent tran-
scription terminator sequence following dadX (Fig. 3). The G
at position 2983 is predicted to be the 3' end of the dad operon
mRNA.

Previous genetic studies (59) identified a dadR gene as a
cis-acting regulatory region of the dad operon. Wild et al. (63)
proposed that it contains promotor and operator sequences of
dad. The DNA fragment of about 260 bp preceding dadA
should correspond to dadR. It does not contain any putative
protein-coding regions. Interestingly, it separates the ORF
identified as dadA4 from an ORF oriented in the opposite
direction. Therefore, the dadR region may contain promoter
and regulatory sequences of both the dad operon and the
unidentified gene.

Further analysis of sequences upstream of dadR (data not
shown) indicates that the new putative gene may encode a
protein of 474 amino acids (aa). Its translation should start
from ATG codon at nt 196 of the sequence (Fig. 3), which is
preceded by a fragment highly homologous to the 3' end of 16S
RNA. This fragment may encode a ribosome binding site in
mRNA.
The dadA gene can encode the smaller subunit of D-amino

acid dehydrogenase. Purified D-amino acid dehydrogenase is
composed of two subunits, with molecular masses of 45 and 55
kDa (41). The deduced length of the dadA gene product is 432
aa, which corresponds to a 47.6-kDa protein. Therefore, the
dadA locus has a potential to encode the smaller subunit of
D-amino acid dehydrogenase. Comparison of its predicted
amino acid sequence with sequences obtained from the
SWISSPROT and PIR data bases revealed a protein of
unknown function of Pseudomonas aeruginosa encoded by an
ORFZ in the pilRS region (GenBank accession number,
Z12154) as the best matching sequence. A known C-terminal
fragment of this protein at 106 aa is 40% identical with the
C-terminal fragment of DadA. The N terminus of DadA
appeared to be similar to FAD-binding domains of various
proteins (Fig. 4). Strikingly high similarity was found between
the N-terminal part of deduced DadA protein and FAD-
binding domains of D-amino acid oxidases (Fig. 4). A hydro-

10 20 30 * 40 50 60
DadX MTRPIQASLDLQALKQNLSIVRQAATHARVWSVVKANAYGHGIERIWSAIGATDGFALLN

111111111111I:: 1111:11 1:11::11111111111ii111111:111:1111111i:11IDadB MTRPIQASLDLQVMKQNLAIVRRAAPEARVWSVVKANAYGHGIERVWSALGATDGFAMLN
10 20 30 * 40 50 60

70 80 90 100 110 120
DadX LEEAITLRERGWKGPILMLEGFFHAQDLEIYDQHRLTTCVHSNWQLKALQNARLKAPLDI

IlllllillllllllllllllllllllllII :1111l :1 11111 111111 1:1 IDadB LEEAITLRERGWKGPILMLEGFFHAQDLEAYDTYRLTTCIHSNWQLKALQNARLNAPLDI
70 80 90 100 110 120

130 140 150 160 170 180
DadX YLKVNSGMNRLGFQPDRVLTVWQQLRAMANVGEMTLMSHFAEAEHPDGISGRMARIEQAA

1:11111111111 1 111111111111 11111111III1I 11:11: 11: 1:
DadB YVKVNSGMNRLGFQPERAQTVWQQLRAMRNVGEMTLMSHFAQADHPEGIGEAMRRIALAT

130 140 150 160 170 180

190 200 210 220 230 240
DadX EGLECRRSLSNSAATLWHPEAHFDWVRPGIILYGRSPSGQWRDIANTGLRPVMTLSSEII

111:1 li1111111111:1:11111111111 1111111111:111 111111111liDadB EGLQCAYSLSNSAATLWHPQAHYDWVRPGIILYGASPSGQWRDIADTGLKPVMTLSSEII
190 200 210 220 230 240

250 260 270 280 290 300
DadX GVQTLKAGERVGYGGRYTARDEQRIGIVAAGYADGYPRHALTGTPVLVDGVRTMTVGTVS

11111:111111111 1: :11111111111 11111111 111111111:11:111111DadB GVQTLSAGERVGYGGGYSVTQEQRIGIVAAGYADGYPRHAPTGTPVLVDGIRTRTVGTVS
250 260 270 280 290 300

310 320 330 340 350
DadX MDMLAVDLTPCPQAGIGTPVELWGKEIKIDDVAAAAGTVGYELMCALAVRVPVVTV

1111111111111111111111111111:1111:1111:1111I11 11 11
DadB MDMLAVDLTPCPQAGIGTPVELWGKEIKVDDVASAAGTLGYELLCAVAPRVPFVTT

310 320 330 340 350

FIG. 5. Similarity of the amino acid sequence of the dadX gene
product of E. coli K-12 (DadX) and the catabolic alanine racemase of
S. typhimurium encoded by the dadB gene (DadB) (56). Vertical lines
indicate identical residues, and colons indicate conservative changes.
Boldface letters show amino acids of the active center with the lysine
residue that interacts directly with pyridoxal phosphate (marked by an
asterisk).

phobicity plot of DadA, obtained by the Kyte and Doolittle
method (33), indicated that the N terminus is a strongly
hydrophobic region (data not shown).
The dadX gene encodes the catabolic alanine racemase. The

second ORF within the dad operon (Fig. 3, from nt 1834 to
2901), designated dadX, must correspond to the catabolic
alanine racemase gene. It can encode a 356-aa-long protein
with a molecular mass of 39.0 kDa. The predicted product of
dadX is 85% identical to the catabolic alanine racemase of
Salmonella typhimurium encoded by the dadB gene (56) (Fig.
5) and about 40% identical to the anabolic alanine racemase of
S. typhimurium (18) and the alanine racemase of Bacillus
subtilis (13, 53) (data not shown). By homology, we found that
the active center of the E. coli catabolic alanine racemase is
located close to its N terminus at the same position as in the S.
typhimurium DadB protein (Fig. 5) (3). As in other alanine
racemases, it contains a lysine residue that interacts directly
with pyridoxal phosphate (22). Galactos and Walsh (17) have
shown that both alanine racemases of S. typhimurium, cata-
bolic and anabolic, have a two-domain structure. The domains
are linked by a Gly-rich hinge, which is essential for catalytic
efficiency of these enzymes. The sequence of the hinge region
is conserved in the dadX gene product (Fig. 5, aa 254 to 259),
as is shown by comparison with DadB.
Mapping a 5' end of the dad operon transcript. A computer

search for putative promoters upstream of dadA revealed
several regions with significant similarity to known E. coli u70
promoter sequences. To determine which of them plays a
major role in dad expression, we mapped the 5' ends of the
dad-encoded mRNA by primer extension, using reverse tran-
scriptase (Fig. 6). We employed mRNA isolated from cells
expressing the dad operon at the noninduced level or after
induction with L-alanine. The main product, 87 nt long, which
appeared as a strong band when mRNA from induced cells was
used, was barely visible when mRNA from uninduced cells was
used. It identifies the major transcription start site functioning
upon induction at nt 480 of the sequenced DNA fragment.
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L-Alanine
Total RNA (jig)

J. BACrERIOL.

5 10 5 10
Consensus:

dadR(1)
dadR(2)

araB

araE

cat

crp
crp (2)
deoC

deoC (2)
gal
ilvB

lac

lac (2)
malT

ompA
tna

O-+1 (1)
_- +1 (2)

T C G A 1 2 3 4

FIG. 6. Location of the transcription start points of the dad operon
by the primer extension method. Lanes 1 to 4 show the products of the
primer extension using 5 and 10 ,ug of total RNA from E. coli MC4100
growing in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of
10 mM L-alanine. The sequence of [y-32PJATP-labeled primer com-
plementary to a region in dadA downstream from the transcriptional
start was 5'GCAAGCCCTACCACACCACIT'. The sizing ladder,
synthesized with the same primer by using pHD3 as the template in
dideoxy sequencing reactions, depicts the noncoding strand in lanes
marked T, C, G, and A.

Surprisingly, the major band detected when mRNA from
uninduced cells was used corresponds to a product 5 bp
shorter. This band is significantly enhanced with mRNA from
induced cells, indicating that it represents an alternative tran-
script of the dad operon. Although it is the main alternative
product of the primer extension experiment, it is not the only
one. Weaker bands which are enhanced with mRNA from
induced cells and correspond to one longer fragment and a few
shorter DNA fragments may represent other minor products
of dad transcription. They can be clearly distinguished from
other weak bands of the background that have similar intensity
independently of the source of mRNA used. The latter most
likely represent products of nonspecific priming.

Characterization of the dad operon promoter-operator re-
gion. Immediately upstream of the major transcription start
point of the dad operon, we found a putative au70 promoter
sequence (Fig. 3) with a calculated (40) homology to the
consensus sequence of 49.1%. It is close to the homology to the
consensus sequence of lacPl (49.7%), calculated by the same
method, and suggests that the main dad transcript initiates
from a moderately strong promoter.
The presence of a few minor primer extension products

obtained when the dad mRNA was used may indicate the

AA - TGTGA ------ TCACA - T

AG A TGTGA GCCAGC TCACC A T
AG A TGTGA TTAGAT TATTA T T

Mismatches
2

4

AA TGTGT GCGCCG TGCAA A T
AA T TGGAA TATCCA TCACA T A
AA A TGAGA CGTTGA TCGGC A C
TA A TGTGA CGTCCT TTGCA T A
GA A GGCGA CCTGGG TCATG C T
AA T TGTGA TGTGTA TCGAA G T
TA A TGCGA TCTGGG TCAAA T A
AA G TGTGA CATGGA ATAAA T T
AA T TGAGG GGTTGA TCACG T T
TA A TGTGA GTTAGC TCACT C A
AA T TGTGA GCGGAT AACAA T T
AA T TGTGA CACAGT GCAAA T T
AA G TGTGA ACTCCG TCAGG C A
AA A TGTGA ATCGAA TCACA A T

3

5

5

3

6

3
3

3

4
3

4

2
2

1

FIG. 7. Comparison of putative CRP-binding sites in the promoter-
operator region of the dad operon [dadR(1) and dadR(2), the se-
quences underlined and labeled cAMP-CRP(1) and cAMP-CRP(2),
respectively, in Fig. 3] with the consensus sequence of CRP-binding
sites and regions interacting with cAMP-CRP complex found in other
operons (11, 12).

existence of several additional transcription start sites for this
operon. We found that each of these putative additional starts
is preceded by a sequence significantly homologous to the
consensus for u70 promoters (data not shown), and therefore
we cannot exclude the possibility of their utilization.

Analysis of a promoter region of the dad operon revealed
two regions highly homologous to cAMP-CRP binding sites
(Fig. 3 and 7). The one with higher homology is located 59.5 bp
(counting from the center of symmetry) upstream of the major
transcription start site of the dad operon. The second one
partially overlaps the -10 region of the predicted dad pro-
moter.
cAMP-CRP is involved in the regulation of dad transcrip-

tion in vivo. It was shown previously (59) that the transcription
of the dad operon is repressed in cells grown in the presence of
glucose. To test whether this effect is mediated by cAMP-CRP,
we measured the activity of 0-galactosidase in a strain contain-
ing the Xd4 (dadA'-lacZ)1 transcriptional fusion and its Acya
and Acrp derivatives (Table 4). In cells of the wild-type strain
grown in rich medium without glucose, the enzyme activity was
almost four times higher then in cells from glucose-containing
medium. In both Acrp and Acya mutants, the derepression of
,-galactosidase synthesis in the absence of glucose did not

TABLE 4. Expression of 4.(dadA'-lacZ)1 fusion in Acrp and
Acya mutantse

Sp act of 1-
E. coli strain Relevant genotype galactosidase'

_ ~~+
EC1631 cya + crp+ 820 236
EC2098 cya+ Acrp 185 214
EC2126 Acya crp+ 213 152

a Bacteria for enzyme assays were grown for 4.5 h in Luria-Bertani medium
supplemented with 0.5% glucose, when indicated.

The specific activity of 1-galactosidase in the presence (+) or absence (-) of
glucose is expressed in Miller units (48). Each result is an average from at least
three independent experiments.
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309 bp Avall-Sspi

CRP(nM) 0 1 2 5 10 25 50 75 0 0 1 2 5 10 25

-free DNA

complex-
free DNA W-1PW

FIG. 8. Binding of cAMP-CRP complex to the 32P end-labeled

fragments of the dad regulatory region, as measured by gel shift assay.

The assay conditions are described in Materials and Methods. CRP

levels are given as concentrations of dimer. cAMP at a concentration

of 0.1 mM was present in all samples, in a gel and in running buffer. No

mobility shift was observed in the absence of cAMP (data not shown).
The band marked with an asterisk represents a contaminating frag-
ment of pBSD1 plasmid which was not fully removed during the

purification of the desired DNA fragment.

occur, indicating that the effect of glucose on dad transcription
is mediated by cAMP-CRP.

CRP binds to DNA fragments of the dad regulatory region.
To test whether a cAMP-CRP complex might regulate the

operon transcription by direct interaction with its putative

recognition sites in the regulatory region of dad, we isolated

309-bpAvaII-SspI and 152-bp SspI-BstEII fragments of the dad

regulatory region containing each of the two identified sites

separately. A gel shift assay experiment with purified CRP

protein and cAMP demonstrated that both fragments can bind

the cAMP-CRP complex, although with different affinities

(Fig. 8). The 309-bp AvaII-Sspl fragment, containing the site

which best matches the consensus sequence, bound the com-

plex at a CRP concentration of as low as 1 Binding of the

complex to the 152-bp Sspl-BstEII fragment containing the site

less similar to the consensus sequence was readily detectable at

a concentration of 25 nM CRP or higher. For both fragments,
we observed only one shifted DNA band indicating (in agree-

ment with the sequence analysis data) that each of the tested

regions contains a single CRP-binding site. Of special notice is

a small difference between the extent to which the presence of

the cAMP-CRP complex shifts the 152-bp SspI-BstEII frag-
ment and the extent to which the complex shifts the AvaII-Sspi
fragment. This can be explained by the different locations of

binding sites within the fragments, since binding of cAMP-

CRP complex bends DNA, and by the difference in their
affinities to cAMP-CRP, which in tur influences bending (19).

DISCUSSION

Genetic studies of alanine catabolism in E. coli K-12 iden-

tified the dadAs and dadX genes as coding for enzymes of this
pathway: thegD-amino acid dehydrogenase and the catabolic
alanine racemase. They form an operon and are located at 26

min of the E. coli map (59, 61). For this study of the structure

and regulation of both genes, we cloned and sequenced a DNA

fragment complementing chromosomal deletion of the dad

operon.

It appeared that dadA can encode only the smaller of two

subunits of the D-amino acid dehydrogenase. The predicted
molecular mass of its product (47 kDa) corresponds well to the
mass of the smaller enzyme subunit, estimated from analysis of
the purified protein as 45 kDa (41). The presence of an
FAD-binding motif at the N-terminal end of DadA is in
agreement with biochemical data (41) showing that the native
D-amino acid dehydrogenase contains FAD in its active center.
The FAD-binding domain of DadA in its sequence and
location within the protein resembles those found in eukary-
otic D-amino acid oxidases, enzymes with similar substrate
specificities for amino acids. This indicates an evolutionary
relationship. In D-amino acid oxidases, the FAD-binding do-
main is proposed to be a site anchoring the protein to
membrane structures (16). The high hydrophobicity of this
domain in DadA implies a similar role. This is consistent with
the fact that the native D-amino acid dehydrogenase is bound
by strongly hydrophobic interactions to the inner membrane
(27, 28, 42).
Our results excluded the possibility that the dad operon

could encode the second subunit of D-amino acid dehydroge-
nase. The smallest fragment complementing the deficiency of
D-amino acid dehydrogenase in a A(dad-fadR)286 deletion
strain (Fig. 1, insert of pHD11 plasmid) is only 2.3 kb long and
includes no complete ORF encoding a 55-kDa protein. Be-
sides, analysis in a maxicell system of bacterial proteins ex-
pressed from the insert of the pHD9 plasmid containing the
entire dad operon revealed only two products, with molecular
masses of 44 and 37 kDa, corresponding to DadA and DadX
(23).
The dadX gene encoding the catabolic alanine racemase

corresponds to a second ORF of the dad operon. The 85%
identity of DadX protein to DadB catabolic alanine racemase
of S. typhimurium confirms a homology previously proposed
because of similar function and location of genes (57, 59). The
active center of DadX and the Gly-rich hinge known to be
important for the catalytic efficiency of alanine racemases have
the same structure as in other enzymes of this group and are
located at the same position as in DadB (18, 22).

Recently, Thornberry et al. (54) purified to homogeneity the
alanine racemase from E. coli B cells grown in minimal
medium with L-alanine as the sole source of carbon. It had
been shown previously for E. coli K-12 that when cells were
grown in the presence of L-alanine the dadX gene product
comprised more than 95% of overall cellular alanine racemase
activity (59). This suggests that Thornberry's enzyme is a
homolog of DadX in E. coli B. Indeed, proteolytic digestion of
the enzyme with trypsin released a hexapeptide, -Val-Gly-Tyr-
Gly-Gly-Arg- (54), identical to that found in position 251 to
256 of DadX (Fig. 5). On the other hand, the estimated
molecular mass of alanine racemase isolated from E. coli B, 50
kDa (54), is significantly higher than the predicted molecular
mass of DadX (39 kDa). Therefore, the identities of these two
enzymes need further verification.
The sequence analysis of the dad operon and the results of

our complementation experiments confirmed previous genetic
evidence (59) that the dadA and dadX genes are transcribed
together from a promoter proximal to dadA. The fact that the
dadA and dadX genes form one transcriptional unit might
suggest an organization of alanine catabolism genes in E. coli
K-12 different from that of their homologs dadA and dadB in
the closely related S. typhimurium. Wasserman et al. (57)
cloned a DNA fragment of the latter bacterium complement-
ing dadB but not dadA mutations. Expression of alanine
racemase from this fragment was inducible by L-alanine. These
data enabled the authors to conclude that in S. typhimurium
the dadB and dadA genes are transcribed from separate

DNA
fragment 1 52 bp SspI-BstEII
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promoters and that dadB does not belong to the same operon
as dadA. We suggest, instead, that the 4-kb fragment of
bacterial DNA cloned by Wasserman et al. could contain a
mutated dadA gene with its unaffected promoter-operator
region. The dadB gene present in this fragment is 1,068 nt long,
and its 3' end overlaps the end of the insert (56). Therefore,
the transcript could include almost 3 kb of message upstream
of dadB, which is sufficient to express dadA in E. coli. Such a
possibility is supported by the fact that the published sequence
of 60 bp upstream of dadB can encode a C-terminal end of a
protein which is 65% identical to the C-terminal end of E. coli
K-12 DadA. Our difficulties in transforming some E. coli K-12
strains with multicopy dadA+ plasmids suggest that selection
for dadA plasmid mutants may occur in particular hosts.
Perhaps the overproduction of D-amino acid dehydrogenase in
those strains could lead to the lethal decrease in an intracel-
lular pool of D-alanine, an amino acid that is required for cell
wall biosynthesis in gram-negative bacteria (55). Lower levels
of L-alanine-mediated induction of the dad operon enzymes
expressed from the multicopy plasmid in a strain we used for
cloning, compared with levels of the induction of the enzymes
expressed from a chromosome (Table 3), suggest that in E. coli
there is a mechanism of negative regulation preventing D-
amino acid dehydrogenase overproduction. As the extent of
induction of D-amino acid dehydrogenase expressed from
multicopy dadA+ dadX plasmids is similar to the extent of
induction of enzyme encoded by chromosomal genes (data not
shown), we think that the pool of the intracellular inducer,
L-alanine (59), is limiting and can account for the observed
effect. The limitation of intracellular L-alanine concentration
may occur in strains with an excess of alanine racemase when
the use of D-alanine by the overexpressed D-amino acid
dehydrogenase moves the equilibrium of the racemization
reaction strongly toward the D-isomer production.
Mapping of the 5' end of the dad operon transcript showed

that mRNA synthesis is initiated from at least two sites. The
main start site upon induction by L-alanine is located 41 bp
upstream of the DadA coding sequence, and it is preceded by
a moderately strong promoter. The second, located 5 bp closer
to dadA, predominates in noninduced cells. The presence of a
few other minor transcription start sites is suggested by addi-
tional products of primer extension obtained with dad operon
mRNA (Fig. 6). Although this possibility requires further
confirmation, it is supported by the fact that sequences homol-
ogous to u70 promoters precede each of those putative start
sites. The existence of multiple dad promoters would be
consistent with a complex regulation of this operon expression.
It was shown to be activated by alanine (59, 61) and cAMP
(14). Recent studies in our and other laboratories have ex-
panded the list of dad regulatory factors with leucine (35),
anaerobic activator protein FNR (35a), and histonelike protein
IHF (36).

Previous genetic studies established that the dadR locus
located between the fadR and dadA genes is a regulatory
region of the dad operon (63). Several mutations of this region
caused increased activity of both D-amino acid dehydrogenase
and catabolic alanine racemase (58, 59, 60, 63). One of them,
dadRi, was studied in a strain carrying a D (dadA'-lacZ+)
fusion (62). It was found to have no trans effect on 3-galacto-
sidase expression (63). This suggests that the dadR locus
corresponds to the promoter-operator region of the dad
operon and lies within the 260-bp-long DNA fragment be-
tween dadA and the ORF encoding an unidentified protein.
The latter is the only structural gene separating the dad operon
from fadR (data not shown). Its presence in a multicopy
plasmid does not influence either induced or uninduced ex-

pression of 1-galactosidase from ID(dadA4'-lacZ+) chromo-
somal fusion (23). Thus, the possibility that it encodes a
trans-acting dad regulatory factor seems to be unlikely. Our
studies to identify the function of the product of this ORF are
currently in progress.

In a region preceding the transcription start sites of the dad
operon, we found two sequences highly homologous to the
consensus for cAMP-CRP binding sites (Fig. 3 and 7) (12). It
was shown previously that the levels of the dad enzymes
D-amino acid dehydrogenase and alanine racemase as well as
the ,B-galactosidase expressed from a 'D(dadA'-lacZ+) fusion
are severalfold higher in cells grown in media without glucose
than in those with glucose (14, 59, 61). Here, we demonstrate
that the effect of glucose on dad transcription in vivo is
mediated by cAMP-CRP. This is in agreement with earlier
observations that exogenous cAMP restores the activity of
D-amino acid dehydrogenase and alanine racemase in cells
grown with glucose to 80% of the level observed in the absence
of glucose (14). In vitro binding of cAMP-CRP to fragments of
the dad regulatory region containing either of its recognition
sequences separately suggests that both identified sequences
are involved in the cAMP-CRP-mediated regulation of dad
transcription in vivo. Of the two sites, the one with higher
affinity to the complex and the better match to the consensus
sequence (Fig. 3 and 7) is centered at 59.5 bp upstream from
the main transcription start point of dad mRNA. This resem-
bles the position of a cAMP-CRP binding region of the E. coli
lac promoter, - 61.5 (47, 51), which was found to be one of two
(the other being at - 41.5) that are optimal for the contact of
CRP with RNA polymerase that is required for CRP-mediated
transcription activation (20). Numerous studies have shown
that cAMP-CRP when bound 59.5 bp upstream of the pro-
moter can bring about the same or a slightly weaker activation
of transcription than when positioned at - 60.5 or - 61.5 bp (1,
8, 20). This implies that the increase of dad transcription in
vivo in cells grown without glucose could be mediated by the
interaction of the complex with this site.
The role of the second identified cAMP-CRP binding site in

dad regulation is unclear. It partially overlaps the -10 se-
quence of the dad promoter and the transcription initiation
region, implying that interaction of the complex with this site
might interfere with transcription as in the case of some
promoters repressed by cAMP-CRP (for a review, see refer-
ence 7). Perhaps the net expression of the dad operon reflects
a sum of positive and negative effects of cAMP-CRP complex
binding on the activity of its promoters, as is the case with the
gal operon (25).

Although forE. coli there are no genetic data indicating the
presence of cAMP-CRP binding sites in the dad regulatory
region, such data were obtained for the related bacterium S.
typhimurium. Wild and Klopotowski (60) isolated mutants of
this bacterium in which the synthesis of D-amino acid dehydro-
genase did not undergo catabolite repression, although it
remained inducible by alanine. The mutations were mapped
upstream of dadA in a region corresponding approximately to
the dadR locus of E. coli, i.e., exactly where two cAMP-CRP
binding sites are located.
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