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Arginine decarboxylase (encoded by adi) is induced under conditions of acidic pH, anaerobiosis, and rich
medium. The DNA sequence of a 3-kb fragment of the Escherichia coli chromosome encoding biodegradative
arginine decarboxylase was determined. This sequence encodes a protein of 755 amino acids with a molecular
size of 84,420 daltons. The molecular weight and predicted Adi amino acid composition agree with those found
in earlier work. The amino acid sequence of arginine decarboxylase showed homology to those of three other
decarboxylases of E. coli: (i) CadA, encoding lysine decarboxylase; (ii) SpeC, encoding biosynthetic ornithine
decarboxylase; and (iii) SpeF, encoding biodegradative ornithine decarboxylase and the lysine decarboxylase of
Hafnia alvei. Unlike SpeC and SpeF, Adi is not similar to the biosynthetic arginine decarboxylase, SpeA. adi
is also dissimilar to cad4 and speF in that it does not appear to be part of an operon containing a metabolically
related transport protein, indicating that it represents a new type of biodegradative decarboxylase regulation.
Transcriptional fusions between fragments upstream of adi and lacZ, primer extension, and site-directed
mutagenesis experiments defined the pH-regulated promoter. Deletion analysis of the upstream region and
cloning of fragments to make adiz:lacZ protein fusions implicated a region beyond an upstream SspI site in pH
regulation. Induction of adi in the presence of sublethal concentrations of novobiocin or coumermycin Al,
inhibitors of DNA gyrase, was dramatically decreased, indicating that DNA supercoiling is involved in adi
expression. These results and those of promoter structure studies indicated that acid regulation of adi may

involve a mechanism different from that of acid regulation of cad.

Escherichia coli contains two types of amino acid decar-
boxylases. The biosynthetic decarboxylases are constitu-
tively expressed regardless of variations in pH and are
involved in the synthesis of polyamines (57). The biodegra-
dative decarboxylases, such as arginine and lysine decarbox-
ylases, are strongly induced in rich medium at a low pH in
the presence of excess substrate (4, 5, 21, 39, 44, 52, 57) and
appear to play a role in pH homeostasis by consuming
protons and neutralizing the acidic by-products produced
during carbohydrate fermentation (22, 49). Biodegradative
arginine decarboxylase acts on arginine to produce agmatine
and has been thoroughly characterized (5-8, 52). The native
protein is a decamer of 820,000 daltons and is composed of
10 identical subunits (6, 8).

The biodegradative arginine (encoded by adi) and lysine
(encoded by cadA) decarboxylases have several properties
in common. Both are induced under anaerobic, acidic con-
ditions (although CadA is also induced under aerobic condi-
tions) and are major cellular proteins, representing over 2%
of the total cell protein under maximal induction. Arginine

_and lysine decarboxylases are capable of increasing the
surrounding pH by removing acidic carboxyl groups and
releasing CO, from their substrates (arginine and lysine,
respectively), and both contain pyridoxal 5’-phosphate as a
cofactor (5). However, Adi and CadA exhibit differences in
induction, as shown by studies involving the Mu dlac fusion
strains GNB7145K (adi) and GNB8385K (cadA) (4). Genes
regulated by alterations in external pH (hyd and aniG) have
also been identified in Salmonella spp. (1, 20). The hyd gene
only responds to changes in pH under anaerobic conditions,
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as does adi, while the aniG gene is similar to cadA4, being
inducible under aerobic and anaerobic conditions (1). At this
time, no unique regulatory genes have been identified as
interacting with adi, whereas cadR was identified by the
absence of a lysine requirement for the induction of cad4
(47). cadA is part of an operon including cadB, the gene for
a proposed lysine-cadaverine membrane-bound transport
protein (40). Immediately adjacent to the cadBA operon is
cadC, a gene encoding a protein with homology to other
prokaryotic transcriptional activators involved in environ-
mental sensing (58). If homologous genes exist in the argin-
ine decarboxylase system, they are arranged differently with
respect to the decarboxylase gene on the chromosome.

In this report, we present the nucleotide sequence of the
adi gene and identify the promoter responsible for pH-
regulated expression. An investigation of specific regions of
the promoter involved in pH control was initiated; a possible
role of DNA gyrase is indicated. Finally, we present a
comparison of the deduced adi amino acid sequence with the
amino acid sequences of four other amino acid decarboxy-
lases.

MATERIALS AND METHODS

Materials. Restriction enzymes were purchased from
Promega Corp., New England Biolabs, Inc., and Bethesda
Research Laboratories, Inc. T4 DNA ligase and its buffer
were purchased from United States Biochemical Corp. and
used in accordance with the manufacturer’s recommenda-
tions. Subclones were sequenced by use of the Sequenase
version 2.0 sequencing kit from United States Biochemical
Corp. and [**S]dATP from NEN Research Products. The
—40 primer was provided by the manufacturer; other oligo-
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TABLE 1. Bacterial strains

E. coli strain Relevant genotype Reference
71-18 SupE thi A(lac-proAB) F' (proAB lacI? 12
lacZ AM15)
BW313 dut ung thi-1 rel4 spoT1/F' lysA 34
GNB7145 MC4100 adi::Mu dX (Ap* lac) 4
GNB7145K MC4100 adi::Mu dI 1734 (Km" lac) 4
GNB2039 MC4100 adi::Mu dX (Ap® lac) 4
GNB3112 MC4100 adi::Mu dX (Ap* lac) 4
GNB5948 MC4100 adi::Mu dX (Ap’ lac) 4
MC4100 araD139 A(argF-lac)U169 rpsL150 reld1 10

fibB5301 deoCl ptsF25 rbsR

mers (18-mers) for DNA sequencing (or other procedures)
were synthesized on a Biosearch 8600 DNA synthesizer by
K. Muthukrishnan in the Department of Biochemistry and
Cell Biology, Rice University. Southern hybridizations were
performed by use of [a->’P]dATP from ICN Biomedicals,
Inc., and the Random Primers DNA labeling system from
Bethesda Research Laboratories, with either nitrocellulose
membranes from Schleicher & Schuell or Immobilon-N
transfer membranes from Millipore. The 1.1-kb polymerase
chain reaction (PCR) fragment was purified by use of
the Millipore Ultrafree-MC filter unit. Primer extension was
performed by use of a primer labeled with [y-*P]dATP
from ICN Biomedicals. Deoxyribonucleoside triphosphates,
avian myeloblastosis virus reverse transcriptase, and placen-
tal RNase inhibitor were from Promega. Arginine decarbox-
ylase assays were performed with L-[U-'*Clarginine from
ICN Biomedicals. Site-directed mutagenesis was performed
by use of the Muta-Gene M13 in vitro mutagenesis Kkit,
version 2, from Bio-Rad. Plasmids were prepared by use of
the QIAGEN plasmid kit in accordance with the manufac-
turer’s instructions. All other chemicals were purchased
from Sigma or Research Organics.

Bacterial strains, plasmids, and media. The bacterial
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strains and plasmids used are listed in Tables 1 and 2.
Falkow decarboxylase medium was described previously
(18). Modified Falkow arginine decarboxylase medium con-
tained 5 g of Bacto Peptone, 3 g of yeast extract, and 5 g of
L-arginine (monohydrochloride) per liter and was buffered
with 20 g of morpholineethanesulfonic acid (MES) for pH 5.5
or 23 g of N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES) for pH 8. Cultures were grown on Luria broth
(LB) plates (10 g of NaCl, 10 g of tryptone, 5 g of yeast
extract, and 30 mg of cysteine per liter; for solid media, 15 g
of agar was added to the medium before autoclaving) or
MacConkey lactose plates (40 g of MacConkey agar base
and 10 g of lactose per liter). The presence of arginine
decarboxylase activity was tested by use of Bacto decarbox-
ylase medium base (9 g/liter) plus 5 g of L-arginine monohy-
drochloride. Five milliliters of medium was placed in screw-
cap test tubes, inoculated, and overlaid with 1 ml of sterile
mineral oil. The tubes were incubated for 4 days at 37°C, and
the activity was determined on the basis of the color of the
pH indicator dye (bromcresol purple): purple was positive
and yellow was negative. Antibiotics were included in the
media at all times to retain plasmids during growth.
Identification of fragments used for cloning by Southern
hybridization. The construction of mini-Mu-derived plasmid
pKER110 (cad mel* adi*) was described previously (4).
Thirteen restriction enzymes (EcoR1, BamHI, Bglll, Pstl,
Pyull, HindlIIl, EcoRV, Xhol, Bgll, Hpal, Sall, Smal, and
Sacl) were used to digest pKER110 singly or in pairs. After
digestion, the fragments were separated on 0.8% agarose
gels and transferred to nitrocellulose membranes. For prep-
aration of the probe, pSTY3 (mel™*) (25) was digested with
EcoRI and Sall. After polyacrylamide gel electrophoresis,
the 1.8-kb EcoRI-Sall fragment was eluted overnight in
buffer X (0.5 M ammonium acetate, 0.01 M magnesium
acetate, 1% sodium dodecyl sulfate [SDS], 0.1 mM EDTA)
and precipitated with 2 volumes of ethanol. The probe was
labeled with [a->?P]dATP and purified by use of a Sephadex
G-50 chromatography column as described by Maniatis et al.

TABLE 2. Bacterial plasmids

Plasmid Relevant marker Reference
pEMBLS™ Ap’ 12
pEMBL9” Ap" 12
pKER110 Mu d5005 cad mel* adi* Km* 4
pSTY3 adi N terminus; Ap® 25
PRSSs1 K A 54
P " Ap”
pRS552 Km" Ap” 54
pKS4 4.3-kb Sall fragment from pKER110 cloned in pEMBLS8* This work
pKS29 4.3-kb BgllI fragment from pKER110 cloned in pEMBLS8* This work
pKS31 Same as pKS29 but cloned in the opposite orientation This work
pKS10 4.3-kb BgllI fragment from pKER110 cloned in pPEMBL9* (same orientation as pKS31) This work
pKS53 pKS10 with a deletion of a 2-kb EcoRI fragment This work
pKS103 pKS29 with a deletion of a 1.9-kb HindIII fragment This work
pX39 418-bp EcoRV-Sau3A fragment from pKS29 cloned in pXA This work
pX26 218-bp EcoRV-BamHI PCR fragment cloned in pXA This work
pRS551-1 226-bp EcoRI-BamHI PCR fragment from pX26 cloned in pRS551 This work
pRS552-1 226-bp EcoRI-BamHI PCR fragment from pX26 cloned in pRS552 This work
pX-B/S-1 124-bp BamHI-Sspl PCR fragment cloned in pXA This work
p8-5 226-bp EcoRI-BamHI PCR fragment from pX26 cloned in pPEMBLS8* This work
p8*-S/RV-1 94-bp Sspl-EcoRV PCR fragment cloned in pEMBLS8* This work
pSDM1 pX26 with a —35 mutation This work
pSDM2 pX26 with a —10 mutation This work
pSDM2-16 pX26 with a 1-base deletion between the —10 and —35 regions This work
pSDM3 pX26 with two mutations in the —10 region This work
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(37). Hybridization and washing were performed in accor-
dance with the nitrocellulose membrane manufacturer’s pro-
tocol. Fragments containing the adi gene region were iden-
tified by autoradiography.

Recombinant DNA techniques. Cloning experiments were
conducted in accordance with standard procedures (37).
DNA fragments from pKER110 were shotgun cloned into
phagemid pEMBLS8*, pEMBL9*, or pXA to prepare sub-
clones for sequencing (pKS4, pKS29, pKS31, pKSS3,
pKS103, and pX39). For creation of operon (pRS551) or
protein (pRS552) fusions, the promoter region of adi was
amplified by PCR with 19-mer primer X (11) and primer
PCR1. PCR1 incorporates a BamHI restriction site (5’ TT
GATGGAGAggaTCcCTTTCAACAA 3’ [lowercase letters
indicate changes to create the BamHI restriction site]) for
cloning purposes. After amplification, the PCR fragment was
digested with EcoRV and BamHI and inserted into Smal-
and BamHI-cleaved pXA to yield pX26. The resulting insert
was cleaved with EcoRI and BamHI and subcloned into
pRS551, pRS552, and pEMBLS8™ at the EcoRI and BamHI
sites to yield pRS551-1, pRS552-1, and p8-5, respectively.
The original PCR-amplified product was digested with
BamHI and Sspl or EcoRV and Sspl and inserted into either
pXA (digested with BamHI and Smal) or pPEMBLS8™ (digest-
ed with Smal) to yield pX-B/S-1 and p8*-S/RV-1, respec-
tively. Inserts were subjected to DNA sequence analysis for
confirmation of proper cloning.

DNA sequence analysis. Single-stranded DNA was induced
by infecting host strain 71-18 containing the recombinant
phagemid with phage IR1 (17). Clones used for sequencing in
pEMBLS* or pEMBL9* (pKS4, pKS29, pKS31, pKS53,
and pKS103) were first sequenced in accordance with the
manufacturer’s instructions with the —40 primer provided in
the Sequenase version 2.0 sequencing kit. Clone pX39 was
initially sequenced with primer X (11). Subsequent sequenc-
ing was done by creating primers based on a previously
determined sequence to traverse the DNA. Both strands of
the DNA were sequenced by this method. After manual
reading of the autoradiograms, the DNA sequence was
analyzed by use of MacVector release 3.5 (International
Biotechnologies, Inc.). Homology searches and multiple
alignments were performed by use of the EuGene software
package developed by the Molecular Biology Information
Resource at Baylor College of Medicine (36).

Primer extension analysis. For maximal induction of the
production of adi mRNA, 0.5 ml of an overnight LB culture
of 71-18 cells containing pKS29 (adi*) or pKS31 (adi*) was
used to inoculate 10 ml of modified Falkow arginine decar-
boxylase medium at pH 5.5. As a negative control, cells
were also grown in modified Falkow arginine decarboxylase
medium at pH 8. All tubes were incubated anaerobically
until reaching an optical density at 600 nm of 0.6 and RNA
was isolated by the procedure of Gilman (23). For determi-
nation of the 5’ end of the adi mRNA, 18-mer primer T
(CGGTAACATTTTGCTGGC) comglementary to nucle-
otides 277 to 294 was labeled with [y-*?P]JdATP as described
by Kingston (32). After heat inactivation of the T4 polynu-
cleotide kinase, labeled primer T was purified by use of a
Sephadex G25-150 chromatography column as described by
Maniatis et al. (37). The primer extension procedure of
Kingston (32) was used, except that hybridization was
carried out at 25°C. The products were separated on a
sequencing gel by use of the sequence generated from pKS53
and primer T as a reference.

Site-directed mutagenesis of the adi promoter region. For
further investigation of the promoter region, three primers
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that would alter bases in the proposed —10 and —35 regions
were designed. Primer SDM1 (ACGCGCTTgACAGCCCG
[the changes are represented by lowercase letters]) corre-
sponds to positions 117 to 133 of the adi sequence. Primer
SDM2 (GGCCGGAAtATACTTGC) corresponds to posi-
tions 138 to 154, and primer SDM3 (AAGGCCGGAAGACc
ACCcTGCCCGCAACG) corresponds to positions 136 to 162.
pX26 was transformed into BW313 and grown in 2xYT
medium (16 g of Bacto tryptone, 10 g of Bacto yeast extract,
and 5 g of NaCl per liter [a 2Xx version of the YT medium
used by Kunkel {34}, except that the NaCl concentration
remained the same]) containing 1.25 mg of uridine per liter.
After growth to an optical density at 660 nm of 0.2, uracil-
containing single-stranded DNA was isolated by infection
with phage IR1. The phosphorylated primers were annealed
to the uracil-containing single-stranded DNA, and the syn-
thesis of the second strand of DNA with T4 DNA poly-
merase and T4 DNA ligase was performed in accordance
with the instructions in the Muta-Gene M13 in vitro muta-
genesis kit, version 2. The product was transformed into
71-18 cells. Single colonies were isolated, and single-
stranded DNA was prepared. The DNA was then sequenced
with primer X to verify the correct mutations. QIAGEN
plasmid preparations were made from isolates containing the
desired mutations. These plasmids were transformed into
MC4100, and B-galactosidase values were determined.

Identification of the chromosomal location of the Mu dlac
insert by Southern hybridization. Chromosomal DNAs from
MC4100 and the adi::lacZ strains GNB7145, GNB2039,
GNB5948, and GNB3112 were isolated and purified as
described by Rodriguez and Tait (50). The DNA samples,
along with pKER110, were digested with Bgl/II or Sall,
separated on 0.8% agarose gels, and transferred to Immo-
bilon-N transfer membranes. The DNA was hybridized to a
DNA probe prepared by labeling pKER110 with
[-32P]dATP by use of the Random Primers DNA labeling
system and purified by use of a Sephadex G-50 column as
described by Maniatis et al. (37). For further definition of the
Mu dlac insert, chromosomal DNAs from GNB5948,
GNB7145, and MC4100 were digested with Dral, electro-
phoresed, and transferred as stated previously. The DNA
was hybridized to a DNA probe prepared by labeling a
1.1-kb PCR fragment (see Fig. 1) (purified by use of the
Millipore Ultrafree-MC filter unit) created by use of primers
PCR6 (TGAAGGCGGAATTCTTTAAATAACA) and PCR7
(GTTGAATTCTTATCGACCG) with [a-*?P]dATP by use of
the Random Primers DNA labeling system and purified as
stated previously. This PCR product contains a segment of
1.1 kb beginning 13 bases downstream of adi.

B-Galactosidase assays. Cultures to be analyzed for B-ga-
lactosidase activity were grown anaerobically in pH-buffered
modified Falkow arginine decarboxylase medium as de-
scribed by Auger et al. (4). The cells were grown to an A4,
of 0.4 to 0.7 and harvested by centrifugation. B-Galactosi-
dase assays were performed, and the units were calculated
as described by Miller (42) by the SDS-chloroform perme-
abilization method. In experiments done to measure the
promoter activity of operon or protein fusions, plasmids
were transformed into E. coli MC4100. In experiments done
to test the effect of novobiocin or coumermycin Al, B-ga-
lactosidase assays were performed as stated, except that 0,
25, 50, or 100 pg of novobiocin per ml (final concentration)
or 50 ug of coumermycin Al per ml was added to modified
Falkow arginine decarboxylase medium.

Arginine decarboxylase assays. E. coli 71-18 with either
pEMBLS*, pKS29, or pKS31 or without a plasmid was
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FIG. 1. Chromosomal regions cloned in pKER110 and pSTY3 and chromosomal location of the Mu dlac insertion in GNB2039, GNB3112,
GNB5948, and GNB7145, as deduced from Southern hybridizations with radiolabeled pKER110 or a 1.1-kb EcoRI PCR fragment as a probe.
The location of the Mu dlac insertion is denoted by heavy vertical bars. The coding region for the mel operon is denoted by a hatched
rectangle. The coding region for adi is denoted by a stippled rectangle, and the direction of its transcription is indicated by an arrow. Solid
rectangles represent vector sequences. DNAs subcloned from pKER110 to produce pKS4, pKS29, pKS31, pKS10, pKS53, pKS103, pX39,
pX26, pRS551-1, pRS552-1, p8-5, pX-B/S-1, and p8*-S/RV-1 are denoted by cross-hatched rectangles to indicate the regions cloned (see Table
2). The 2-kb EcoRI fragment removed from pKS10 to create pKS53 is denoted by an open rectangle. Fragments displaying positive
hybridization to the 1.8-kb Sall-EcoRI fragment from pSTY3, used to probe the cloned regions, are denoted by a +; those that did not
hybridize are denoted by a —. Relevant restriction sites are as follows: B, BamHI; D, Dral; E, EcoRI; GIl, Bglll; H, HindIII; P, PstI; RV,

EcoRV; S, Sall.

assayed for arginine decarboxylase activity by the method of
Morris and Boeker (44).

Nucleotide sequence accession number. The sequence of
adi has been deposited in the GenBank data base under
accession number M93362.

RESULTS

Identification of DNA fragments used for sequencing. The
location of adi had been previously mapped to 93.4 min on
the E. coli chromosome (4), upstream of the melibiose
operon (Fig. 1). pKER110 (cad mel* adi*) containing this
region of the chromosome was used to investigate the exact
location of adi. Restriction enzymes were used to digest
pKER110, and the resulting fragments were transferred to
nitrocellulose and probed with the 1.8-kb Sal/l-EcoRI frag-
ment from pSTY3 (mel*) (25). This fragment was used as a
probe because it is upstream of the melibiose operon, in the
region in which adi had been previously localized. Figure 1
shows the restriction maps of pKER110 and pSTY3. The
hybridization experiment revealed that a 4.3-kb Bg/II frag-
ment hybridized to this probe and possibly contained adi.
This 4.3-kb BgllI fragment and the overlapping 4.3-kb Sall
fragment of pKER110 were then cloned into pEMBLS8™ or
pEMBLY* to create pKS4, pKS29, pKS31, and pKS10. By
use of the EcoRlI site in the polylinker of pEMBL9™* and the

EcoRlI site in adi, pKS10 was digested with EcoRI to remove
the 2-kb EcoRI fragment to create pKS53. For creation of
pKS103, pKS29 was digested with HindIII (by use of the
pEMBLS8™ polylinker HindIII site and the HindIII site in
adi) to remove the 1.9-kb HindIII fragment containing the
melR gene. pX39 was created by cloning a 420-bp EcoRV-
Sau3A fragment from the end of melR through the N
terminus of adi into pXA. All inserts were confirmed by
restriction mapping, and these plasmids were used to se-
quence this region.

For testing of these plasmids for the functional expression
of adi, they were each transformed into GNB7145K (adi), as
was pSTY3, and inoculated into arginine decarboxylase
medium as previously described (4). GNB7145K bearing
pKS29 and pKS31 was positive, indicating that only these
plasmids contained the entire adi gene. GNB7145K bearing
pKS4, pKS53, pKS103, and pSTY3 was negative, indicating
that these plasmids contained only portions of adi.

Identification of the chromosomal location of the Mu dlac
insert. Southern hybridization analysis was performed with
BgllI- or Sall-digested chromosomal DNA from MC4100,
GNB2039, GNB3112, GNB7145, and GNB5948 and plasmid
DNA from pKER110. DNA was probed with radiolabeled
pKER110. Fragments showing positive hybridization in
MC4100 but not in the other strains indicated that the
insertion of Mu dlac had occurred within those fragments.
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Figure 1 displays a map derived from the results of these
experiments. In all cases, the 4.3-kb BglII fragment was
altered and a new, larger fragment showed positive hybrid-
ization. This result indicates that the insertion of Mu dlac
had occurred in the 4.3-kb Bg/II fragment. An analysis done
with Sall-digested fragments revealed that one strain
(GNB5948) had an insertion in the 4.3-kb Sall fragment. The
remaining strains (GNB2039, GNB3112, and GNB7145)
showed no changes in the 4.3-kb Sall fragment. These
results indicate that GNB2039, GNB3112, and GNB7145 had
insertions in the regions between the Sall site and the N
terminus of adi, whereas GNB5948 had an insertion in the
Sall-BglIl fragment, which contains the C terminus of adi.
For determination of whether the Mu dlac insertion was in
adi or downstream of adi, chromosomal DNA from MC4100,
GNB5948, and GNB7145 was digested with Bgl/II, Dral, and
Sall and probed with a radiolabeled 1.1-kb PCR fragment
distal to adi. The results showed that GNB5948 and
GNB7145 had insertions in the 4.3-kb Bgl/Il fragment.
GNB5948 had an insertion in the 4.3-kb Sa/l fragment, while
GNB?7145 did not, as found previously. Norie of these strains
had an insertion in the 1.1-kb Dral fragment immediately
downstream of adi, indicating that the insertion in GNB5948
was in the C terminus of adi and that the orientation of Mu
dlac was backwards relative to the direction of transcription
of adi. These results are consistent with the B-galactosidase
activities reported for these strains by Auger et al. (4). In this
study, GNB2039 and GNB7145 exhibited significant induc-
tion under anaerobic conditions at pH 5.5, while GNB5948
did not show any significant induction.

DNA sequence analysis. DNA was sequenced in both
directions by use of the above-mentioned plasmids, and the
sequence was analyzed by use of MacVector release 3.5.
The DNA sequence of 3 kb from the EcoRV site at the end
of melR to the BgIII site beyond the C terminus of adi
(shown in Fig. 1) was determined and is presented in Fig. 2.
The amino acid sequences of the N terminus (MKVLIVE;
52), the pyridoxal 5’-phosphate binding site (ATHSTHKLL
NALSQASY; 7), and the C terminus (A; 7) of adi had been
previously determined by protein analysis. This information
was used to scan the six reading frames of the DNA
sequence to precisely locate adi. This information allowed
the precise localization of adi on the map of Kohara et al.
(33) and indicated that it is adjacent to melR.

The sequence of a DNA segment adjacent to melR and a
region now identified as encoding the N terminus of adi had
been previously published (59). The sequence that we have
determined is identical to the previously determined se-
quence in the overlapped region, except for four base
changes. At position 236 in Fig. 2, Webster et al. (59)
reported a T, and we found a C. This base is in the third
position of a threonine codon and would cause no amino acid
change. At positions 414 and 415, they reported two C’s, and
we found two T’s. These bases are in the first and second
positions of the codon, and our sequence would encode a
leucine rather than a proline. In the amino acid alignment
with other decarboxylases (see Fig. 4), this residue is a
leucine in two of the other decarboxylases; in contrast to the
high degree of alignment of most prolines, a proline was not
present in any of the other decarboxylases at this position.
At position 422, they reported a C, and we found a T;
because this base is in the third position of a glycine codon,
it would not alter the amino acid encoded.

The promoter region has been identified, and a possible
Shine-Dalgarno ribosome binding site is also indicated by
underlining in Fig. 2. This ribosome binding site does not
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seem to be as optimal as some other highly expressed genes.
The C-terminal amino acid of adi is followed by a region
containing several possible stem-loop structures, indicating
a probable rho-independent terminator. The first begins 17
bases after the adi stop codon and has an 8-base stem with a
12-base loop (bases 2476 to 2503; Fig. 2). Two more stem-
loop structures are located 56 bases downstream of the first
stem-loop structure, and these two are adjacent to each
other. The second structure has a 5-base stem with an 8-base
loop, and the third has a 6-base stem and an 8-base loop
(bases 2560 to 2596; Fig. 2) followed by a poly-T region.

Promoter identification. Enzyme studies indicated that the
plasmids conferring an adi* phenotype produced a high level
of adi in an acid pH-inducible fashion. Arginine decarboxy-
lase assays were performed at pH 5.5 and pH 8 with strain
71-18 containing no plasmid or plasmid pEMBL8*, pKS29
(adi*), or pKS31 (adi™). Strains 71-18 and 71-18(pEMBLS8™)
showed low levels of arginine decarboxylase when grown at
pH 8 (0 and 0.2 nmol/min/mg of protein, respectively) and
levels of 8.5 and 7.0 nmol/min/mg of protein when grown at
pH 5.5. Strains containing pKS29 and pKS31 showed levels
of only 0.3 and 0.4 nmol/min/mg of protein, respectively,
when grown at pH 8 and levels of 35 and 42 nmol/min/mg of
protein, respectively, when grown at pH 5.5. To readily
detect and analyze the 5’ end of the mRNA transcript, we
performed primer extension analysis with RNA isolated
from 71-18(pKS29) grown anaerobically under inducing (pH
5.5) or noninducing (pH 8) conditions. Primer T, correspond-
ing to nucleotides 277 to 294 (Fig. 2), was used in the
extension. Figure 3 presents the results of this analysis.
Under maximal induction at pH 5.5, an extension product
was present and ended at position 157 of the adi sequence
shown in Fig. 2 (indicated by +1). At pH 8, a faint extension
product was also present at this position. A second band was
present at position 166 of the adi sequence.

To investigate which of these bands represents the correct
5’ end of the mRNA, we performed site-directed mutagene-
sis of the adi promoter. To begin this analysis of the
promoter region of adi, we cloned fragments into protein or
operon fusion vectors as indicated in Fig. 1. For creation of
in-phase fusions to lacZ, a BamHI restriction site was
constructed in the adi coding region by use of primer PCR1.
Primer PCR1 and primer X were then used to amplify the adi
promoter region by PCR, and this region (from the EcoRV
site at the end of melR to the BamHI site at codon eight of
adi) was fused to lacZ in pXA to create pX26. Site-directed
mutations within the promoter were constructed to investi-
gate the proposed —10 and —35 regions of the adi promoter.
Three primers (SDM1, SDM2, and SDM3) that would alter
one or two bases in the promoter region were synthesized.
These primers were used with pX26, which contains the adi
promoter and a protein fusion of the eighth codon of adi to
lacZ (bases 1 to 215 in Fig. 2). Thus, changes in B-galacto-
sidase activity could be used to monitor the effect of the
mutations. Primer SDM1 changed the —35 region from 5’
TTTACA to 5' TTGACA, and primer SDM2 changed the
—10 region from 5' GATACT to 5' TATACT. Both of these
changes resulted in ?romoter sequences that are more sim-
ilar to the E. coli o’°-dependent promoter sequences (26),
and plasmid constructs (pSDM1 and pSDM2) containing
these changes would be expected to show increased expres-
sion if the proposed —10 and —35 regions represented the
correct promoter. Primer SDM3 introduced two mutations in
the —10 region, changing it from 5’ GATACT to 5’ GAC
ACC. This change resulted in a sequence less similar to the

E. coli ¢’%-dependent promoter sequences (26), and the
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EcoRV sspl
1  ATCAGTATCAGCCAAAAAAATAGTTTAGCCGTCGATAATAAGCAGTGAAAATAATTTAAAATAATCACATAACGTATTGTTTATAAAACTAAATATTTCA
TAGTCATAGTCGGTTTTTTTATCAAATCGGCAGCTATTATTCGTCACTTTTATTAAATTTTATTAGTGTATTGCATAACAAATAT T TTGATTTATAAAGT

* * * * * * * * * *

=35 -10 +1 sD M _K V
101 AAAATGTTTGTTTTTCACGCGCITIACAGCCCGAAAAGGCCGGAAGATACTTGCCCGCAACGAAGATTCCTTCATAACCGGGTAAGCAATGATGAAAGTA
TTTTACAAACAAAAAGTGCGCGAAATGTCGGGCTTTTCCGGCCTTCTATGAACGGGCGTTGCTTCTAAGGAAGTATTGGCCCATTCGTTACTACTTTCAT

* * * * * * * * * *
(BamHI)
L I V E S EF L H QD T WV GNAVEIRILADALSAOQUOQNUVTV I K
201 TTAATTGTTGAAAGCGAGTTTCTCCATCAAGACACCTGGGTCGGTAACGCCGTTGAGCGTCTGGCAGATGCTTTAAGCCAGCAAAATGTTACCGTGATTA
AATTAACAACTTTCGCTCAAAGAGGTAGTTCTGTGGACCCAGCCATTGCGGCAACTCGCAGACCGTCTACGAAATTCGGTCGTTTTACAATGGCACTAAT

* * * * * * * * * *

s T s F DDGV FAIULSSNZEA ATIDTCLMTFSYOQMEUHRZPUDTEHRQ
301 AATCCACCTCCTTTGATGATGGTTTTGCCATTCTCTCTTCAAACGAAGCCATTGACTGCCTGATGTTCAGCTATCAAATGGAACATCCGGACGAACATCA
TTAGGTGGAGGAAACTACTACCAAAACGGTAAGAGAGAAGTTTGCTTCGGTAACTGACGGACTACAAGTCGATAGTTTACCTTGTAGGCCTGCTTGTAGT

* * * * * * * * * *

N VR Q L I G K L HEWRW QO QNV?PVFULULSGDU REI KA ATLA AAMMTDR
401 AAACGTCAGACAATTGATCGGTAAGCTTCATGAGCGCCAACAAAACGTGCCGGTCTTCCTGTTGGGCGATCGGGAAAAAGCCCTCGCCGCAATGGATCGC
TTTGCAGTCTGTTAACTAGCCATTCGAAGTACTCGCGGTTGTTTTGCACGGCCAGAAGGACAACCCGCTAGCCCTTTTTCGGGAGCGGCGTTACCTAGCG

* * * * * * * * * *

D L L EULVDETFA AWTIULET DTA AUDTFTIA AGRAVAAMTRYRUOQOQ

501 GACCTGCTGGAGCTTGTCGATGAATTCGCCTGGATTCTGGAAGATACCGCCGACTTTATCGCCGGACGCGCCGTTGCCGCGATGACCCGCTACCGCCAGC
CTGGACGACCTCGAACAGCTACTTAAGCGGACCTAAGACCTTCTATGGCGGCTGAAATAGCGGCCTGCGCGGCAACGGCGCTACTGGGCGATGGCGGTCG

* * * * * * * * * *

L L P P L F S ALMIKY S DTIUHEY S WAAUPGIHA QGSGV G F TK

601 AGCTGTTGCCGCCACTGTTCAGCGCGCTGATGAAATATAGTGACATCCATGAATATTCCTGGGCAGCGCCAGGCCACCAGGGCGGCGTTGGTTTTACCAA
TCGACAACGGCGGTGACAAGTCGCGCGACTACTTTATATCACTGTAGGTACTTATAAGGACCCGTCGCGGTCCGGTGGTCCCGCCGCAACCAAAATGGTT

* * * * * * * * * *

TP AGRTFZYUHDJYJTYGENTLTPFRTTDMGTITET RTSTLGSTULTLDH
701 AACACCCGCCGGACGTTTCTACCATGACTACTATGGTGAAAATCTGTTCCGCACCGACATGGGCATCGAACGAACTTCCCTCGGTTCTTTGCTTGACCAT
TTGTGGGCGGCCTGCAAAGATGGTACTGATGATACCACTTTTAGACAAGGCGTGGCTGTACCCGTAGCTTGCTTGAAGGGAGCCAAGAAACGAACTGGTA

* * * * * * * * * *

T G A F G ESTETZXKZYA AR ARVTFGAMADTE RSH®WSVVVGTSGSNTZ RTTI
801 ACTGGCGCATTTGGCGAAAGCGAAAAATATGCCGCACGCGTATTTGGTGCCGATCGCTCCTGGTCGGTAGTCGTCGGTACTTCCGGCTCTAACCGCACCA
TGACCGCGTAAACCGCTTTCGCTTTTTATACGGCGTGCGCATAAACCACGGCTAGCGAGGACCAGCCATCAGCAGCCATGAAGGCCGAGATTGGCGTGGT

* * * * * * * * * *

M Q ACMTODNDVVVVDRNT CHIKSTIZEZ QG GILMLTSGA AT K?PV

901 TCATGCAGGCTTGCATGACCGATAACGATGTCGTGGTCGTTGACCGTAACTGCCATAAATCCATCGAACAAGGTTTGATGCTGACAGGCGCGAAACCGGT
AGTACGTCCGAACGTACTGGCTATTGCTACAGCACCAGCAACTGGCATTGACGGTATTTAGGTAGCTTGTTCCAAACTACGACTGTCCGCGCTTTGGCCA

* * * * * * * * * *

Y M VP S R NRY GITIGU?PTIVYUPOQEMOQPETIULIUGQZ KT KTISESP
1001 CTATATGGTGCCAAGCCGCAACCGCTACGGCATTATCGGGCCAATCTATCCGCAGGAAATGCAACCTGAAACCTTGCAGAAGAAAATCAGTGAAAGCCCG
GATATACCACGGTTCGGCGTTGGCGATGCCGTAATAGCCCGGTTAGATAGGCGTCCTTTACGTTGGACTTTGGAACGTCTTCTTTTAGTCACTTTCGGGC

* * * * * * * * * *

L T KD KAG Q KPS Y CV VTN CTYDSGV CYNAIKTEA AUOQDTLTL

1101 CTGACCAAAGACAAAGCCGGGCAAAAACCGTCTTACTGCGTGGTGACCAACTGCACCTATGACGGCGTGTGTTATAACGCTAAAGAAGCGCAGGATCTGC
GACTGGTTTCTGTTTCGGCCCGTTTTTGGCAGAATGACGCACCACTGGTTGACGTGGATACTGCCGCACACAATATTGCGATTTCTTCGCGTCCTAGACG

FIG. 2. Nucleotide and deduced amino acid sequences of adi. The total sequence shown starts from an EcoRYV site and ends with a Bglll
site. Selected restriction sites used in this work are shown above the sequence: the Sspl site at bp 92 was used to cleave the promoter region
to create pX-B/S-1 or p8*-S/RV-1; the BamHI site in parentheses was created by use of primer PCR-1 to clone the promoter region (bp 1 to
215) (by use of this site and the EcoRYV site); and the Sall site at bp 2208 indicates where the overlap between pKS4 and pKS31 occurred.
The numbers on the left indicate the first base pair at the beginning of each row of the double-stranded DNA sequence; a sequence from the
region of bp 1 to 424 was reported previously (59) and corresponds to this sequence, except for four base changes noted in the text. The
transcription start site (+1), the —10 and —35 sequences, and the Shine-Dalgarno sequence (SD) are underlined. The Adi amino acid sequence
is translated from the top strand and is positioned above each codon. The N-terminal and pyridoxal 5'-phosphate sequences of arginine
decarboxylase used to identify adi are underlined. Possible stem-loop structures and an adjacent poly-T region located just beyond the
translational stop codon for adi are underlined.
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* * * * * * * * * *
E K T S DR L HVFDEA AWYGY ARV FNUPTIYADU HYAMURGTE?P

TGGAAAAAACCTCCGATCGTCTGCACTTTGACGAAGCCTGGTACGGCTATGCACGTTTCAACCCGATCTATGCCGATCACTATGCCATGCGCGGCGAACC
ACCTTTTTTGGAGGCTAGCAGACGTGAAACTGCTTCGGACCATGCCGATACGTGCAAAGTTGGGCTAGATACGGCTAGTGATACGGTACGCGCCGCTTGG

* * * * * * * * * *
G D HNGZP TV F AT H S T H K L L N A L S O A S Y I HV REGR

TGGCGATCACAACGGTCCTACCGTTTTCGCCACCCACTCCACCCACAAACTGCTGAATGCGCTGTCACAGGCTTCTTATATTCATGTACGTGAAGGTCGT
ACCGCTAGTGTTGCCAGGATGGCAAAAGCGGTGGGTGAGGTGGGTGTTTGACGACTTACGCGACAGTGTCCGAAGAATATAAGTACATGCACTTCCAGCA

* * * * { = * * * * *
G A I NF SR FNOQAYMMUBHEATTSUPULYATITGCASNDVA AUV S M
GGGGCGATTAACTTCTCCCGCTTCAACCAGGCCTACATGATGCATGCCACCACCTCCCCGCTGTATGCCATCTGCGCATCCAACGACGTGGCGGTGTCGA
CCCCGCTAATTGAAGAGGGCGAAGTTGGTCCGGATGTACTACGTACGGTGGTGGAGGGGCGACATACGGTAGACGCGTAGGTTGCTGCACCGCCACAGCT

* * * * * * * * * *

M DGN S GUL S LTOQEVIDEA AVDTFRIQAMARILYZKETFTA
TGATGGACGGCAACAGCGGCCTGTCACTGACACAGGAAGTGATTGACGAAGCGGTTGATTTCCGTCAGGCGATGGCGCGGCTATATAAAGAGTTCACCGC
ACTACCTGCCGTTGTCGCCGGACAGTGACTGTGTCCTTCACTAACTGCTTCGCCAACTAAAGGCAGTCCGCTACCGCGCCGATATATTTCTCAAGTGGCG

* * * * * * * * * *
D G S WUVFUFKUPWNIKTEVVTDZPIQTSGI KTYUDTFADA APTIKTLL
TGACGGTAGCTGGTTCTTCAAACCGTGGAACAAAGAAGTCGTCACCGACCCACAAACCGGCAAAACCTATGACTTTGCTGACGCACCAACCAAACTGCTG
ACTGCCATCGACCAAGAAGTTTGGCACCTTGTTTCTTCAGCAGTGGCTGGGTGTTTGGCCGTTTTGGATACTGAAACGACTGCGTGGTTGGTTTGACGAC

* * * * * * * * * *

T TV QD CWUVMUHPGE S WHGT FXKDTIZPDNWSMTULDU®PTIIKUVS
ACCACCGTTCAGGACTGCTGGGTAATGCATCCGGGCGAAAGCTGGCACGGCTTCAAAGATATTCCGGATAACTGGAGTATGCTCGACCCGATTAAAGTCA
TGGTGGCAAGTCCTGACGACCCATTACGTAGGCCCGCTTTCGACCGTGCCGAAGTTTCTATAAGGCCTATTGACCTCATACGAGCTGGGCTAATTTCAGT

* * * * * * * * * *

I L AP GMGEUDSGETLTEZETS GV ?PAATLUVTA AWTILSGRUHGTIUVEP
GCATCCTTGCTCCGGGAATGGGTGAAGATGGTGAACTGGAAGAAACCGGTGTTCCGGCGGCGCTGGTCACTGCCTGGCTTGGTCGCCACGGCATTGTACC
CGTAGGAACGAGGCCCTTACCCACTTCTACCACTTGACCTTCTTTGGCCACAAGGCCGCCGCGACCAGTGACGGACCGAACCAGCGGTGCCGTAACATGG

* * * * * * * * * *
T R TTDVFQTIMTFTULTFSMGVTHRGIE KUWGTTULVNTTILTGCSTF KR
TACCCGCACCACTGACTTCCAAATTATGTTCCTGTTCTCTATGGGCGTAACCCGTGGGAAATGGGGAACTCTGGTTAACACCCTTTGCTCCTTCAAACGC
ATGGGCGTGGTGACTGAAGGTTTAATACAAGGACAAGAGATACCCGCATTGGGCACCCTTTACCCCTTGAGACCAATTGTGGGAAACGAGGAAGTTTGCG

* * * * * * * * * *

H Y D ANTUZPULAOQUVMZPETLVEQ QYZPDTYA ANMMGTIU HDUDULGT DT
CACTATGACGCCAACACACCGCTGGCGCAGGTGATGCCGGAACTTGTTGAACAATATCCTGACACTTACGCGAACATGGGGATTCACGATCTGGGTGACA
GTGATACTGCGGTTGTGTGGCGACCGCGTCCACTACGGCCTTGAACAACTTGTTATAGGACTGTGAATGCGCTTGTACCCCTAAGTGCTAGACCCACTGT

* * * * * * * * * *

M F A WL KENNZPGARTULNEA AY S GULUPVAEVTU?PREAZYN
CCATGTTTGCCTGGCTGAAAGAAAACAACCCTGGCGCACGGTTGAACGAAGCCTATTCCGGCCTGCCGGTGGCGGAAGTCACCCCGCGTGAAGCGTACAA
GGTACAAACGGACCGACTTTCTTTTGTTGGGACCGCGTGCCAACTTGCTTCGGATAAGGCCGGACGGCCACCGCCTTCAGTGGGGCGCACTTCGCATGTT

* * * * * * * * * *
Sall
A I VD NNUVETULV S I ENULUPSGI RTIA AANSUVIU®PYUPUPGTIUPM
CGCGATTGTCGACAACAATGTCGAACTGGTATCCATTGAAAATCTGCCAGGACGCATCGCGGCAAACTCAGTTATCCCGTATCCGCCAGGAATCCCGATG
GCGCTAACAGCTGTTGTTACAGCTTGACCATAGGTAACTTTTAGACGGTCCTGCGTAGCGCCGTTTGAGTCAATAGGGCATAGGCGGTCCTTAGGGCTAC

* * * * * * * * * *
L LS GENVFGDI KNSUPOQV S Y LR SLOQS WDHUHFUPGT FEHE
CTGCTGTCTGGTGAAAACTTCGGCGATAAAAACAGTCCGCAAGTAAGTTATTTACGCTCGCTGCAATCCTGGGACCACCATTTCCCTGGATTTGAACACG
GACGACAGACCACTTTTGAAGCCGCTATTTTTGTCAGGCGTTCATTCAATAAATGCGAGCGACGTTAGGACCCTGGTGGTAAAGGGACCTAAACTTGTGC

FIG. 2—Continued.

plasmid construct (pSDM3) containing these mutations
would be expected to show decreased B-galactosidase activ-
ity. During the site-directed mutagenesis experiments, a
spacing mutant that had a deletion of one base between the
proposed —10 and —35 regions (the A at position 137 in Fig.
2) was identified (pSDM2-16) by DNA sequence analysis.
This deletion changed the spacing between the —10 and —35
regions from 17 bases (the most common spacing arrange-

ment; 26) to 16 bases but did not alter the —10 and —35
regions.

Table 3 shows that the mutations introduced by primers
SDM1 and SDM2 increased the expression of B-galactosi-
dase from the adi::lacZ protein fusions, as expected. Com-
pared with the wild-type adi promoter fragment on pX26,
pSDM1 showed a 6-fold increase in pH 5.5 B-Galactosidase
expression and a 33-fold increase in pH 8 B-galactosidase



* * * * * * * * * *
* % ok

AAACTGAAGGGACTGAAATTATTGACGGTATTTACCACGTTATGTGCGTGAAAGCGTAACCACTATTCCGCTGAAGGCGTAATTGTTTAAATAACATTAC
TTTGACTTCCCTGACTTTAATAACTGCCATAAATGGTGCAATACACGCACTTTCGCATTGGTGATAAGGCGACTTCCGCATTAACAAATTTATTGTAATG

* * * * * * * * * *

GCCGCCTGGCCTTAGGCCTTTTGAGTATGGCAACGTTTTCATAAAAATTGCTGCAAACAAAAATGTCATACTTTTTGCGCGGCCCCACCCCGCGCTTTTT
CGGCGGACCGGAATCCGGAAAACTCATACCGTTGCAAAAGTATTTTTAACGACGTTTGTTTTTACAGTATGAAAAACGCGCCGGGGTGGGGCGCGAAAAA

* * * * * * * * * *
ITTGCCTGTTATTTATCCTGTAAAAAAATATGTACATGAGAAATTACTATAAAAATTTGTACTATTAGTAAAACTCGTTATTTTTATGCATGTTTATATT
AAACGGACAATAAATAGGACATTTTTTTATACATGTACTCTTTAATGATAT TTTTAAACATGATAATCATTTTGAGCAATAAAAATACGTACAAATATAA

* * * * * * * * * *

CATCATACAATTATATAACCATTTCCCGGTATCGCTTTGCTTTAGCGAGAACTGGTCTTTTATTCGCACTCAGGAGTACATGTATGAGGATTTGCAGCGA
GTAGTATGTTAATATATTGGTAAAGGGCCATAGCGAAACGAAATCGCTCTTGACCAGAAAATAAGCGTGAGTCCTCATGTACATACTCCTAAACGTCGCT

* * * * * * * * * *

CCAACCTTGTATTGTTTTATTGACTGAAAAAGATGTCTGGATAAGGGTGAATGGGAAAGAACCTATTAGCCTTAAAGCTAACCATATGGCGTTATTAAAT
GGTTGGAACATAACAAAATAACTGACTTTTTCTACAGACCTATTCCCACTTACCCTTTCTTGGATAATCGGAATTTCGATTGGTATACCGCAATAATTTA

* * * * * * * * * *

TGTGAAAATAATATTATCGACGTCTCCTCTCTTAACAACACTTTGGTTGCTCATATTAGTCACGACATCATCAAAGATTACCTCCGGTTTCTGAATAAAG
ACACTTTTATTATAATAGCTGCAGAGGAGAGAAT TGTTGTGAAACCAACGAGTATAATCAGTGCTGTAGTAGTTTCTAATGGAGGCCAAAGACTTATTTC
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FIG. 2—Continued.

expression. On the other hand, pSDM2 showed a 7-fold
increase in pH 5.5 B-galactosidase expression and a 130-fold
increase in pH 8 B-galactosidase expression. pPSDM3 exhib-
ited B-galactosidase activity <1% the wild-type B-galactosi-
dase activity at pH 5.5 and no detectable activity at pH 8.
pSDM2-16 showed that the one-base deletion caused a
decrease in B-galactosidase expression to 4% of the pH 5.5
wild-type value and 7% of the pH 8 wild-type value.

Taken together, the results of primer extension and site-
directed mutagenesis led us to conclude that the indicated
—10 and -35 regions (Fig. 2) were indeed the site of a
o’°-type promoter of adi and that the second band detected
in the primer extension experiment was due to partial
degradation or incomplete extension of the mRNA.

Amino acid sequence of biodegradative arginine decarbox-
ylase and comparison of this decarboxylase with other decar-
boxylases. The amino acid sequence of arginine decarboxy-
lase is presented in Fig. 2. The open reading frame encoding
adi extends from a methionine codon at nucleotide 192 to
nucleotide 2459 and encodes a 755-amino-acid protein of
84.4 kDa. The amino acid composition and molecular weight
of adi are quite similar to those reported previously. Table 4
presents a comparison of the amino acid composition of
arginine decarboxylase determined by chemical degradation
(6) with the amino acid sequence deduced on the basis of the
nucleotide sequence. The molecular mass is within the range
of 77 to 89 kDa estimated by Boeker and Snell (8), as
determined by ultracentrifuge studies of the reduced and
carboxymethylated enzyme in denaturing solvents, and 74 to
86 kDa estimated by Boeker et al. (6). Kyte-Doolittle (35)
hydrophilicity analysis done with MacVector software is
consistent with the fact that the inducible arginine decarbox-
ylase is a cytosolic protein.

A search of the GenBank and Swiss-Prot data bases by use
of the BLAST network service (2) of EuGene (36) revealed
four decarboxylases with protein sequences similar to that of
the inducible arginine decarboxylase. These proteins include

8.0 5.5 A T C G

FIG. 3. Primer extension analysis. The two left lanes contain the
product of a primer extension experiment with RNA isolated from
71-18(pKS29) grown in modified Falkow arginine decarboxylase
medium at pH 5.5 or pH 8. The extension was performed with an
antisense primer corresponding to nucleotides 277 to 294 of the adi
sequence (Fig. 2). The right lanes contain a DNA sequencing ladder
generated by use of the same antisense primer and plasmid pKS53.
The asterisk to the right of the gel indicates the endpoint of the
extended product. The arrow indicates the location of the extended
product.
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TABLE 3. Effects of promoter mutations on B-galactosidase
expression from adi::lacZ protein fusion constructs

B-Galactosidase activity”

Plasmid® at pH:
5.5 8
pX26 (wild-type fusion) 700 15
pSDM1 (—35 mutation) 4,200 500
pSDM2 (—10 mutation) 5,200 2,000
pSDM2-16 (one-base deletion) 30 1
pSDM3 (—10 mutations) 6 0
None (MC4100) 0 0

¢ All plasmids were transformed into MC4100.
® Cells were grown and assayed as described in Materials and Methods.
Values are given in Miller units (42) and represent the averages of six assays.

three from E. coli: CadA—the inducible lysine decarboxy-
lase (40; GenBank accession no. M76411), SpeC—the bio-
synthetic ornithine decarboxylase (8a; GenBank accession
no. M33766), and SpeF—the inducible ornithine decarbox-
ylase (31; GenBank accession no. M64495). The fourth
protein is lysine decarboxylase from Hafnia alvei (19; Gen-
Bank accession no. X03774). An alignment of these five
proteins by use of the pattern-induced multialignment pro-
gram (56) of EuGene (36) is presented in Fig. 4. There are
119 completely conserved sites among the five proteins, and
these sites occur throughout the entire protein sequences.
Clusters of conserved residues occur throughout the protein
sequences, most notably around the region of the pyridoxal
5’-phosphate binding sites of the inducible arginine and
lysine decarboxylases of E. coli. In the comparison, the
alignment of a number of proline and glycine residues (18
and 23, respectively) suggests a conservation of parts of the

TABLE 4. Amino acid composition of the E. coli inducible
arginine decarboxylase

Amino acid composition determined by:

A:ggo Chemical degration® DNA sequencing
No. % No. %

Ala 59 8.3 62 8.2
Arg 32 4.5 33 4.4
Asx 84 11.8 83 11.0
Asn 34 4.5
Asp 49 6.5
Cys 7 1.0 10 1.3
Glx 75 10.5 76 10.1
Gln 29 3.8
Glu 47 6.2
Gly 51 7.2 56 7.4
His 23 3.2 25 33
Ile 32 4.5 34 4.5
Leu 56 7.9 59 7.8
Lys 28 3.9 29 3.8
Met 25 35 28 3.7
Phe 30 4.2 32 4.2
Pro 35 4.9 39 5.2
Ser 40 5.6 46 6.1
Thr 42 5.9 46 6.1
Trp 13 1.8 14 1.8
Tyr 28 3.9 31 4.1
Val 51 7.2 52 6.9
Total 711 755

2 From Boeker et al. (6).
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secondary structures (most probably turns) of the proteins.
Secondary structure prediction programs for the aligned
sequences also indicate some correlation of structural fea-
tures. Arginine decarboxylase shares 35, 31, 30, and 35%
homology (number of identical amino acid residues/number
of residues of the shortest of the two proteins compared)
with the inducible lysine decarboxylase, the ornithine decar-
boxylase, the inducible ornithine decarboxylase, and the H.
alvei lysine decarboxylase, respectively.

Regulation of adi expression. Experiments designed to
define the region required for acid pH induction and to
determine whether selected promoter fragments could titrate
the effect of an activator, as was observed for cad (41), were
undertaken. For evaluation of the effect of various upstream
regions of the promoter, several constructs were made for
expression studies or in vivo protein titration experiments.
The BamHI-EcoRI fragment of pX26 was moved into
pRS551, pRS552, and pEMBL8* to create pRS551-1,
pRS552-1, and p8-5, respectively. The PCR fragment was
then cleaved into fragments of 124 and 94 bases by BamHI-
Sspl digestion and SspI-EcoRYV digestion, respectively, and
the fragments were cloned into pXA (BamHI-Sspl) and
pEMBLS8* (Sspl-EcoRV), respectively. These manipula-
tions yielded pX-B/S-1 and p8*-S/RV-1, respectively. For
expression studies, plasmids were transformed into
MC4100, and for investigation of the possibility of activator
or repressor titration effects, pEMBL8*, p8+*-S/RV-1, and
p8-5 were transformed into GNB7145K.

Assays of expression constructs are shown in Table 5. The
results of B-galactosidase assays with pX26, pRS551-1, and
pRS552-1 showed that acid pH induction was still observed
with a plasmid fragment bearing a 218-base promoter region.
Operon fusion pRS551-1 showed elevated expression at both
pHs, but this increased basal expression has sometimes been
observed in other situations (41) and was probably due to
nonspecific promoter expression. Protein fusions generally
yield a more tightly controlled B-galactosidase level and are
more widely used. The B-galactosidase levels of the protein
fusion constructs indicated acid pH induction. The B-galac-
tosidase levels obtained with pX-B/S-1 indicated that cutting
at the Sspl site and removal of the 94-base fragment closest
to melR removed the pH control of this promoter. Alterna-
tively, a nonregulated promoter was inadvertently created
by the construction. Thus, it appears that sequences beyond
the Sspl site may be involved in acid pH induction.

Transformation of GNB7145K with p8*-S/RV-1 or p8-5
allowed us to determine whether this region has an effect on
the expression of B-galactosidase from the adi::lacZ Mu
dI1734 insertion in the chromosome. If a regulatory protein
that binds to this region is present, then the presence of
multiple copies of the 93-base SspI-EcoRV region or the
entire promoter region would create competition for the
regulatory protein. This competition would, in effect, titrate
this regulator and prevent its interaction with the chromo-
somal adi::lacZ fusion, resulting in a decrease in B-galacto-
sidase expression in GNB7145K if an activator mechanism
were operating on adi. Table 5 shows no significant change
at either pH, indicating no titration of a regulatory protein
for adi. Thus, perhaps some other type of activation occurs
in this system, sequences outside this region are required for
most effective binding, or the activator is not present in low
abundance. These results differ from those found for cad
(41).

Effect of novobiocin and coumermycin Al on adi expression.
Table 6 shows the effect of the DNA gyrase inhibitors
novobiocin and coumermycin Al on the expression of
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MKVLIVESEFLHQDTWVGNAVERLADALSQONVTVIKSTSFDDGFAILSSNEAIDCLMF SYOMEHPDEHQNVRQLIGKLHERQONVPVFLLGDREKALAA

—-MNVIAILNHMGVYFKEEPIRELHRALERLNFQIVYPNDRDDLLKLIENNARLCGVIFDW==~=—= DKYNL-ELCEEISKMNENLPLYAFANTYSTLDV
—=-MNIIAIMNDLSAYFKEEPLRELHQELEKEGFRIAYPKDRNDLLKLIENNSRLCGVIFDW-===== DKYNL-ELSAEISELNKLLPIYAFANTYSTLDV
MGQGFPPCPVFLLPRNGFALMKSMNIAASSELVSRLSSHRRVVALGDTDFTDVAAVVITAA-~~~—- DSRSG--ILALLKRTGFHLPVFLYSEHAVELPA
MSKLKIAVSDSCPDCFTTQRECIYINESRNIDVAAIVLSLN------ DVTCG-~KLDEIDATGYGIPVFIATENQERVPA

*

MDRDLLELVDEFAWILEDTADFIAGRAVAAMTRYRQQLLPPLF SALMKYSDIHEY SWAAPGHQGGVGF TKTPAGRFYHDYYGENLFRTDMGIERTSLGSL
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FIG. 4. Sequence alignment of the biodegradative lysine decarboxylase (CadA), the biosynthetic ornithine decarboxylase (SpeC), and the
inducible ornithine decarboxylase (SpeF) of E. coli, the lysine decarboxylase of H. alvei (HLDC), and the biodegradative arginine
decarboxylase (Adi) of E. coli. Conserved amino acid residues are noted by an asterisk below the conserved site. Gaps in the alignment are
indicated by dashes. The pyridoxal 5'-phosphate binding sites of the biodegradative arginine and lysine decarboxylases are underlined.

adi::lacZ in GNB7145K and cadA::lacZ in GNB8385K.
Cells grown without novobiocin or coumermycin Al showed
normal acid pH induction of the fusion. The inclusion of
novobiocin or coumermycin Al dramatically decreased the
acid pH expression of adi::lacZ under anaerobic conditions
(by 70 to 80%), indicating a role of the DNA supercoiling
state in adi expression. The addition of either of these
antibiotics to GNB8385K cells resulted in only a small
decrease; neither antibiotic significantly altered acid pH
induction. Measurements of pH during growth showed no
significant change from the starting pH. The modest de-
crease in growth rate under conditions in which a significant
reduction in the expression of adi::lacZ was observed,
coupled with the lack of a significant effect on the acid pH

induction of the cadA::lacZ fusion, and the fact that the
strains were derived from the same parent (MC4100) led to
the conclusion that the effects of the DNA gyrase inhibitors
are specific for adi and are not side effects due to altered cell
growth.

DISCUSSION

Several decarboxylase genes induced by an acidic pH
have now been sequenced and characterized. These genes
include adi, for the inducible arginine decarboxylase, cadA4,
for the inducible lysine decarboxylase (40, 41, 58), and speF,
for the inducible ornithine decarboxylase (31). A group of
constitutively produced decarboxylases has also been char-
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TABLE 5. Effect of promoter region length on B-
galactosidase expression

B-Galactosidase

Plasmid” T;ype of Ul?es;(c):m activity® at pH:

usion length® S g
g 5.5 8
MC4100(pX26) Protein 218 380 20
MC4100(pX-B/S-1) Protein 124 470 250

MC4100(pXA) Vector 0.2 0.4
MC4100(pRS551-1) Operon 226 740 200
MC4100(pRS551) Vector 0.3 0
MC4100(pRS552-1) Protein 226 120 12
MC4100(pRS552) Vector 0.2 0
GNB7145K(p8-5) 226 770 7
GNB7145K(p8*-S/RV-1) 94 770 6
GNB7145K(pEMBLS8™) Vector 640 6
None (GNB7145K) 500 5

¢ Plasmids were present in MC4100 or in GNB7145K as indicated.

® Length (in base pairs) of the region upstream from the adi transcription
initiation site remaining intact in the construction.

¢ Values are given in Miller units (42) and represent the averages of six
tubes for plasmids in MC4100 and nine tubes for plasmids in GNB7145K.

acterized. This group includes the biosynthetic ornithine
(speC gene; 8a) and arginine (speA gene; 43) decarboxylases
of E. coli and the lysine decarboxylase (19) of H. alvei. All of
these decarboxylases show at least 30% amino acid se-
quence homology to Adi, except for SpeA. SpeA and Adi are
only 10% homologous, and SpeA is 9% similar to the H.
alvei lysine decarboxylase, SpeC, and SpeF and 8% similar
to CadA. A search of the GenBank and Swiss-Prot data
bases for proteins similar to Adi revealed CadA, SpeC,
SpeF, and the H. alvei lysine decarboxylase but did not list
SpeA among the possible candidates. A comparison of the
amino acid alignments of the five similar decarboxylases
(Adi, CadA, SpeC, SpeF, and H. alvei lysine decarboxylase)
to the alignments of these five decarboxylases plus SpeA
shows that the number of completely conserved amino acid
residues drops from 119 to 7. A phylogeny constructed by
the Hein program (27) of EuGene (36) placed SpeA in a
separate, distant branch from the other five decarboxylases.

TABLE 6. Effect of novobiocin or coumermycin Al on B-
galactosidase expression in GNB7145K and GNB8385K

B-Galactosidase

Strain Treatment® activity” at pH:
5.5 8

GNB7145 None 390 2
Novobiocin (25 pg/ml) 120 2

Novobiocin (50 pg/ml) 90 2

Novobiocin (100 pg/ml) 60 3

Coumermycin Al (50 pg/ml) 150 2

DMSO (50 wl) 470 1

GNB8385K None 2,700 210
Novobiocin (25 pg/ml) 2,000 260

Novobiocin (50 pg/ml) 1,700 280

Novobiocin (100 wg/ml) 2,200 330

Coumermycin Al (50 pg/ml) 2,500 290

DMSO (50 pl) 2,900 250

2 DMSO, dimethyl sulfoxide.

® Cells were grown and assayed as described in Materials and Methods.
Values are given in Miller units (42) and represent the averages for six tubes
not treated or with novobiocin added and for three tubes with coumermycin
Al or DMSO added.
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The finding that Adi and SpeA are only 10% similar is quite
different from the results of comparisons of the biosynthetic
and biodegradative decarboxylases. CadA and the lysine
decarboxylase of H. alvei show 80% amino acid sequence
homology, while the two ornithine decarboxylases (SpeC and
SpeF) show 67% homology. The lack of similarity between
Adi and SpeA could be due to the different cellular locations
of these two proteins. Adi is a soluble cytosolic protein,
whereas SpeA has been localized within the inner periplasmic
space (9). SpeA monomers are synthesized as 74-kDa precur-
sor polypeptides that are posttranslationally processed to a
70-kDa mature protein (9). The presence of a signal peptide
typical of translocated proteins is supported by the accumu-
lation of the 74-kDa species but not the 70-kDa species in an
E. coli strain incapable of processing signal sequences (9). An
analysis of the predicted N terminus of SpeA, however, did
not reveal a typical prokaryotic signal sequence (43). On the
other hand, Adi is synthesized in its mature form as a
755-amino-acid protein of 84.4 kDa. The two lysine decarbox-
ylases as well as the two ornithine decarboxylases are all
soluble cytosolic proteins, and they differ in length from Adi
by less than 6%. The lengths of the Adi and SpeA amino acid
sequences differ by more than 13%.

Applebaum et al. (3) proposed that the biodegradative
ornithine, lysine, and arginine decarboxylases plus the bio-
synthetic ornithine decarboxylase shared a common evolu-
tionary ancestor on the basis of structural similarities. An
analysis of the amino acid sequence data supported this
conclusion. A phylogeny of the five similar decarboxylases
was determined by use of the Hein program (27). It revealed
that the two lysine decarboxylases (CadA and H. alvei lysine
decarboxylase) were most closely related to each other and
were grouped with the biodegradative arginine decarboxy-
lase. The two ornithine decarboxylases (SpeC and SpeF)
were most closely related to each other and were distantly
related to the other three decarboxylases. These groupings
supported the hypothesis proposed by Applebaum et al. (3)
that the biodegradative ornithine decarboxylase was derived
from an ancestral biosynthetic ornithine decarboxylase. If
the biodegradative decarboxylases share a common ances-
tor, Adi, CadA, H. alvei lysine decarboxylase, and SpeF
should cluster together, while the biosynthetic ornithine
decarboxylase should form a separate branch.

Although the genes for both arginine and lysine decarbox-
ylases are located on a similar region of the E. coli chromo-
some and are induced under the same conditions of low pH,
anaerobiosis, and excess substrate, they are clearly different
in several ways. cadA is part of the cad operon, which also
includes cadB, the gene for a proposed lysine-cadaverine
membrane-bound transport protein (40). Immediately up-
stream from the cad operon is cadC, a gene that encodes a
protein with homology to other prokaryotic transcriptional
activators involved in environmental sensing (58). A model
of how this system is regulated has been proposed (40, 58).
Basically, CadC is proposed to act as an environmental
sensor detecting changes in extracellular pH. Under low-pH
conditions, it undergoes an unspecified alteration and func-
tions as an activator of the cad operon, either directly or
through another regulatory factor. CadB is proposed to
exchange lysine and cadaverine, bringing in lysine and
excreting cadaverine (the end product of lysine decarboxy-
lation) produced through the activity of CadA. A similar
arrangement of transport and decarboxylase genes has been
found for ornithine decarboxylase. The genes encoding the
biodegradative ornithine decarboxylase (speF) and a mem-
brane-bound putrescine-ornithine antiporter (potE) have
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been sequenced and the transport function has been demon-
strated (30, 31). These two genes also are part of an operon
that is induced at a low pH.

adi does not appear to be part of an operon involving
upstream regions, as the distance between the melR C
terminus and the adi N terminus is 198 bp. The possibility
exists that a gene downstream of adi is involved in this
system. However, the stem-loop structures deduced after
the C terminus of adi indicate that it is probably not part of
an operon. Preliminary experiments indicated that a down-
stream fragment exhibits acid pH induction of B-galactosi-
dase when cloned into fusion vectors. If the adi system
proves similar to the cad and speF operons, this downstream
region may contain a transport-related gene or a gene that
has a regulatory role.

The differences found in the regulation of adi and cadBA
were not surprising, as previous experiments had deter-
mined that both adi and cadBA are induced by external
acidic pH conditions but that cadBA is induced in the
presence or absence of oxygen, while adi is induced only
under anaerobic conditions (4, 55). Genes responsive to
external acidic pH conditions (hyd and aniG) have also been
found in Salmonella spp. (1, 20). adi is more similar to Ayd in
that both genes are induced anaerobically, while cadBA is
more similar to aniG, both of which are induced aerobically
and anaerobically.

To investigate the differences between adi and cad, we
undertook an analysis of promoter structure. Site-directed
mutagenesis of the adi promoter to change conserved re-
gions to sequences unlike the E. coli ¢’® promoter sequence
resulted in a dramatic decrease in B-galactosidase activity at
both pH 5.5 and pH 8. Site-directed mutagenesis of the adi
promoter to enhance the similarity to the E. coli o™°-
dependent promoter consensus sequence resulted in in-
creased expression from the mutant promoters. The wild-
type adi promoter has a higher induction ratio (47-fold) than
the altered promoter sequences do when the pH 8 and pH 5.5
B-galactosidase activities are compared. These results indi-
cate that the inducing mechanism has less of an effect on an
already strong promoter. This suggestion would be consis-
tent with a mechanism in which the relative levels of RNA
polymerase binding to the promoter are altered by induction.
These constructs may be useful in further studies of the
mechanism of activation. Sequences of a repeating type or
palindromes, like those found in the cad promoter (41), were
not so apparent upstream of the adi promoter.

The bacterial chromosome is folded and maintained by
negative superhelical tension (supercoiling) (for reviews of
agents that alter supercoiling, see references 15 and 28) and
a set of DNA-binding proteins (48; for reviews, see refer-
ences 16 and 46). The interaction of topoisomerases I and III
and DNA gyrase functions to maintain supercoiling at the
proper level. Transcription can contribute to the level of
supercoiling and lead to local variations in supercoiling. It
has been shown that DNA supercoiling changes occur in
response to environmental stresses, such as changes in
osmolarity and oxygen conditions, and that other control
mechanisms specifically involved in certain responses are
superimposed on this process (13, 29, 45). Several genes
have been found to be affected by inhibitors of DNA gyrase.
DNA gyrase inhibition can either increase the expression of
genes such as rfonB (13) or decrease gene expression (for a
review, see reference 14). The experiments reported here
support the inclusion of adi among those genes subject to
regulation by supercoiling. The greater effect of supercoiling
inhibitors on adi would correlate with its greater dependence
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on anaerobic conditions (compared with cad), under which
increased negative supercoiling occurs. Whether this effect
occurs directly on the adi promoter through some other
mechanism is not known. A study of the cadA::lacZ fusion
strain showed little effect on B-galactosidase activity when
the DNA gyrase inhibitor novobiocin or coumermycin Al
was added to the culture, indicating that supercoiling is not
a major factor in the regulation of the cad operon. Some
mutations in hns (osmZ), a locus that can adjust supercoiling
levels, affect the expression of both lysine and arginine
decarboxylases (53). Other agents that alter supercoiling,
such as novobiocin or coumermycin Al, significantly affect
only adi. Such results may suggest that Ans mutations,
although yielding increased expression at pH 8 in both the
lysine and arginine decarboxylase systems, do so by differ-
ent mechanisms. Thus, H-NS, the product of the hns gene,
may have a role more in competition with the activator in the
case of cad and a role more related to effects on DNA
topology in the case of adi (53).

One hypothesis for the mechanism of adi induction would
involve an interaction of the RNA polymerase with an
environmentally responsive activator, causing the induction
of adi at a low pH. Preliminary experiments with adi::lacZ
fusions that also possess mutations in the o subunit of RNA
polymerase (rpoA; 38, 51) suggest that a possible interaction
of this type is important (52a). The induction could be
particularly sensitive to the local supercoiling environment.
A possible integration host factor consensus binding se-
quence in the adi promoter has been identified by use of the
MacTargsearch program (24). It is interesting to note that
both integration host factor and H-NS, the product of the
hns gene, seems to be involved in interactions with curves or
bends in DNA, and the role and regulation of this aspect of
DNA structure are areas of broad current interest. Localiza-
tion and characterization of the adi activator and analysis of
specific protein sites within the adi promoter region should
further assist our understanding of the acid regulation of the
adi gene and its relation to cell physiology.
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