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The DNA sequence of a 3.23-kilobase fragment of the Escherichia coli chromosome encoding biosynthetic
arginine decarboxylase (ADC) was determined. This sequence contained the speA open reading frame (ORF)
as well as partial speB and metK ORFs. The ADC ORF is 1,974 nucleotides long; the deduced polypeptide
contains 658 amino acids with a molecular size of 73,980 daltons. The molecular weight and predicted ADC
amino acid composition are nearly identical to the amino acid analysis of purified ADC performed by Wu and
Morris (J. Biol. Chem. 248:1687-1695, 1973). A translational speA-lacZ fusion, pRM65, including 1,389 base
pairs (463 amino acids) of the 5' end of speA was constructed. Western blots (immunoblots) with I-
galactosidase antisera revealed two ADC::,-galactosidase fusion proteins in E. coli bearing pRM65: 160,000
and 156,000 daltons representing precursor and mature hybrid proteins, respectively. The predicted amino
acid sequence of ADC contains a region of six amino acid residues found in two bacterial diaminopimelic acid
decarboxylases and three eucaryotic ornithine decarboxylases. This conserved sequence is located approxi-
mately eight amino acids from the putative pyridoxal phosphate-binding site of ADC and is predicted to be
involved in substrate binding.

Putrescine (1,4-diaminobutane), a diamine required for
optimal growth, is produced in Escherichia coli and many
plants by either of two pathways related to arginine biosyn-
thesis (10, 35). In E. coli, biosynthetic arginine decarboxyl-
ase (ADC), encoded by the speA gene, acts on arginine to
produce agmatine, which is converted into putrescine by
agmatine ureohydrolase (AUH). A second pathway uses
omithine decarboxylase (ODC) to produce putrescine di-
rectly from ornithine. While ODC is common to all cells,
ADC appears to be unique to bacteria and plants. These two
parallel pathways remain distinct in E. coli as the species
lacks arginase and is therefore unable to convert arginine to
omithine. In the absence of exogenous arginine, putrescine
is produced primarily from the ODC pathway, but when
arginine is added to the growth medium, ornithine levels
decline due to inhibition of arginine biosynthesis (37). The
ADC pathway thereby ensures that putrescine is produced in
the presence of exogenous arginine (25), e.g., in the intesti-
nal tract.
ADC can be found in two forms: biodegradative and

biosynthetic. Biodegradative ADC is induced in some strains
of E. coli when they are grown in an acidic enriched medium
containing arginine (9, 22). Biodegradative amino acid de-
carboxylases appear to play a role in regulating pH by
consuming protons and thus neutralizing the acidic products
of carbohydrate fermentation (9). Biosynthetic ADC is pro-
duced when E. coli is grown in minimal media at neutral pH;
approximately 0.07% of the protein found in E. coli UW44
crude extracts is biosynthetic ADC (43). Native biosynthetic
ADC is a tetramer of 280,000 daltons which requires both
Mg2+ and pyridoxal phosphate as cofactors (23, 43). Mono-
mers of ADC are synthesized as 74,000-dalton precursor
polypeptides which are posttranslationally processed to a
70,000-dalton mature form localized within the inner peri-
plasmic space (4). The periplasmic location of ADC explains
the finding that more putrescine is produced from exogenous
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arginine than from endogenous arginine, since arginine can
be preferentially channeled into putrescine as it is being
transported into the cell (38). The speA gene and ADC are
subject to metabolic control. Putrescine and spermidine
repress the speA gene and feedback inhibit ADC (37). Cyclic
AMP (cAMP) also negatively regulates speA gene expres-
sion either directly or indirectly via binding to cAMP recep-
tor protein (CRP) (42). The experiments described in this
report determined the nucleotide sequence of the speA gene
and compared the properties of the deduced ADC amino
acid sequence with those of purified ADC (43) and other
decarboxylases.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial

strains and plasmids used in this study are described in Table
1. E. coli strains were grown in Luria broth (LB) (19) (1%
tryptone, 0.5% yeast extract, 1% NaCl), Terrific broth (1.4%
tryptone, 2.7% yeast extract, 0.4% glycerol, 17 mM
KH2PO4, 72 mM K2HPO4) (39), or MOPS (morpholinepro-
panesulfonic acid) medium (26) supplemented with 1 ,ug of
thiamine per ml, 0.2% glucose, and 50 ,ug of each naturally
occurring L-amino acid per ml except arginine. Ampicillin
was used at 100 ,ug/ml.
Enzymes and reagents. Restriction endonucleases, Klenow

fragment of DNA polymerase I, T4 DNA ligase, exonu-
cleases III and VII, and halogenated indolyl-3-D-galac-
toside. (Bluo-Gal) were purchased from Bethesda Research
Laboratories, Inc. (Gaithersburg, Md.). Sequenase was pur-
chased from U.S. Biochemical Corp. (Cleveland, Ohio).
Avian myeloblastosis virus reverse transcriptase was pur-
chased from Boehringer Mannheim Biochemicals (Indianap-
olis, Ind.). [o_-355]dATP and L-[1-14C]arginine were from
Dupont, NEN Research Products (Boston, Mass.). P-Galac-
tosidase affinity column and antisera were purchased from
Sigma Chemical Co. (St. Louis, Mo.). SeaPlaque low-melt-
ing-temperature agarose was from FMC BioProducts (Rock-
land, Maine).
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TABLE 1. E. coli strains and plasmids

Strain or Genotype Source or
plasmid or description reference

E. coli
DH5a F- 480 AlacZAM15 Bethesda Research

A(IacZYA-argF)U169 recAl Laboratories
endAI hsdRJ7 (rK mK )
supE44 thi-J lambda gyrA96
relA I

CB806 F- AlacZ IacY+ galK rpsL 31
thi recA56 phoA8

Plasmids
pKA5 pBR322 with an 8.0 kb EcoRI 2

fragment
pGEM-3Z High-copy-number Promega Biotec

sequencing plasmid
pRM15 3.2-kb Ball-AccI fragment in This study

pGEM-3Z
pRM59 3.2-kb AccI-Ball in reverse This study

orientation in pGEM-3Z
pMC1403 High-copy-number lacZ 5

translational fusion vector
pRM65 2.2-kb BamHI fragment in This study

pMC1403

Plasmid screening. Plasmids were isolated and purified by
standard methods (19). The size of supercoiled plasmid DNA
was determined by a phenol-chloroform quick screen
method. Bacterial colonies were picked from a plate, sus-
pended in 40 [lI of lx STE (20 mm Tris [pH 7.5], 100 mM
NaCl, 10 mM EDTA), lysed by the addition of 0.5 volume of
phenol-chloroform (1:1), and vortexed. RNase A (50 ,ug/ml,
final concentration) was mixed with supernatants, incubated
at 37°C for 15 min, and electrophoresed on a 0.8% agarose
gel to separate chromosomal and plasmid DNA. Plasmid size
was estimated by comparing the mobility of supercoiled

forms of deletion plasmids with that of the vector (pGEM-
3Z) and undeleted plasmid (pRM15).

Subcloning of speA gene. The speA gene is located on a
8.0-kilobase (kb) EcoRI fragment on plasmid pKA5 (2).
Plasmid pKA5 was cleaved with BalI and AccI to produce a
3,236-base-pair (bp) fragment (Fig. 1). Restriction fragments
were blunt ended by treatment with the Klenow fragment of
DNA polymerase and separated by electrophoresis on a
low-melting-temperature SeaPlaque 0.7% agarose gel (33).
The agarose containing the 3,236-bp BaIl-AccI fragment was
excised and melted at 60°C, and the 3,236-bp fragment was
ligated into the SmaI site of pGEM-3Z. Ligation products
were transformed (12) into E. coli DH5oa. Clones containing
plasmids bearing the speA gene were selected by their ability
to overexpress ADC (see Enzyme Assays, below).
To obtain deletions in the opposite orientation, we re-

moved the 3,282-bp insert from pRM15 by digestion with
restriction endonucleases HindlIl and EcoRI. Restriction
products were blunt ended by treatment with the Klenow
fragment of DNA polymerase and separated by electropho-
resis on a SeaPlaque 0.7% agarose gel. The blunt-ended
3,282-bp HindIII-EcoRI fragment was excised from the gel,
ligated into the SmaI site of a new pGEM-3Z, and trans-
formed into E. coli DHSa. Clones were assayed for their
ability to overproduce ADC. Clone pRM59 expressed levels
of ADC comparable to that produced by pRM15 and was
selected for further study.

Exonuclease deletions of speA. Overlapping deletions of
plasmid pRM15 were generated with exonuclease III (14).
Plasmid pRM15 was cleaved with Sall and SphI, and di-
gested with exonucleases III and VII, followed by treatment
with the Klenow fragment of DNA polymerase to create
blunt ends. Deleted DNA fragments were separated by
electrophoresis in SeaPlaque 0.7% agarose; the DNA bands
were excised, recircularized with T4 DNA ligase, and trans-
formed into E. coli DHSa. Deletion plasmids were sized by

Plasmid Vector

Il-

speA

Sacd

Acci EcoRI pKA5 pBR322

Accl pRM15 pGEM-3Z

I lZ-
metK

Acci BamHI Sacl
I

Barn BalIII pRM59 pGEM-3Z
I I_I

metK speA speB

BamHI Sacl

I I

Bam HI

m- :: lacZ
pRM65 pMC1403

FIG. 1. Physical map of plasmids. Thick lines indicate speA (ADC) gene; arrows show direction of transcription; arrow with bar shows
truncated speB (AUH) and metK (methionine adenosyltransferase) genes.

EcoRI Ball

Ball

speB speA
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the phenol-chloroform quick screen method, and clones
were screened for ADC enzyme activity to determine the
approximate location of the speA gene within pRM15. De-
letions of pRM59 were constructed as previously described
except that the deletions were not separated on a SeaPlaque
gel after treatment with Klenow fragment. Plasmids were
sized by the phenol-chloroform quick screen method, and
clones were analyzed with an ADC enzyme assay. All
plasmids were restriction mapped to confirm the extent of
deletions.

Dideoxy sequencing. Overlapping deletions were se-
quenced by the dideoxy-chain termination method of Sanger
et al. (30) with SP6 and T7 sequencing primers (Promega
Biotec, Madison, Wis.). The DNA sequence was determined
by using either avian myeloblastosis virus reverse tran-
scriptase or Sequenase following the protocols supplied by
the manufacturers, except sequencing primers were hybrid-
ized after an alkaline denaturation. Plasmid DNA for se-
quencing reactions with avian myeloblastosis virus reverse
transcriptase was purified by banding on CsCl gradients.
Plasmid templates sequenced with Sequenase were isolated
by a modified alkaline lysis method (17) from overnight 3-ml
cultures. Both strands of overlapping DNA fragments were
sequenced.

Construction of a 4'(speA-lacZ') fusion. A translational
(I(speA-lacZ') fusion was constructed by digesting pRM15
with BamHI. The restriction fragments were separated by
electrophoresis on a SeaPlaque 0.7% agarose gel. A 2,119-bp
BamHI fragment was excised, ligated into the BamHI site of
pMC1403, and transformed into E. coli DHSt. E. coli strains
were screened for P-galactosidase production on LB plates
containing 100 ,ug of ampicillin per ml and spread with 100 ,ul
of a 20-mg/ml solution of Bluo-Gal. Plasmids containing
4'(speA-lacZ') fusions were isolated and mapped with PstI
and SacI to determine the orientation of the 2,119-bp insert
within pMC1403. The orientation of the BamHI insert was
confirmed by sequencing the lacZ junction. Plasmid pRM65
was chosen for further study.
Western blots (immunoblots). E. coli transformed with

pRM65 was grown in a shaking water bath at 37°C overnight
in 5 ml of LB medium. Cells were recovered by centrifuga-
tion and lysed by sonication. ADC::P-galactosidase fusion
proteins were separated with a Protosorb lacZ immunoaf-
finity column. Approximately 50 ,ug of protein was loaded
into each well of a 3% stacking gel with a 5% polyacrylamide
gel. Samples were loaded a second time in the reverse order
to create a mirror image for an immunoblot. After electro-
phoresis, the gel was cut in two; one half was stained with
Coomassie blue and the second half was blotted to a nitro-
cellulose membrane. The membrane was probed with ,-
galactosidase antisera to identify ,-galactosidase and
ADC::,-galactosidase hybrid proteins. The size of the fusion
proteins was estimated by comparison with the mobility of
molecular weight standards.

Protein determinations. Protein concentrations were deter-
mined by the Bradford method (3) (Bio-Rad Laboratories).
Enzyme assays. E. coli strains were grown in a shaking

water bath at 37°C to a density of 70 Klett units either in LB
medium or in MOPS medium supplemented with thiamine (1
,ug/ml), glucose (0.2%), and all amino acids (50 ,ug/ml) except
arginine. P-Galactosidase activity was assayed by the
method of Miller (21). The lactose operon of E. coli strains
was induced by the addition of isopropyl-p-D-thiogalactopy-
ranoside (5 mM, final concentration). ADC activity was
assayed as previously described (42).
Computer analysis. The DNA sequence was analyzed with

the sequence analysis software from ICR (Fox Chase Cancer
Institute) and the University of Wisconsin Genetic Com-
puter Group sequence analysis software package installed on
a VAX8800. The nucleic acid and predicted amino acid
sequences ofADC were used to search for similar proteins in
the GenEMBL and NBRF databases with the Wordsearch
program.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper have been submitted to
GenBank (accession no. M31770).

RESULTS

Subcloning of speA gene. A plasmid (pLC2-5) that overpro-
duces ADC was identified from the Clarke-Carbon E. coli
genomic library (6). An 8,000-bp EcoRI fragment was ligated
into the EcoRI site of pBR322, yielding the hybrid plasmid
pKA5 (36). This 8.0-kb EcoRI fragment carries the speA,
speB, and metK genes, which overexpress ADC, AUH, and
methionine adenosyltransferase, respectively (2). Deletion
of a BalI fragment from pKA5 was shown to effect AUH but
not ADC or methionine adenosyltransferase activity. A
computer search of the metK gene sequence (20) revealed an
AccI site approximately 3.2 kb downstream from the BalI
site in pKA5, within the metK open reading frame (ORF)
(Fig. 1). A 3,236-bp BalI-AccI fragment from pKA5 was
subcloned into pGEM-3Z, and when clones containing
recombinant plasmids were assayed for ADC activity, 8 of
15 clones overproduced ADC. A single clone, pRM15, was
chosen for further use. Crude extracts of E. coli DH5ot cells
containing pRM15 produced a 4.3-fold increase in ADC
specific activity compared with E. coli and 1.5 times more
activity than E. coli bearing pKA5. Crude extracts of E. coli
DH5cx transformed with plasmid pRM59 produced a 6.2-fold
increase in ADC specific activity compared with E. coli and
2.8 times more than E. coli bearing pKA5. The apparent
increase in the level of ADC expression of E. coli containing
either pRM15 or pRM59 compared with cells containing
pKA5 may be due to the loss of a regulatory element present
on pKA5 or may simply be a reflection of the difference in
the plasmid copy number. A slight increase in ADC activity
of cells bearing pRM59 is probably due to a transcriptional
fusion between the speA gene and lacZ promoter in the
vector pGEM-3Z.

Sequence analysis. The sequence of the 3,236-bp BalI-Accl
fragment carried by pRM15 was determined for both strands
from overlapping DNA fragments (Fig. 2). A large ORF
(ORF1) contains 1,974 nucleotides, begins with an AUG
initiation codon (Met) at nucleotide 987, and ends with a
GAG codon (Glu) at nucleotide 2960. ORF1 is capable of
encoding a 73,980-dalton polypeptide consisting of 658
amino acids with a predicted isoelectric point of 4.70.

Sequences resembling the E. coli consensus for -35
(TTCACA) and -10 (AATAAT) promoter regions are lo-
cated at nucleotides 811 to 816 and 839 to 844, respectively.
A possible CRP-binding consensus sequence (TGTGC) was
found at nucleotides 831 to 835; a ribosome-binding site,
GAGG, was present at nucleotides 977 to 980; and a poten-
tial transcription terminator was located at nucleotides 3030
to 3067. A probable pyridoxal phosphate-binding site, H-
K-L, is located in ADC from residues 298 to 300.

Partial ORFs corresponding to the speB and metK genes
were also identified (Fig. 1). The speA and speB (ORF2)
ORFs are found on the same DNA strand. ORF2 begins 140
nucleotides downstream from ORF1, continues for 135 nu-
cleotides (45 amino acids), and terminates at a Ball site
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FIG. 2. Nucleotide and deduced amino acid sequences of speA. Promoter and ribosome-binding consensus sequences (boxed),
CRP-binding site and pyridoxal phosphate-binding consensus (underlined), translation initiation sites of speB and metK (*), and
rho-independent transcriptional terminator ( *** ) are indicated.

within the AUH (speB) ORF. A 37-bp stem-loop structure,
located at nucleotides 3031 to 3067, is present in the 140-bp
intergenic region separating the speA and speB genes. The
existence of this stem-loop structure was confirmed by Si
nuclease analysis (34). The metK ORF (ORF3), divergent
from speA, begins 794 nucleotides upstream from ORF1,
continues for 192 nucleotides (64 amino acids), and termi-
nates at an AccI site within the methionine adenosyltrans-
ferase (metK) ORF (20).

Identification of speA gene and promoter. The location of
the speA gene was determined by assessing the ability of
clones bearing deletions in pRM15 or pRM59 to overexpress
ADC (Fig. 3). ADC expression was maintained when 564
nucleotides (424 bases upstream of ORF1) of the 5' end of
the Ball-AccI fragment were removed. This treatment re-

sults in the loss of the metK ORF and a large portion of the
intergenic region between the speA and metK genes. The

ability to express ADC is lost when 355 nucleotides of the 3'
end of the BalI-AccI fragment are removed. In this case, the
speB ORF and 80 bp of ORF1, which encodes ADC, have
been removed.
The speA promoter and 1,389 nucleotides (463 amino

acids) of ORF1 were ligated to the lacZ gene in the vector
pMC1403 to produce a 1D(speA-lacZ') translation fusion,
pRM65. E. coli CB806 bearing pRM65 produced a 42-fold
increase in P-galactosidase activity relative to E. coli CB806
containing pMC1403 (1,250 U in pRM65 and 30 U in
pMC1403). Western blots probed with 3-galactosidase anti-
sera identified three proteins in E. coli DH5Sa containing
pRM65: 160,000- and 156,000-dalton ADC::P-galactosidase
fusion proteins and a 116,353-dalton P-galactosidase mono-
mer (8) (Fig. 4). The 160,000-dalton protein results from the
fusion of 44,000 daltons of ADC to the 116,353 daltons of
P-galactosidase. The presence of an additional 156,000-
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FIG. 3. Location of speA by deletion analysis. Region contained in deletion plasmids is indicated by thick lines. The speB and metK ORFs
are truncated in pRM15. ADC activity and designation of plasmids are shown on the right.

dalton fusion protein containing 41,000 daltons of ADC
represents the processed form of ADC fused to 3-galactosi-
dase; a 74,000-dalton ADC precursor is processed to the
70,000-dalton form (4). The size of these two fusion proteins
further suggests that translation initiates at or near the
beginning of ORF1. The difference of 4,000 daltons in
molecular mass of these two fusion proteins also suggests

1 2 3

-200

116

97

66

45

FIG. 4. Identification of ADC::,-galactosidase fusion proteins.
Immunoblots were done as described in Materials and Methods.
Lane 1, Protosorb column flowthrough; lane 2, 4-galactosidase; lane
3, ,B-galactosidase and ADC::,B-galactosidase fusion proteins. Sizes
(in kilodaltons) of molecular mass standards are indicated on the
right.

that the 160,000-dalton form contains a signal peptide that is
removed to produce the 156,000-dalton form (4).
The predicted molecular mass of an ADC monomer,

73,980 daltons, is almost identical to the 74,000 daltons
estimated from denaturing gels (4, 43). The deduced amino
acid composition ofORF1 is also in good agreement with the
amino acid analysis of ADC performed by Wu and Morris
(43) (Table 2). The results of deletion analysis, immunoblots
of ADC::P-galactosidase fusion proteins, amino acid com-
position, and molecular weight of a protein predicted by
ORF1 all indicate that ORF1 encodes ADC.

TABLE 2. Amino acid composition of E. coli ADC

Amino acid analysisa DNA sequence

Amino No. % No. %
acid
Ala 52 7.6 48 7.3
Arg 37 5.4 38 5.8
Asx 72 10.5 66 10.0
Asn 23 3.5
Asp 43 6.5
Cys 7 1.0 8 1.2
Glx 99 14.4 90 13.7
Gln 36 5.5
Glu 54 8.2
Gly 53 7.7 51 7.8
His 17 2.5 21 3.2
Ile 28 4.1 33 5.0
Leu 68 9.9 67 10.2
Lys 19 2.7 18 2.7
Met 25 3.6 24 3.7
Phe 21 3.1 20 3.0
Pro 33 4.8 28 4.3
Ser 43 6.3 41 6.2
Thr 27 3.9 24 3.7
Trp 12 1.7 9 1.4
Tyr 27 3.9 25 3.8
Val 47 6.8 47 7.1

Total 687 658
Molecular 74,000 73,980
mass
(daltons)
a From Wu and Morris (41).
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ECDapDC 200 RQV EGQDLHAISAGGG SVPYQQGEEAV[i'TEHYYGLWNAA
CGDapDC 230 QIHSE LALPE D GGGYGIAYTAAEEPLNVAEVASDLLTIA

YstODC 259 AANEYGLPPLKI DVGGGFQFESFKESTAVLRLALEEFFPVG

MusODC 212 AT.EVGFS.MHLL DIGGGF.PGS..EDT ... KLKFEEITSVI

TryODC 232 GT.ELGFN.MHI D IGGGF.PGT..RDA... PLKFEEIAGVI

HumARG 209 LLGRKKRPIHLSFDV.DG LDPSFTPATGTPVVGGLTYREGLY

RatA1 209 LLGRKKRPIHLSFDV.DGL DPVFTPATGTPVVGGLSYREGLY
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FIG. 5. Comparison of ADC and other enzymes which recognize structurally similar substrates. Gaps have been introduced to achieve the
optimum alignment. Amino acids matching ADC are boxed, conservative changes relative to ADC ( ), other matching residues (:), and
mismatches (*) are indicated. Shown are E. coli biodegradative ADC (inducible) (ADI), LDC (ECLDC), and DapDC (ECDapDC), H. alvei
LDC (HALDC), M. morganii HDC (MMHDC), C. glutamicum DapDC (CGDapDC), yeast (YstODC), mouse (MusODC), and trypanosome
(TryODC) ODCs, human arginase (HumARG), rat arginase (RatARG), and E. coli AUH.

Sequence comparisons of ADC and amino acid decarboxyl-
ases. The results of a computer search of the GenEMBL and
NBRF databases revealed that ADC contains small regions
of identity with five other decarboxylases and two arginases.
A six-amino-acid region, D-V-G-G-G-L, is conserved in
diaminopimelic acid decarboxylases (DapDC) from E. coli
and Corynebacterium glutamicum (Fig. 5). This conserved
region appears in the same relative position in each enzyme
(53 to 57% toward the carboxy terminus) and is located eight
amino acids from the presumed pyridoxal phosphate-binding
site in ADC, H-K-L. Both E. coli and C. glutamicum
DapDCs were approximately 67% identical in this sequence.
Yeast (D-V-G-G-G-F), mouse (D-I-G-G-G-F), and trypano-
some (D-I-G-G-G-F) ODCs also appear to contain sequences
with homology to ADC (D-V-G-G-G-L). These regions oc-
cur from 53 to 61% toward the carboxy end of each enzyme
and were 83, 67, and 67% identical to the ADC sequences,
respectively. Human and rat arginase both contain the
sequence F-D-V-D-G-L near their carboxy termini. This
arginase sequence is 71% identical to the region conserved in
ADC (F-D-V-G-G-G-L).
Mapping of speA gene within E. coli chromosome. The speA

gene has been mapped by cotransduction to 62.8 (11) min-
utes on the E. coli chromosome (11). The speB, speA, and
metK genes, in this gene order, have been identified on
plasmid pKA5, which contains an 8.0-kb EcoRI fragment
derived from the E. coli chromosome (2). The DNA se-
quence reported here contains the speA gene and intergenic
regions as well as partial sequences of the speB and metK
genes. Since speB and metK have been sequenced (20, 34),
it was possible to produce a 6,530-bp continuous DNA
sequence of this region in pKA5. A restriction map of this
6,530-bp sequence was generated and compared with the
restriction map of the E. coli chromosome constructed by
Kohara et al. (18). The speA gene is located at 62.9 minutes
on the map of Kohara et al. (18) and is contained in lambda

clones lH1O and 23G45. The presence of the speA gene on
these lambda clones has been confirmed by Southern anal-
ysis with a speA probe (C. Satishchandran, personal com-
munication).

DISCUSSION

This report describes the subcloning and nucleotide se-
quence of the speA gene encoding E. coli ADC. When ADC
was originally purified and analyzed by Wu and Morris (43),
they reported that purified ADC resolved into two major and
three minor bands when electrophoresed on a native gel. On
a denaturing gel, these two major bands migrated with
molecular masses corresponding to 74,000 and 70,000 dal-
tons. When either the 74- or 70-kilodalton band was assayed
for ADC activity, each species decarboxylated arginine.
Isolation ofADC by immunoprecipitation of pulse-labeled E.
coli also demonstrated two major bands corresponding to
74,000 and 70,000 daltons, as well as minor bands in the 30-
to 40,000-dalton range (4). These minor bands are probably
nascent chains of ADC because they disappeared when the
label was chased. The DNA sequence of the 3.2-kb BalI-
AccI fragment in pRM15 revealed only one ORF (ORF1)
capable of encoding a 74,000- or 70,000-dalton polypeptide.
The loss of approximately 4,000 daltons from a precursor

is characteristic of the processing of a signal peptide during
translocation (27, 29). The presence of a signal peptide in
ADC was supported by the finding that the 74,000-dalton
species, but not the 70,000-dalton species, accumulated in an
E. coli strain unable to process signal sequences (4). Fur-
thermore, selective disruption of the cell envelope showed
that the 70,000-dalton species is localized within the inner
periplasmic space (4). A review of procaryotic signal peptide
characteristics (27, 29) indicates that the predicted amino
terminus ofADC does not possess a typical signal sequence.
Signal peptides usually contain three distinct regions: a
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FIG. 6. Structurally similar substrates used by enzymes containing the conserved sequence F-D-V-G-G-G-L (Fig. 5). Dashed lines indicate
the common structural skeleton recognized by each enzyme. Enzymes are in parentheses. All decarboxylases remove the carboxyl group in
the C-1 position. Arginase and AUH remove the urea group from their respective substrates.

positively charged amino terminus, a core of 12 to 20
primarily hydrophobic amino acid residues, followed by a
signal peptidase processing site. Kyte-Doolittle hydropathy
plots (not shown) indicate that a signal peptide starting at the
beginning of ORF1 would have a hydrophobic core com-
posed of two short hydrophobic regions but would possess a
negatively charged amino terminus. However, a net positive
charge on a signal peptide is not an absolute requirement for
export to the periplasm (15, 16, 28, 41).
The rate of processing of precursor ADC to the mature

form occurs with kinetics atypical for most signal sequences
(4). Signal peptides are usually processed very rapidly,
usually within 30 s to 1 min. Studies employing site-directed
mutagenesis on various E. coli signal peptides have shown
that progressively decreasing the net charge on the amino
terminus results in a corresponding decrease in the efficiency
of translocation and a reduced rate of synthesis (16, 28, 41).
When the net charge of the signal peptide of E. coli prolipo-
protein was decreased from +2 to -2, 12 min were required
to completely convert prolipoprotein into lipoprotein, result-
ing in an accumulation of the precursor in the cytoplasm.
Pulse-chase experiments in E. coli showed that the ADC
precursor requires approximately 6 min to be converted into
mature ADC (4). The slow processing rate suggests that
ADC accumulates in the cytoplasm after synthesis and is
processed posttranslationally. This appears to be the case as
Morris and Koffron (24) found that 20o of the putrescine
synthesized in an E. coli K-12 strain grown in the absence of
arginine utilized the ADC-AUH pathway. Thus, a temporary
distribution of active ADC in the periplasm versus the
cytoplasm might explain the partitioning of endogenously
synthesized arginine between polyamine and protein synthe-
sis.
Most decarboxylases require pyridoxal phosphate as a

cofactor for catalytic activity, and many of these enzymes
contain a pyridoxal phosphate-binding consensus sequence,
S-X-H-K. E. coli ADC and lysine decarboxylase (LDC) and
Morganella morganii histidine decarboxylase (HDC) con-
tain either the amino acid sequence S-X-H-K or simply H-K
in their pyridoxal phosphate-binding sites (1, 7, 40). The
function of the histidine and lysine residues in the pyridoxal
phosphate-binding consensus sequence has been investi-
gated in M. morganii HDC by site-directed mutagenesis (40).
Studies indicated that Lys-232, homologous to Lys-299 in

ADC, was involved in decarboxylation but not in pyridoxal
phosphate or histidine binding. His-231, homologous to
His-298 in ADC, appeared to play a role in hydrogen bonding
ofHDC to histidine or pyridoxal phosphate. Biodegradative
ADC and LDC are similar in subunit size, molecular weight,
and their pyridoxal phosphate-binding sequences (1, 22). In
these enzymes, pyridoxal phosphate binds to the e-amino
group of the lysine residue within the conserved region,
S-T-H-K-L-L (22). The predicted pyridoxal phosphate-
binding site of Hafnia alvei LDC is similar (9 of 10 residues
match) to the E. coli LDC pyridoxal phosphate-binding site
and also contains the amino acid sequence S-T-H-K-L-L (7)
(Fig. 5). Three of these conserved amino acids, H-K-L, are
retained in biosynthetic ADC. The conservation of the
amino acid sequence H-K-L in the pyridoxal phosphate-
binding sites of several amino acid decarboxylases and their
similar relative positions within each enzyme (45 to 49%
toward the carboxy end) suggest that H-K-L serves as the
pyridoxal phosphate-binding site for biosynthetic ADC.

Pyridoxal phosphate-binding sites are usually followed by
a hydrophobic sequence that is thought to form a hydropho-
bic pocket in which the cofactor or the substrate binds (22).
Eight residues from the presumed pyridoxal phosphate-
binding site of ADC begins an amino acid sequence, D-
V-G-G-G-L, which is conserved (67 to 71% identical) in E.
coli and Corynebacterium DapDCs and three eucaryotic
ODCs. Hydropathy plots of each of these amino acid se-
quences (data not shown) reveal that all are predicted to
produce a hydrophobic region. The possibility that this
region is involved in substrate binding is supported by the
observation that ADC, DapDCs, and ODCs each recognize
structurally similar substrates and catalyze similar reactions
(each removes the C-1 carboxyl group [Fig. 6]). In contrast,
H. alvei LDC and M. morganii HDC pyridoxal phosphate-
binding sites are followed by a hydrophobic sequence, but
neither LDC or HDC shows any homology with ADC in this
region (Fig. 5). Human and rat arginases, which also use
arginine as a substrate, contain a similar sequence, F-
D-V-D-G-L, that is 71% identical to the conserved region of
ADC. Interestingly, this sequence is within one of the most
highly conserved regions between arginase and E. coli AUH,
the second enzyme in the ADC pathway (Fig. 5 and 6).
The speA -10 and -35 promoter regions are separated by

21 bp, suggesting that the ADC promoter is weakly tran-
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scribed (13). Preliminary experiments indicate that the speA
promoter is indeed weakly transcribed since a FD(speA-lacZ')
fusion borne on a multicopy plasmid produces less I-
galactosidase activity than does a single-copy chromosomal
lacZ gene in E. coli.
A polycistronic mRNA containing speA and speB is pro-

duced from the speA promoter. The speB gene is also
capable of transcription from an additional promoter located
within the 5' end of the speA ORF to produce a monocis-
tronic speB mRNA (34). A classic rho-independent termina-
tor structure begins 69 bp downstream from the end of the
speA ORF and ends 34 bp upstream of the speB ORF. This
37-bp structure has a 15-bp G+C-rich stem (with one mis-
match), a seven-base loop, and ends with seven consecutive
U residues. The structure does not appear to function as an
attenuator as it lacks a suitable ribosome-binding site and
contains a translation stop codon within the stem. How
transcription of the speB gene occurs if this terminatorlike
structure exists in vivo is unknown, although it may play a
role in regulating the expression of the speB gene. The speB
gene, but not speA, is induced by agmatine, while both the
speA and speB genes are repressed by cAMP.
The presence of a CRP-binding consensus sequence in the

promoter region of speA is consistent with its inhibition by
cAMP (42). Presumably the cAMP-CRP complex would bind
to this site and interfere with the initiation of transcription of
the speA gene. However, preliminary experiments with E.
coli bearing the 0?(speA-lacZ') translational fusion plasmid
pRM65 demonstrated that the production of ADC::,-galac-
tosidase fusion protein is not inhibited by cAMP, in contrast
to the induction of P-galactosidase synthesis by cAMP in
control cells. Additional experiments indicate that two fac-
tors contribute to this apparent insensitivity of the plasmid-
borne 0(speA-lacZ') fusion to cAMP-mediated regulation.
First, the high copy number of plasmid pRM65 influences the
regulation of the speA gene by cAMP. Second, the degree of
repression of ADC by cAMP appears to be strain dependent.
This finding is not surprising, as the speA genes of some
strains of E. coli are known to be insensitive to cAMP-
mediated inhibition (32). We are currently attempting to
clarify the role of cAMP-mediated regulation of the speA
gene.
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