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Escherichia coli transports lysine by two distinct systems, one of which is specific for lysine (LysP) and the
other of which is inhibited by arginine or ornithine. The activity of the lysine-specific system increases with
growth in acidic medium, anaerobiosis, and high concentrations of lysine. It is inhibited by the lysine analog
S-(13-aminoethyl)-L-cysteine (thiosine). Thiosine-resistant (Tsr) mutants were isolated by using transpositional
mutagenesis with TnphoA. A Tsr mutant expressing alkaline phosphatase activity in intact cells was found to
lack lysine-specific transport. This lysP mutation was mapped to about 46.5 min on the E. coli chromosome.
The lysP-phoA fusion was cloned and used as a probe to clone the wild-type lysP gene. The nucleotide sequence
of the 2.7-kb BamHI fragment was determined. An open reading frame from nucleotides 522 to 1989 was
observed. The translation product of this open reading frame is predicted to be a hydrophobic protein of 489
residues. The lysP gene product exhibits sequence similarity to a family of amino acid transport proteins found
in both prokaryotes and eukaryotes, including the aromatic amino acid permease of E. coli (aroP) and the
arginine permease of Saccharomyces cerevisiae (CANI). Cells carrying a plasmid with the lysP gene exhibited
a 10- to 20-fold increase in the rate of lysine uptake above wild-type levels. These results demonstrate that the
lysP gene encodes the lysine-specific permease.

Three systems for the transport of the basic amino acids
arginine, lysine, and ornithine exist in Escherichia coli. One,
the arginine-specific system, transports only arginine (23, 25,
26). A second, the lysine-arginine-ornithine (LAO) system,
transports lysine and ornithine (23, 25, 26) and is inhibited by
arginine, although arginine is not a substrate of the LAO
system (23, 25). The third system, termed the lysine-specific
permease (LysP) system, is inhibited by the lysine analog
S-(P-aminoethyl)-L-cysteine (thiosine) but not by ornithine
or arginine (23). The activity of the LysP system is increased
in cells grown on enriched medium, with a concomitant
decrease in the activity of the LAO system (24, 25). Here,
we show that a combination of growth conditions known to
induce lysine decarboxylase also induces lysine-specific
transport, including low pH, anaerobiosis, and lysine con-
tentration in medium.

Thiosine has been used to select for mutants with alter-
ations in lysine metabolism. Mutations which produce Tsr
have been mapped at approximately 46 min on the E. coli
chromosome. Both the lysP (22) and cadR (35) mutations
produced pleiotropic phenotypes, decreasing lysine trans-
port activity and increasing lysine decarboxylase activity.
From those studies, it was not clear whether the cadR (ysP)
locus is regulatory or also contains the gene(s) for the lysine
permease. We reasoned that TnphoA mutagenesis, which
has been used for topological analysis of membrane proteins
(14), should also be useful to identify the genes for mem-
brane proteins. In this paper, we report the isolation of
lysP-phoA fusions with extracellular localized alkaline phos-
phatase activity. One such fusion was mapped to about 46.5
min on the E. coli chromosome. The lysP gene was cloned
and sequenced and shown to have similarity to a family of
amino acid transport proteins including the aromatic amino
acid (5) and phenylalanine-specific (20) permeases of E. coli,
the arginine (10), histidine (37), and proline permeases (38) of
Saccharomyces cerevisiae, and the proline permease of
Aspergillus nidulans (34).

* Corresponding author.

MATERLILS AND METHODS

Strains, plasmids, phages, and media. The E. coli strains,
phages, and plasmids used in this study are listed in Table 1.
Except when noted, media were prepared according to
Miller (16). YT medium consisted of 4% tryptone and 3%
yeast extract (24). Antibiotics were each added at final
concentrations of 40 ,g/ml, except when otherwise noted.
Plasmid DNA preparation, endo- and exonuclease diges-
tions, ligations, and transformations were performed as
described elsewhere (30). For selection of Tsr strains, me-
dium E was supplemented with 100 ,ug of thiosine per ml and
a mixture of amino acids and vitamins, as described by
Novick and Maas (18), except that 40 ,ug of arginine per ml
was substituted for lysine. Cultures were incubated with
aeration at 37°C, except as otherwise noted.

Isolation of TnphoA mutants. The procedure of Manoil and
Beckwith (14) was used for TnphoA transposition. Transpo-
son TnphoA was introduced into E. coli CC118 by infection
with phage XTnphoA. The cells were spread on lysine-free
enriched medium containing thiosine, kanamycin, and 20 p,g
of XP (5-bromo-4-chloro-3-indolyl phosphate) per ml. Blue
Tsr colonies were analyzed for lysine transport activity.

Genetic mapping. Hfr mapping was performed as de-
scribed elsewhere (19) with a collection of linked TnlO
insertions in Hfr donor strains (33). P1 transduction was
performed by using a set of linked TnlO insertions as donors
(33) and a lysP-phoA strain as recipient. Transconjugants
and transductants were selected for Smr and Tcr and
screened for KmS and Tss.

Southern and dot blot hybridization. A 1.5-kb BamHI-DraI
fragment containing the lysP-phoA fusion was radiolabeled
with [oc-32P]dATP by using a random primer kit from Be-
thesda Research Laboratories according to the manufactur-
er's instructions. Southern and dot blot hybridizations of X
phage DNA were performed with a Hybond nylon mem-
brane according to the manufacturer's protocol.

Cloning of the lysP gene. The lysP-phoA fusion was cloned
by digesting total DNA from E. coli BPR2 with BamHI and
ligation into the unique BamHI site of plasmid pBR322.
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TABLE 1. Strains, plasmids, and phages

Strain, plasmid, or phage Genotype or description Source (reference)

Strains
HB101 F- hsdR hsdM supE44 ara-14 galK2 lacYl proA2 rspL20 xyl-5 mtl-l Sambrook et al. (30)

recA13 mcrB
TG1 K12 A(lac-pro) supE F' traD36 proAB lacIq AlacZM15 Amersham Corp.
CC118 araD139 A(ara-leu)7697 AlacX74 galE galK AphoA20 thi rpsE rpoB Manoil and Beckwith (14)

argE(Am) recAl
BPR2 CC118 with TnphoA insertion in lysP (Tsr) This study
LE392 F- supF supE hsdR galK trpR metB lacY Manoil and Beckwith (14)
LE392S Smr derivative of LE392 This study
BPR392S P1 transduction of lysP-phoA fusion into LE392S This study
K38 HfrC (X) Russell and Model (27)
CAG12179 MG1655 mgl-SOO::TnlO Singer et al. (33)
CAG12098 MG1655 zeg-3130::TnlO Singer et al. (33)
CAG12177 MG165 zeh-298::TnJO Singer et al. (33)
CAG5051 HfrH nadA57::TnJO Singer et al. (33)
CAG5052 KL227 btuB3191::TnlO Singer et al. (33)
CAG5053 KL208 zbc-280::TnlO Singer et al. (33)
CAG5054 KL96 trpB83::TnlO Singer et al. (33)
CAG5055 KL16 zed-3069::TnlO Singer et al. (33)
CAG8209 KL228 zgh-3075::TnJO Singer et al. (33)
CAG8160 KL14 thi-39::TnlO Singer et al. (33)

Plasmids
pBR322 Cloning vector (Apr and Tcr) Bolivar et al. (3)
pUC19 Cloning vector (Apr) Yanisch-Perron et al. (39)
pACYC184 Cloning vector (Cmr and Tcr) Chang and Cohen (4)
pBPR2 pBR322 with 6.1-kb BamHI lysP-phoA insert This study
pLYSP pUC19 with 2.7-kb BamHI lysP insert This study
pNE1 pACYC184 with 2.7-kb BamHI lysP insert This study
pGP1.2 T7 phage RNA polymerase gene under control of APL promoter and Tabor and Richardson (36)

Xcps (Kimn)
pT7-5 Expression vector with the T7 promoter (Apr) Tabor and Richardson (36)
pBPR20 BamHI fragment of pLYSP containing the lysP gene cloned into pT7-5 This study
pBPR30 pBPR20 with deletion of PstI fragment This study

Phages
ATnphoA TnS ISSOL::phoA (Kmr) Manoil and Beckwith (14)
A7F1 E. coli chromosomal clone Kohara et al. (12)
X7H12 E. coli chromosomal clone Kohara et al. (12)
X5H11 E. coli chromosomal clone Kohara et al. (12)
X4F2 E. coli chromosomal clone Kohara et al. (12)
M13mpl8 Sequencing phage Yanish-Perron et al. (39).

Transformants were selected for Kmr and screened for blue
on XP plates. The resulting plasmid, pBPR2, contained 1.2
kb of E. coli DNA and 4.9 kb from TnphoA. From the results
of genetic mapping, several A clones containing inserts of E.
coli chromosomal DNA in the region of 46.2 to 47.2 min
were screened for the lysP gene by Southern and dot blot
hybridization. Positive clones were digested with BamHI.
The resulting mixture was ligated into the BamHI site of
plasmid pUC19 and transformed in E. coli TG1. Plasmids
with inserts were screened by dot blot hybridization with the
radiolabeled lysP probe. Southern blot hybridization of
BamHI digests of positive plasmids demonstrated the pres-
ence of a 2.7-kb BamHI fragment which hybridized to the
probe. One plasmid, pLYSP, was selected for further study.
DNA sequencing. DNA sequencing was done by the dide-

oxy method of Sanger et al. (31) with 35S-dATP and Seque-
nase (United States Biochemical Corp.). To resolve com-
pressions, Taq polymerase and 7-deaza dGTP (in place of
dGTP) were used according to the directions of the manu-
facturer (United States Biochemical Corp.). The 2.7-kb
BamHI fragment was cloned into the BamHI site of
M13mpl8 (39) in both orientations. Exonuclease III was

used to prepare deletion clones, with sequencing by using
universal primer. Sequencing primers complementary to
additional regions of lysP were synthesized as necessary.
Computer analyses of DNA sequences were performed by
the GENEPRO program (Riverside Scientific).

Transport assays. For routine transport assays, cells were
isolated in the exponential phase of growth, washed three
times with medium E lacking a carbon source, and sus-
pended at 23°C at approximately 30 mg of cell protein per ml
of the same medium. For induction studies, cells were grown
in a medium consisting of 1% peptone, 0.6% yeast extract,
and 1% glucose buffered to pH 5.5 with 50 mM 2-(N-
morpholino)ethanesulfonate (MES), to pH 6.8 with 50 mM
3-(N-morpholino)propanesulfonate (MOPS), or to pH 8.0
with 50 mM Tris (2). The buffers were adjusted to the
appropriate pH values with concentrated HCI or KOH, as
required. As noted, the medium was supplemented with
0.5% lysine. The cells were grown by a 10-fold dilution of an
overnight culture in medium either aerobically with shaking
or anaerobically in filled tightly capped tubes without shak-
ing. The cells were grown at 37°C for 2 h for aerobic cultures
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and for 3 to 4 h for anaerobic cultures and prepared for
transport assays as described above.

Transport assays were performed as described previously
(23) in 1 ml of medium E containing 0.2% glucose and
washed cells (approximately 1 mg of cell protein). The
assays were initiated by the addition of [3H]lysine or [ H]leu-
cine to a final concentration of 10 ,uM. Portions were
withdrawn at the indicated intervals, filtered on nitrocellu-
lose filters (0.45 ,um-pore size), and washed once with 5 ml of
medium E lacking glucose. Radioactivity was determined by
liquid scintillation counting.

Identification of the lysP gene product. The T7 expression
system was used as described previously (36). Plasmid
pBPR20 or pBPR30 was transformed into strain K38
(pGP1.2) containing the T7 RNA polymerase gene under the
control of a temperature-sensitive repressor on plasmid
pGP1.2. To enable labeling of cloned gene products, cells
were grown at 30°C in Luria-Bertani medium to an optical
density at 600 nm of 0.5. Cells from 1 ml of these cultures
were washed four times each with 5 ml of M9 medium (16).
The cells were suspended in 2 ml of M9 medium lacking
methionine but supplemented with 0.4% glucose, 20 ,ug of
thiamine per ml, and a mixture of 19 amino acids, each at a
concentration of 50 ,ug/ml. This culture was incubated at
30°C for 60 min. The T7 RNA polymerase was induced by
transferring the culture to 42°C for 15 min. Rifampin was

added to 0.2 mg/ml to inhibit E. coli RNA polymerase, and
the incubation was continued for 10 min. The temperature
was then shifted to 37°C for 60 min. The cells were labeled
with 20 ,uCi of [35S]methionine (1,000 Ci/mmol) for 10 min at
37°C. The labeled cells were pelleted by centrifugation and
suspended in sodium dodecyl sulfate (SDS) sample buffer for
SDS-polyacrylamide gel electrophoresis (PAGE).

Reagents. Sequenase was purchased from United States
Biochemical Corp. Oligonucleotides were synthesized in the
Wayne State University Macromolecular Core Facility. Iso-
topes were purchased from New England Nuclear Corp.
Thiosine, XP, and 5-bromo-4-chloro-3-indolyl-3-D-galacto-
pyranoside (X-Gal) were obtained from Sigma Chemical
Corp. All other chemicals were purchased from commercial
sources.

Nucleotide sequence accession number. The lysP nucleotide
sequence has been assigned GenBank accession number
M89774.

RESULTS

Induction of lysine transport. In a preliminary communi-
cation, we reported that the two lysine permeases of E. coli
responded differentially to growth conditions (24, 25). When
grown aerobically in a basal salts medium at neutral pH, the
two systems contributed about equally to lysine uptake.
When the cells were transferred to a YT medium, the
activity of the LysP system increased, with a concomitant
decrease in the activity of the LAO system. One factor
which correlated with increased lysine transport was a
decrease in medium pH, usually to a pH of less than 6. When
cells were grown in buffered medium at pH 6, lysine trans-
port was increased.
To investigate this phenomenon further, cells were grown

in media with different combinations of low pH, anaerobio-
sis, and exogenous lysine. Lysine transport increased dra-
matically when the pH of the medium was shifted from 7.5 to
5.5, when the cells were grown under anaerobic conditions,
and when 0.5% lysine was added to the medium (Fig. 1).

Isolation and characterization of lysP-phoA gene fusions.

1
0
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FIG. 1. Lysine transport as a function of growth conditions.
Cells were grown in modified Falkow medium adjusted to pH 5.5
(squares), 6.8 (circles), or 8.0 (diamonds) anaerobically (top) or

aerobically (bottom) with (filled symbols) or without (empty sym-
bols) 0.5% lysine. Uptake assays were performed as described in
Materials and Methods.

Translational fusions with thephoA gene have been useful in
identifying a membrane protein (14). Tsr mutants of CC118
were created by TnphoA mutagenesis. Isolates which were
blue on XP plates were considered candidates for gene
fusions into the lysP gene, which would be expected to
encode an inner membrane protein. One such fusion strain,
BPR2, was examined in more detail. This strain was light
blue on XP plates but was definitely more colored thanphoA
mutant strains. In cells grown in YT medium, in which the
majority of lysine uptake occurs via the lysine-specific
system (24), lysine transport was nearly absent in thephoA
mutant, compared with the wild type, CC118 (Fig. 2). As a
control, leucine transport was shown to be identical in both
strains (data not shown).

Genetic mapping of the lysP gene in the E. coli chromosome.
The location of the lysP gene on the E. coli chromosome was
mapped by Hfr crosses by using a collection of linked TnlO
insertions (33). A streptomycin-resistant derivative (LE392S),
the rec+ E. coli strain LE392, was generated by nitrosogua-
nidine mutagenesis (16). The lysP-phoA fusion was intro-
duced into LE392S by P1 transduction to produce strain
BPR392S by selection for resistance to thiosine, streptomy-
cin, and kanamycin. This strain was used as a recipient in
mating experiments with the donors from a set of strains
having linked TnlO insertions (33). Streptomycin- and tetra-
cycline-resistant recombinants were isolated and scored for
loss of kanamycin and thiosine resistance. The results indi-
cated that the mutation is located between 45 and 62 min on
the chromosomal map. Since other Ts' mutants had mapped
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FIG. 2. Amino acid transport in wild-type and mutant cells and
expression of the cloned gene. Cells were grown aerobically in YT
medium. Transport assays were performed with 10 ,uM [3H]lysine in
E. coli CC118 (wild type) (A), BPR2 (mutant lysP) (0), or BPR2
(pLysP) (*).

at 46 min, this region of the chromosome was analyzed by P1
transduction. P1 phage was prepared from strains having
TnlO insertions at 45.75, 46.5, and 47.75 min. The phage was
used to locate the lysP gene. With strain BPR392S as

recipient, Tcr transductants were selected and screened for
cotransduction of thiosine sensitivity. Only with phage
grown on strain CAG12098, which contains TnlO at 46.5
min, was cotransduction of the thiosine phenotype with Tcr
observed. The data demonstrate that the lysP gene is located
near 46.5 min.

Cloning of the chromosomal lysP-phoA gene fusion. Since
there is no BamHI site between the site of fusion in TnphoA
and the kanamycin phosphotransferase gene and there is a

BamHI site immediately following the 3' end of the kanamy-
cin phosphotransferase gene (11), a BamHI digest of chro-
mosomal DNA from strain BPR2 was used to clone that
portion of the lysP gene proximal to the fusion junction. The
BamHI digest was ligated into the unique BamHI site of
pBR322, selecting for Kmr and screening for loss of Tcr. The
resulting plasmid, pBPR2, contained a 6.1-kb BamHI insert
composed of 1.2 kb of E. coli chromosomal DNA and 4.9 kb
from TnphoA.

2230 2240

Cloning of the lysP gene. A 1.5-kb BamHI-DraI fragment
was used as a probe to identify the lysP gene. X phage clones
containing overlapping inserts of E. coli chromosomal DNA
covering the region 46.2 to 47.2 min (12) were used for dot
blot hybridization with the BamHI-DraI fragment. Positive
hybridization was observed with the following four phage
clones: 7F1, 7H12, 5H11, and 4F2. DNA from each was

digested with BamHI, ligated into the BamHI site of pUC19,
and transformed into strain TG1. Plasmids with inserts were
screened by dot blot hybridization with the radiolabeled
lysP-phoA BamHI-DraI probe. Two positively hybridizing
clones were shown by Southern analysis to have a 2.7-kb
BamHI fragment which hybridized to the BamHI-DraI
probe. One, termed pLYSP, originally derived from A phage
clone 7H12, was used for further study (Fig. 3).

Complementation of the lysP-phoA mutation. Plasmid
pLYSP was introduced into strain BPR2 by electroporation.
Lysine transport in BPR2(pLYSP) was increased approxi-
mately 100-fold above the level in the mutant and about 10-
to 20-fold above wild-type levels (Fig. 2).
For phenotypic complementation, the 2.7-kb BamHI frag-

ment was cloned into the BamHI site of plasmid pACYC184
to produce plasmid pNE1, which was transformed in strain
BPR2. The Tsr phenotype of strain BPR2 was transformed to
sensitivity by plasmid pNE1. These results show that the
lysP gene is contained within the 2.7-kb BamHI fragment.

Nucleotide sequence of the lysP gene. Sequence data were

obtained for all 2,661 bp of the BamHI fragment from both
strands with overlaps between sequenced regions. From
computer analysis, three potential open reading frames were
identified (Fig. 4). The last reading frame, starting at bp 2286
and extending to the end of the fragment, is the 5' region of
the cir gene, which encodes the colicin I receptor protein
(17). The first potential open reading frame (orfl) extended
from an ATG at bp 76 to a TAA at bp 413. This could code
for a 13-kDa hydrophilic protein of 112 residues. A GAAG at
bp 67 could serve as a ribosome-binding site for orfl. The
second reading frame extended from bp 522 to bp 1989,
preceded by a putative ribosome-binding site, GGATAG, at
bp 508. Sequencing of the fusion junction in pBPR2 located
the site of fusion at bp 1205, demonstrating that it is within
the lysP gene. Following the termination codon, a region of
dyad symmetry between bp 2011 and 2034 is observed, as

well as a 16-bp region from bp 2034 to bp 2049 with 10 T and
3 A residues which could serve as a transcriptional termina-
tion structure (21). No promoter sequences upstream of the
first or second reading frames were obvious. There are two

2250 2260 2270
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FIG. 3. Cloning of the lysP gene. The X phage clone 7H12 was confirmed to contain the lysP gene by hybridization with pBPR2. DNA from

A7H12 was digested with BamHI and ligated into the BamHI site in the polylinker region of pUC19. Restriction sites according to Kohara
et al. (12) were B, BamHI; D, HindlIl; E, EcoRI; F, EcoRV; G, BglI; 0, KpnI; S, PstI; and V, PvuII.
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0GA TCC TCM MTG MC SOS UTT CCO OCAcCO OG SAT TOT CSA TTA 40
RN S ->ort1

TCT GTT OCT OTC ACAm ACCP TOA SAT SOC SAT OA ATT 90
A M E L 5

AM TM CTC CSA SOC MT CM ACA TOC GOT OCO TCA TOO OTT 00 135
N 8 E A I K H A V R H L 0 20

MT TAG TTO CCT GTC SO ACM TOT GAT TSAAGA TCA ATT OCA SOC 1IO
S C L 8 R R V I E D O L O A 30

AGO CAC ATT MO TA AMT TOC SOT CCC TCT OCC 0CO CCT SAT 0CC 225
T L 8 E V A V P L P R L M R SO

TAC OTT OTO CO TAT ACA TCA TCO OSAMA ACA CCT TTC CM COC 270
T L W R I H H R K H L 8 N A 65

OCT ACO 0C CTT TCT GOA CTA TTC GOA TCC COC MA TOT 000 COT 315
L R R F L D Y 8 D P A N V R V so

TM OTT OCT OTA CM GSA CAT OCT GGT OCT GTO TOO ATT TCO TSA 350
K L L Y K N M L V L C R F R D 95

CGC AMCGCC TTC AMC ATO CAT TCC CCA GSA AMO AGA TTO OCT OCT 405
A A P S A C I R 0 K R 0 W L L 110

TTA CTT ATA ATC CCT 0QG CSA TCA TSA AGM TOT CTT ATA ACC GTO 450
Y L I

TAT TTC TOC COO AMO SAT TOC CAA TCO TCT OCT ACA ATC CCT 490

RNB -* lySP
CATm TM GAT GSA TAGMCAT TTT TOT ATO GTT TCC GMA ACT AMA 640

M V 8 E T K 6

ACC ACA GSA 0C CCOGOC TTA COC COT MA TTA AOG CO COT CAC S8S
T T E A P 0 L R E L K A R H 21

CTO ACM ATO ATT OCC ATT SOC SOT TCC ATC GST ACA OOT CTT TTT 630
L T M I A I T O L F 36

OTT 0CC TCT SOC GCA ACO ATT TCT CAM GCA SOT CCO GGO OSO GCA 670
V A 0 A T I S a A P 0 A 61
TTo CTC TCO TAT ATO CTQ ATT OC CTG ATO OTT TAC TC CTO ATO 720
L L 8 Y M L I O L M V V F L M 66

ACC AMT CTC GOT GSA CTO OCT CSA TAT ATO CCO OTT TCC GOT TCO 760
T 8 L E L A R Y M P V 8 0 eI

M OCC ACT TAC GOT CAO AAC TAT OTT GSA GSA O0 m G0 OTC 310
F A T Y O O N Y V E E O F F 96

CTO GOC TSO AAC TAC TSG TAC AAC TOO OTO ACT ATC 0CC 65S
A L W N Y W Y N W A V T I A 111

GTT SAC CTO GCA GT CAG CTO GTC ATO AGOC TOO TOO TOc CCG 900
V D L V A A 0 L V M 8 W W F P 126

GAT ACA CCG G0C TGO ATC TOO AMT 0C TTO TTC CTC GOC GTT ATC 945
D T P 0 W I W 8 A L F L V I 141

Tc CTO CTO AAC TAC ATC TCA STT COT GOCm GOT SAM 000 SM 990
F L L N Y I V R F 0 E A E I6
TAC TOO TTC TCA CTQ ATC AMA OTC ACM ACA STT ATT OTC m ATC 1035
Y W F L I K V T T V I V F I 171

ATC OTT SOC OTC CTO ATO AOT ATC OQT ATC TTC MA G0C 0C0 CAM 1090
I V V L I I 0 I F K 0 A 0 186

CCT 0O OO TOG AGC AAC TOO ACA ATC OOO SMA G0G COOM OCT 1125

P A W 8 N W T I 0 E A P F A 201

SGT GOT m oco ATO ATC 0OC GTA GOCT ATO AOT aTC GOC TTC 1170

Q 0 F A A I G V A I V 0 F 216

TCT nTc CA GSA AC GAG CTO ATC GOT ATT OCT OCA SGN TCC 1210

8 F T E L I 0 A A 0 E 8 231

GSA GAT CCO MA AC ATT ccA COC WGC OTA COT CAG OTO TTC 1250
E D P A K N I P A V R 0 V F 246

TQO COA ATC CTO TTO TTC TAT OTO OTC ATC CTO AOT ATC AC 1356
W R I L L F Y V F A I L I I 8 261

OTG AOT AOT TM MC SAT AQC OT0 COT MC SAT OTT 1350
L I I P Y T D P 8 L L R N D V 276

AM GSC ATC AMC OTT AMT CCG TTC ACC CTO OTO TTC CAa CAC 1395
K 0 V 8 P F T L V F Q H A 291

GOT CTO CTC TCT 0C0 OTO ATO AMC CA OTT AT CTO AMS 1440
L A A A V M N A V I L T 206

000 OTO CTO TCA GOT MC TCC GOT ATO TAT TCT ACT COT 1490
A V L 8 A 0 N M Y A 8 T R 321

ATO CTG TAC ACC CTG 0G TGT QAC GOT MA 00G 000 C0C ATT TTC 1520
L Y T L A C K A P R I F 235

OCT MA CTO TCG COT GOT OTO CCC COT MT 0CC CTG TAT W0O 1670
A K L R 0 0 V P R N A L Y A 361

ACG AMS GTO ATT 0CC GOT CTO TOC TTC CTO AMC TCC ATO OTT SOC 1620
T T V I CA L C F L T 8 F 236

AMC CAM AMS OTA TAC CTO TOO CTO CTO AMC ACC TCC ATO ACS 1360
N 0 T V V L L L N T 0 T 351

GOT TTT ATC 0CC TSO CTO SOG ATT QCC ATT AMC CMC TAT COC TTC 1710
F I A W L A I 8 H Y R F 290

COT COC OGT TAC OTA TTO C SA CAC GSC ATT AAC GAT CTO CC0 1790
R R 0 Y V L 0 0 H D I N D L P 411

TA CO T TSA OT TTC TTC CCA CTG GGO CCC ATC TTC OCA TTC ATT 1800
Y R 8 0 F F P L 0 P I F A F I 425

CTG TGT CTG ATT ATC ACT TTO G0C CAG AMC TAC GM Tc CTO 1U45
L C L I I T L G 0 N Y E A F L 441

MA GAT ACT ATT TOO OOC GOGC OTA OCA ACM TAT ATT GOT 1890
K D T I D W 0 V A A T Y I 0 456

ATC COG CTO TTC CTO ATT ATT TOO TTC TAC AMG CTO ATT MA 1935
P L F L I I W F Y K L I K 471

GS ACT CAC TTC GTA COC TAC AMC GM ATG AMA TTC COO CAG AAC 19 0
T H F V R Y E N K F P 0 N 406

SAT AM MA TM OTT TCC TCC CTT CCT TOC TM 0CC CTC TCA ACC 2020
D K K * K 460Kro-lndepedendent terminatorK
,am AQ8 acG m TEA ATT CC.A TTTc TGM CM ATC ATO CQG ATA 2070

TM ATT TM SAT TT GA TTOT ATA ATT OTT ATC GOTT TOC ATT ATC 2110

OTT ACM cc0 CMA TCA AM AAM OCT GSC MA TCA GCT OTT CC0 2160

GCT TTC TOG GAT GAT CMC CTO CAT MA MA TAM TC CAC COC GAT 2205

OCT GCC OTA COC AMG 000 ACM TS AGA AGA TOT GC CMA TM CCC 2250
RBS c ir

ATT TTA m TCO TAG TTA CCT CAT| OGA Q6T ATG GM TOT TTA GOT 2295
F R L 4

TM AMC CTT TOO TAC TCO OOO TOT OTT TOT COO CTA m CTT 2340
N P F V R V 0 L C L 8 A I 8 C 19

OTG CAT G00 CTO TOT TAG CSO TCO ATG ATO ATG CO AMA CGA TOO 2355
A W P V L A V D E T M V 24

TTG TCA CTO CAT CTT CCG TO AMC MA ATC TTA AMG ATO CAC CTG 2430
V T A 8 8 V E 0 N L K D A P A 49

CCA OTA TCA 0CG TCA TTA CCC AGG AMG ACC TOC AMC GM AMC C0 2475
I S V I T 0 E 0 L 0 R K P V 64

TAC AG ATC TG AG ATO TCC TCA AMG AMG TOC CTO TAC AAC 2020
0 N L K D V L K E V P 0 V 0 L 79

TM CM ACM AM ATA ACC OTA AMG TTA OTA TTC OTO OTC 2565
T N E 0 D N R K 0 V 8 I R 0 L 94

TOG ACA CG ACT ATA CCC TGA Tc TOO TcO AcM OTA AMC TM 2610
0 8 D Y T L I L V D 0 K R V N 100

ACT CCC GCA ATO cCO TCT TCC 0CC ACA ATO ATT TCO ATC TM ACT 2550
8 R N A V F R H N D F L N W 124

QG TCC 2561
125

FIG. 4. Nucleotide sequence and deduced amino acid sequence of the lysP gene of E. coli. Three potential open reading frames are

identified, with the single letter code for amino acids under the nucleotide sequence. Putative ribosome-binding sites (RBS) are indicated in
boxes. The second reading frame is the lysP gene. The third reading frame was identified as a portion of the cir gene. Following the lysP gene
sequence is a region of dyad symmetry and a T-rich sequence, which is proposed to be a transcriptional terminator.

potential -10 sequences at bp 410 and 440, but the corre-

sponding -35 sequences are not obvious (8). If those se-

quences are the start of transcription for lysP, then orfl
would not be included in the transcript. These data would
place lysP between nfo (6) and cir (17) on the physical map

of the E. coli chromosome.
Similarity of LysP and amino acid permeases. The pre-

dicted translation product of the lysP gene is a protein of 489
residues with a predicted mass of 53,660 Da. From analysis
of the hydropathy profile, the protein would be expected to
be extremely hydrophobic, with 12 predicted membrane-
spanning regions (Fig. 5). The primary amino acid sequence

exhibits similarity to a family of amino acid permeases,

including the aromatic amino acid (33% similarity) (5) and
phenylalanine-specific permeases (34% similarity) (20) of E.
coli, the arginine (34% similarity) (10), histidine (30% simi-
larity) (37), and proline (31% similarity) (38) permeases of S.
cerevisiae, and the proline permease of A. nidulans (27%

similarity) (34) (Fig. 6). The similarities of these proteins are

more apparent at the structural level, as shown by the
alignment of the hydropathy profiles of the lysine-specific
permease and the aromatic amino acid permease (Fig. 5).

Expression of the lysP gene. To identify gene products, the
BamHI fragment was put under control of the T7 phage
promoter in plasmid pBPR20 and induced in the presence of
rifampin and [35S]methionine (36). An insert-specific band
corresponding to a mass of about 40 kDa was observed (Fig.
7). Although this is less than the predicted 53.7 kDa, many

membrane proteins migrate anomalously fast on SDS-
PAGE. To confirm its identity, plasmid pBPR20 was di-
gested with PstI and religated, removing a 1,258-bp frag-
ment, including the last 787 bp of the lysP gene and the cir
sequence. The resulting construct would be expected to
encode a truncated LysP polypeptide of 24.4 kDa, as was

observed (Fig. 7). Two smaller labeled polypeptides, of
approximately 14 kDa each, a sharper upper band, and a less
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FIG. 5. Hydropathy profiles of the LysP and AroP proteins.

Hydropathy indices were calculated by using GENEPRO with a
window of 19 amino acids. Twelve regions of sufficient hydropho-
bicity to produce membrane-spanning a-helices in the LysP protein
are identified (top). The hydropathy profiles of the LysP (unbroken
line) and AroP (dotted line) proteins are superimposed (bottom).
The placement of residues in the AroP protein relative to the LysP
protein was adjusted according to the alignment in Fig. 6.

distinct lower band were observed. These are approximately
the sizes of the potential orfi product and the product of the
truncated cir gene. The upper band was not observed in the
subclone and may be the cir product. The less distinct lower
band was still observed. Its relation to orfl is under inves-
tigation.

DISCUSSION

We have shown that the lysine-specific transport system is
induced to its highest levels in anaerobic media of low pH
containing lysine (Fig. 1). The inducers of lysine decarbox-
ylase, the enzyme which converts lysine to cadaverine, the
product of the cadA gene, similarly include a combination of
low pH, high concentration of lysine in the medium, and
anaerobiosis (2, 7, 28). An increase in the uptake and
decarboxylation of lysine is an adaptive response to medium
acidification which results in formation of the intracellular
base cadaverine and alkalinization of the cytosol. An ability
to respond and adapt to such environmental changes is a

tremendous survival advantage, perhaps essential for sur-
vival under certain conditions.
As a basis for future studies of regulation of the lysine-

specific permease, it was necessary to identify the gene for

LysP MVSETKTTEAPGLRFJKARHLTMIAIGGSIGTGLFVASGATI8SAGPGGALLSYMLIGLMVYFLMTSL4EAR
AroP MMEGQOHGEQLJRGLKNRHIQLIALGGSIGTGLFLGtSAVIQSAGPG IILGYAIAGFIAFLIMROLEIIW
PheP VSEDTASNQEPTLHRGLHNRHIQLIALGGAIGTGLFLGIGPAIOMAGPA VLLGYGVAGIIAFLIMIRCIL W
ArgP GDEDEGEVNAEVKF4KWRHIGMIALGGTIOTGLFIGL8TPLTNAGPVGALI8YLFMG8LAYSVTQSLcEIAT
HisP EDTEQEDINNTNLSCIJ8VRHLLTLAVGGAIGTGLYVNTGAAL8TGGPASLVIDWVII8TCLFTVIN8LG E8A
ProPi SPSVDGDSEPHKLKiGLQSRHVQLIALGGAIGTGLLVGTSSTLHTCGPAGLFI8YIIISAVIYPIMCALVC
ProP2 KTLEGEIEEHTATKRGLSSROLQLLAIGOCIGTGLFVGTSTVLTQTGPAPLLM8YIVMASIVWVNVL T

LysP YMP VSGSFATY GGNYVEEGFGAL FWYWALVTIA _VAMLV ISWWFPDTPGWIWSALFL
AroP EEP VAGSFSHF AYKYWGSFAGFA84 WVLYVLVAWE TAVGKY IQFWYPEIPTWVSAAVFF
PheP EEP V8GSFAHF AYKYWGPFAGFL8inYWVUVVGV 4TAGIY OQYWFPDVPTWIWAAFF
ArgP FIP VTSSFTVF SQRFLSPAF&ANYYWF8MITFA E 8WGvOV IQFWTYKVPLAAWISIFW
HiSP AFP WGOFNVY SMRFIEPSFAFAVNLNYLAOLVLLP EVA8IT IKYWNDKINSDAWVAIFY
ProPi FLPDGSDSAOGSTAN LVTRYVDPSLGFATGINYFYCYVLA TAtV VEYWrTAVPKGVWITIFL
ProP2 YLP IRGV8VPYLIGRFTEPSIGFASGYNYWYSFAML ETMSLLSFLSCNPDNVGHCLGLIIEYW

LysP GVIFLLNYISVRGF
AroP WINAINLTNVKVF
PheP IIINAVNLVNVRLY
ArgP VIITIMNLFPVKYY
HiUP ATIALANULDVKSF
ProPI CVVVILNFSAVKVY
ProP2 NPPVSVGLWIAIVLl

qtW8LIKVTTVIVFI IVGVLUI IGIFKGAQPAIMNWTIGEAPFAGG

ME
ME

WALIKVLAIIGUIGFGLWLFSGHGGEKASIDNLWRYGOFFAT
FWASIKVLAIIGFLIYCFCUVCGAGVTGP VGFRYWRNPGAWGPGII8KDKNEGR
FVLSUIKIL8IIGFTILGIVL8CGGGPHGGYIGGKYWHDPGAF VGHSSGTQ
FWFA8IKILCIVGLIIL8FILFWGGWPNHDRL(IFRYWQHPGtFA HHLTGIGLGN
FWFAGLKILAIIGLIILGWLFFGGGPNHERLGFRYWODPGAFN PYLVPGDTGK

LyiP FAAMIGVAMIVGFSFO G1AEIGIAAE
AroP FTGLVMMUAIIMF8FG a,E.VGIT
PheP VWGLILSLAVIMFSFG E IGITAI I
ArgP FLGWVSSLINAFTFO G1E VGITA
HisP FKGLCSVFVTMFTYS 64EhITAV E9
ProPl FTDIYTGIIKGAFAFILf EVCMTSE
ProP2 FLGFWTALIKSGFSFIF E ITTAA

IEDPAKNI F VFR R ILLFYVFAILII8LIIPYTDP8L
DNPEQSIF8FNQVI!YRILIFYIGSLAVLL8LMPWTRVT
RDPEKSIFVNOWYRILLFYIGSLVVLLALYPWVEVK
WANPRKsVIK FRTLTVFRIQLTLFT aLLVPVNPKL
SKNPRETIFjKRTFWITASYVTILTLXGiCLVPNDPRL

LR

T
LNG

WAW:RNI 8RRFVYWLIFFYVLGTLAI8VIVPYNDPTLVNALA
VEAPRRN IFTKRFIYRVFTFYILGSLVIGVTVAYNDPTLEAGVE

LyaP NDVKDISVSPFTLVFQHAGLL8AAAVMNAVILTAVL8AGN8GMYA8STRLYTLACD FAKL RN
AroP ADT8PFVLIFHELWTFVANALNIVVLTML8VYN8CVYCNSRMLFGLAQ4LAON GVPVN
PhoP SNSSPFVUIFHNLDSNVVASALNFVILVASLSVYNSGVYSNSRMLFGLSVQW4 LTRV GVPIN
ArgP Q8TSYVSTSPFIIAIENSGTKVLPHIFNAVILTTIISAANSNIYVGSRILFGLSKN L8RT VPYI
HiSP 8S8VDAASSPLVIAIENGGIKGLP8LWAIILIAVV8VANSAVYACSRCUVAMAH I LNR lRPUN
ProPi QGKPGAG8SPFVIGIGNAOIKVLPHIINGCILTSAWSAANAFMFASTRSLLTMAQT LGRI VP
ProP2 SGGSAGSPFVVAIKTLVLEGSTUSILPSOSLPQHPVTHGCYAGSEKLYSLAGE FTRT OVPY

LyiP ALYATTVIAGLCFLTSUFGNQTVYLWLLNTSOUTGFIAWLGIAISHYRFRRGYVLQGIDINDLPYRSGFFPLGP
AroP TILVSALVTALCVLINYLAPESAFLLMALVSAL VINWANISLA1MIKFRRAKOEQGVVTRF LLLYPLGN
PheP 8LML8GAIT8LVVLINYLLPaCAFGLLMALVVATLLLNWIMICLAHLRFRAAMRROGETOF KALLYPFGN
ArgP AVFVTMFGALAYMETSTGGDKVFEWLLNITGVAGFFAWLFISISHIRFMQALKYRGISRDELPFKAKLIPGLA
HiaP AILLTLFFGLLSFVAASDKOAEVFTWLSALSGLSTIFClMAINLSHIRFRQOAKVQERSLDELPFISQTGVKGs
ProPi AVGVSFLCSCLAYLNVSSSTADVFNWFSNISTISGFLCGCIAYLRFRKAIFYNGLY DRLPFKTWGOPYTV
ProP2 AVLATWTIOLL8FLNLSGQTVFYWFTNITTVGGFINWVLIGIAYLVCFPPSLHLNTP DQKQRFRKALQFHG

LysP IFAFILCLIITLGQNYEAFLKDTIDWGGVMTYIGIPLFLIIWFGYKLIKGTHFVRYSEUKFPQNDKK*
AroP WICLLFUAVLVIMLUTPGUAISVYLIPVWLIVLGIGYLFKEKTAKAVKAH*
Ph.P YLCAFLMIILLLHCTMDDIRL8AILLPVWIVFLFMAFKTLRRK*
ArgP YYMTFUTI IIOGFTAFAPKFNGVSFAMYI8IFLFLAVWILFOCIFRCRFIWKIGDVDIDSDRRDIEAIVW
HisP WYGFIVLFLVLIASFWrFSVPIRRFRSRRIIL*
ProPi WSLIVIGIITITNGYAIFIPKYWVADFIMYITLPIFLVLWFGHKLYTRTWR.WLPVSEIDVTTGLVEIEE
ProP2 MLDMLPFKTPLQPYGTYYVMFI ISILTLTNGYAVFFPGRFTASDFLVSYIVFAIFLALYAGHKIWYRTPWLTKV

FIG. 6. Multiple alignment of the amino acid sequences of a
family of amino acid permeases. Indicated are residues in all seven
proteins which are identical (*) or conservative (:) replacements.
Conserved acidic and basic residues are enclosed in boxes. The arrow
indicates an acidic residue in the basic amino acid permeases and a
neutral residue in the neutral amino acid permeases. LysP, lysine-
specific permease of E. coli; AroP, aromatic amino acid permease of
E. coli (5); PheP, phenylalanine-specific permease of E. coli (20);
ArgP, arginine permease of S. cerevisiae (10); HisP, histidine per-
mease of S. cerevisiae (37); ProPl, proline permease of S. cerevisiae
(38); ProP2, proline permease of Aspergillus nidulans (34).

the permease. We had previously isolated mutants defective
in lysine-specific transport by resistance to the lysine analog
thiosine (24). Popkin and Maas (22) isolated similar mutants.
Their lysP mutation, which mapped at 46 min, had a pleio-
tropic effect, decreasing lysine-specific transport but in-
creasing lysine decarboxylase. Tabor and coworkers (35)
isolated similar mutants that also mapped at 46 min. They
called the locus cadR because the mutation resulted in loss
of regulation of the cadA gene for lysine decarboxylase,
which maps at 93.7 min. From their work, it could not be
decided whether the effect of mutation in the lysP (cadR)
locus on the cad operon was direct, which would have
required a regulatory gene to be encoded by lysP; on the
other hand, the cad operon could respond indirectly to
secondary metabolic effects resulting from decreased uptake
of lysine.
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FIG. 7. Identification of the lysP gene product. Cells of E. coli
K38(pGP1.2) bearing plasmid pT7-5 (lane 1), pBPR20 (lane 2), or

pBPR30 (lane 3) were labeled with [35S]methionine, as described by
Tabor and Richardson (36). Whole-cell lysates were separated by
SDS-15% PAGE gel followed by autoradiography. To each lane
were applied samples derived from 0.2 ml of cell culture (optical
density at 600 nm of 0.8).

To resolve this question, we selected Tsr mutants by
transposon mutagenesis using TnphoA. Tsr could result from
mutation of various genes, including the lysU gene for lysyl
tRNA synthetase (9). However, only cells with translational
fusions to proteins with extracellular domains such as the
lysine-specific permease would give blue colonies on XP
plates. The mutant lacks lysine-specific transport (Fig. 2)
and exhibits approximately fivefold higher lysine decarbox-
ylase (2a). The mutation was mapped to 46.5 min on the E.
coli chromosome. It is therefore similar in phenotype to the
original lysP and cadR mutations. From sequence analyses
of the cloned lysP gene and the lysP-phoA fusion gene, it is
clear that (i) the mutation is within the coding sequence for
the lysine-specific permease and that (ii) there are no genes

downstream of lysP which could be within the same tran-
script as the permease gene. Thus, the loss of regulation of
cadA results directly from loss of function of the lysP gene

product. Whether the LysP protein acts as a regulatory
protein in addition to its transport function must be deter-
mined.
The LysP protein is a member of a family of basic and

aromatic amino acid permeases found in both prokaryotes
and eukaryotes (Fig. 6). Phylogenetic analysis suggests that
the lysine-specific permease is most closely related to the
other E. coli permeases, but it is nearly as closely related to
fungal permeases for basic amino acids (Fig. 8). The lysP
gene is only distantly related to other secondary amino acid
permeases, such as the transporters for specific aromatic

AroP (E. coli)
PheP (E. coll)
ArgP (S. cerevisiae)

HisP (S. cerevisiae)
ProPi (S. cerevisiae)

J7oP2 (A. nidldans)

FIG. 8. Phylogenetic relationship among amino acid permeases.
A series of pairwise alignments of the sequences were made by using
GENEPRO. The pairwise scores were used to align by computer all
of the sequences against one another by the neighbor-joining method
of Saitou and Nei (29). The branch lengths in the phylogenetic tree
are proportional to the numbers of amino acid substitutions sepa-
rating each pair.

amino acids (32). It is also unrelated to basic amino acid
antiporters, such as arcD (13), and to the other lysine
permease, the LAO system, which belongs to a different
family, the osmotic-shock-sensitive amino acid permeases
(1).
The similarity of the LysP family of amino acid permeases

is more apparent at the structural level, as demonstrated by
superimposition of hydropathy plots of LysP with its ho-
molog AroP (Fig. 5). Putative a-helices I to IX are quite
similar. Helices X to XII are not equivalent; the degree of
similarity in the C-terminal regions of all of the homologs is
weak (Fig. 6). Of interest is the central loop (approximately
residues 230 to 250 in LysP), which is present in all of the
permeases. Almost all secondary porters, whether related or
not, show a motif of two groups of six membrane-spanning
a-helices separated by a central highly charged cytoplasmic
loop. The significance of this motif is not known, but almost
certainly there is an important structural reason. The topo-
logical arrangements of the residues in LysP have not been
determined, so a cytoplasmic location of this loop is not
established. In the mutant BPR2, the chimeric protein would
have alkaline phosphatase fused to residue 228 of LysP.
Since BPR2 isphoA +, residue 228, must have a periplasmic
location when it is fused to alkaline phosphatase. However,
strain BPR2 is only light blue on XP plates, a phenotype
which could result from an intramembranal location of
residue 228 in the wild-type LysP protein. The orientation of
the helices and the placement of the extramembranal loops
must await a detailed topological analysis.
Although there are no data on the role of any residues in

the homologs shown in Fig. 6, the multiple alignment yields
some intriguing similarities. Most of the identities are glycyl
or prolyl residues. These are probably located in turns, and
replacement by bulkier residues would disrupt the structure.
Many of the membrane-spanning regions have interchange-
able leucines, isoleucines, or valines, again reflecting struc-
tural elements. There are insertions in the fungal permeases
in the linker regions between helices II and III, between
helices V and VI, and between helices VII and VIII. With
the assumption that the N terminus is located in the cytosol,
these insertions would be in the first cytoplasmic loop and in
the third and fourth periplasmic loops.
Of note are six positions with either conserved glutamates

(E71, E154, E156, E222, and E230 in LysP) or conserved
aspartate (D113) and four positions with conserved basic
amino acids (R20, R270, R330, and R337). Since all of these
permeases are amino acid transporters, the conserved acidic
residues are potential candidates for recognition of the
ao-amino group, and the conserved basic residues may be
involved in recognition of the carboxyl group of the sub-
strate. For example, in the bacterial asparate receptor, the
carboxyl-binding site uses hydrogen binding with arginyl
residues (15).
Three of the permeases transport basic amino acids, and

four transport neutral amino acids. In the three proteins
which transport positively charged amino acids, there is an
acidic residue at the position corresponding to E16 in LysP.
In the four proteins which transport neutral amino acids, this
residue is a glycine. This is the only position in every protein
in which the charge of the residue correlates with the charge
of the substrate. E16 would therefore be a candidate for a
recognition site for the £-amino group of lysine. The con-
served acidic residues would be postulated to be in or near
the first three cytoplasmic loops, the conserved basic resi-
dues in or near the fourth cytoplasmic loop, and the common
acidic residues of the basic amino acid permeases near the
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cytosolically located N terminus. This may indicate that the
substrate recognition sites for the permeases are closer to the
cytosolic than the periplasmic side of the membrane, even
though topologically, initial recognition takes place outside
the cell. By analogy, the aspartate-binding site of the aspar-
tate receptor is buried deep within the protein (15). Thus, the
permeases may have a single binding site that is topologically
external but physically located near the cytosol.
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