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phoS is the structural gene for the phosphate-binding protein, which is localized in periplasm and involved
in active transport of phosphate in Escherichia coli. It is also a negative regulatory gene for the pho regulon,
and the gene expression is inducible by phosphate starvation. The complete nucleotide sequence of the
phoS gene was determined by the method of Maxam and Gilbert (A. M. Maxam and W. Gilbert, Methods
Enzymol. 65:499-560, 1980). The amino acid sequences at the amino termini of the pre-PhoS and PhoS
proteins and at the carboxy terminus of the PhoS protein were determined by using the purified proteins.
Furthermore, the amino acid sequence of enzymatically digested peptide fragments of the PhoS protein was
determined. The combined data established the nucleotide sequence of the coding region and the amino acid
sequence of the pre-PhoS and the PhoS proteins. The pre-PhoS protein contains an extension of peptide
composed of 25 amino acid residues at the amino terminus of the PhoS protein, which has the general
characteristics of a signal peptide. The mature PhoS protein is composed of 321 amino acid residues, with a
calculated molecular weight of 34,422, and lacks the disulfide bond and methionine. The regulatory region of
phoS contains a characteristic Shine-Dalgarno sequence at an appropriate position preceding the transla-
tional initiation site, as well as three possible Pribnow boxes and one -35 sequence. The nucleotide
sequence of the regulatory region of phoS was compared with those of phoA and phoE, the genes
constituting the pho regulon.

Studies on the phosphate-binding protein (PBP) of Esche-
richia coli originated from the investigation of the regulatory
mechanism of alkaline phosphatase (APase; EC 3.1.3.1)
synthesis and of the transport system of inorganic phos-
phate. In the early genetic studies on the synthesis of APase,
the regulatory mutations were mapped at two unlinked
regions, Ri and R2, in addition to the P (phoA) gene, the
structural gene for APase (11). Mutations in the R2 region,
which produced APase in media containing high concentra-
tions of inorganic phosphate, were subdivided into two
classes: one class produced a periplasmic protein named
R2a, and the other did not (16). The synthesis of R2a protein,
later identified as PBP(17), was repressed under the same
genetic and physiological conditions as those of APase. The
mutations in Ri region were subdivided into three classes:
R1a, Rib, and RiC (14, 15). The RiC mutant did not synthe-
size APase even under phosphate starvation, although the
Rla and Rib mutants produced APase and R2a protein
constitutively. Another APase-negative mutant was isolated
(8). The phoB mutant, originally designated as phoT, did not
produce APase and the R2a protein, whereas the R2a protein
was produced in the RiC mutant (48). RiC and phoB were
proved to be mutations in the same cistron (35), and both of
them were designated as phoB. phoB (RiC) and phoR (Rla
and Rib) were mapped at 9 min on the E. coli standard
genetic map (5, 22). Thus, it is concluded that the synthesis
of APase and PBP is subject to a common regulatory
mechanism, and the phoA and phoS genes constitute the pho
(phosphate) regulon.
The PBP was isolated from osmotic shock fluid, and a

mutant lacking this protein was defective in uptake of
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inorganic phosphate (28, 29). The protein was later shown to
be identical with the R2a protein (17). A pst (phosphate-
specific transport) mutant with altered inorganic phosphate
growth response was isolated (6). It was mapped at the same
region as the R2 gene. The R2a and R2b mutants were tested
for uptake of inorganic phosphate and shown to be defective
in phosphate transport (47). The name of phoS (previously
used for the R2 gene [3]) was retained for the R2a gene, and
the new name phoT was proposed for the previous R2b gene.
Mutants auxotrophic for an organic phosphate were isolated.
One, pst-2, was mapped at the locus closely linked to phoS
and phoT, and the other, pit, was mapped at an unlinked
locus (42). It was shown that the phosphate inorganic
transport and phosphate-specific transport systems are two
major transport systems for inorganic phosphate in E. coli
(37, 42). Mutations in any of the phosphate-specific transport
genes resulted in more or less constitutive synthesis of
APase. Another pst mutant, pst401, was isolated (9). On the
basis of a complementation test for the repression of APase
synthesis, it was proposed to designate pst-2 as pstA and the
new pst mutant (pst401) as pstB. Thus, the phosphate-
specific transport system includes the genes phoS, phoT,
pstA, and pstB, all of which were mapped at 84 min on the
genetic map.

In previous work (1), we cloned an E. coli chromosomal
DNA fragment containing the R2 region on plasmid pBR322
and constructed various deletion plasmids in vitro. By using
these plasmids for complementation tests, we showed that
the phoS and phoT genes are expressed independently, but
phoT and pstA were unseparable. A mutation formerly
designated phoT35, which does not cause defective phos-
phate uptake (50), is in an independent cistron located next
to these genes. Therefore, we proposed a new designation,
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phoU, for the phoT35 allele. The work also clarified the
previous confusions (26) as to whether phoS and phoT are
allelic or not and the location of the phoS promoter (9). Cells
carrying only the phoS gene on a multiple-copy-number
plasmid accumulated a large amount of the PBP in peri-
plasm, as well as a large amount of its precursor protein (pre-
PBP) in cytoplasm (30). We utilized this overproduction
system for preparation of the PBP and pre-PBP to be used
for the present studies on the primary structure of the
proteins. Since phoS constitutes the pho regulon, together
with phoA and phoE, which are under common positive
regulation by the phoB gene product (4, 34, 39, 45, 46), it is
of interest to compare the structures of the regulatory
regions of these genes to find a common feature underlying
the pho regulon.

MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli ANCC75 (leu purE

trp his argG rpsL phoS64 metA or metB thi) carrying plasmid
pSN518 (for DNA sequencing) or pSN5182 (for preparation
of PBP and pre-PBP) was used. Both plasmids carry the
functional phoS gene of E. coli K-12 and were described
previously (1, 30).
Enzymes and chemicals. Restriction enzymes used in this

study were purchased from New England Biolabs, Inc., or
Takara Shuzo Co., Ltd. T4 polynucleotide kinase was
purchased from Takara Shuzo Co., Ltd. Each enzyme
reaction was performed as recommended by the suppliers.
Tolylsulfonyl phenylalanyl chloromethyl ketone-trypsin (3 x
recrystallized) was purchased from Worthington Diagnos-
tics, and Staphylococcus aureus V8 protease was from Miles
Laboratories. Chemicals used for sequencing proteins were
analytical grade. [_-32P]ATP (specific activity, 3 Ci/nmol)
was purchased from Amersham Japan Co., Ltd.

Preparation of PBP and pre-PBP. PBP was prepared as
described previously (30). For preparation of pre-PBP, the
conditions for growing cells and the cold osmotic shock
procedure were described previously (30). Starting from 1.2
cell culture, the cellular fraction, from which the periplasmic
proteins had been removed by cold osmotic shock, was
washed once in 200 ml of membrane buffer (10 mM Tris-
hydrochloride [pH 8.5], 5 mM EDTA, 5 mM 2-mercaptoeth-
anol) (40) containing 0.2 M KCl. It was suspended in 30 ml of
the same buffer containing 0.2 M KCl and 1% (vol/vol)
Triton X-100 and sonicated. The cell debris and undisrupted
cells were removed by centrifugation at 7,000 x g for 10 min.
The supernatant was then centrifuged at 105,000 x g for 2 h.
The precipitate was suspended in 30 ml of the same buffer
and sonicated. The final suspension was solubilized by
adding sodium dodecyl sulfate (SDS; final concentration of
1%), and then it was dialyzed against 0.1% SDS. It was
applied on a Sephadex G-100 column (2 by 45 cm) previously
equilibrated with 0.1% SDS. The proteins were eluted with
0.1% SDS. Each fraction was assayed by SDS-polyacryl-
amide gel electrophoresis, and the pre-PBP fractions were

collected. Pre-PBP thus obtained (about 3.5 mg of protein in
7 ml of buffer) was lyophilized, dissolved in 70% formic acid
(2 ml), and dialyzed against the formic acid several times to
remove the SDS (10). The dialyzed protein gave a single
band by electrophoresis on SDS-polyacrylamide gel and was

lyophilized (3 mg).
Amino acid analyses. Amino acid analyses were performed

on a Hitachi KLA-5 amino acid analyzer after hydrolysis of
the protein samples in 4 M methanesulfonic acid with 0.2%
indolethylamine (41) at 110°C for 24 h. For determination of
amino acid composition of PBP, the analysis was also

performed for 48- and 72-h hydrolysates. Peptides separated
by high-pressure liquid chromatography were analyzed with
a Hitachi 835S amino acid analyzer after they were hydro-
lyzed in 6 M HCI at 110°C for 24 h.

Protease digestion of PBP and separation of peptide mixture
by reverse-phase high-pressure liquid chromatography. PBP
(1.5 mg) was digested with tolylsulfonyl phenylalanyl chloro-
methyl ketone-treated trypsin (the ratio of substrate to
enzyme was 100:1, by weight) in 1% NH4HCO3 (1 ml) at 37°C
for 6 h. After being heated at 100°C for 10 min to inactivate
the trypsin, the digest was further incubated with S. aureus
V8 protease (the ratio of substrate to enzyme was 50:1, by
weight) at 37°C overnight. Peptide mixture thus obtained
was lyophilized, dissolved in 0.1% trifluoroacetic acid (100
,ul), and chromatographed on a Toyo Soda LS-410K reverse-
phase column (0.4 by 30 cm). Chromatography was per-
formed by increasing linearly the concentration of acetoni-
trile from 0 to 60% in 0.1% trifluoroacetic acid for 1 h at 37°C
with a Yanaco L-2000 liquid chromatograph, which was
equipped with a M215 variable wavelength UV detector, a

TABLE 1. Amino acid composition of PBP and pre-PBP
PBP pre-PBP'

Amino
acid Amino acid From DNA Amino acid From DNA

analysisb sequence analysis' sequence

Lys 31.0 31 32.0 32

His 1.0 1 3.2 1

Arg 4.2 4 10.2 5

Trp 8.0 8 7.1 8

Asp 36.6 20 37.7 20
Asn 17 17

Thr 20.4c 21 22.7 25

Ser 18.7c 19 19.2 22

Glu 28.8 15 33.3 15
Gln 14 14

Pro 17.1 15 15.6 15

Gly 33.5 34 36.4 34

Ala 35.0 35 40.0 40

Cys 0 0 0 0

Val 23 0d 22 26.8 27

Met 0 0 4.8 3

Ile 16 0d 17 17.6 17

Leu 24.2 24 29.1 25

Tyr 12.0 12 11.9 12

Phe 12.5 12 14.0 14
a Values listed are from one determination.
b Calculated by assuming the number of lysine residues as 31 for

PBP and as 32 for pre-PBP.
c Corrected for destruction during hydrolysis.
d Values are from a 72-h hydrolysate.
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FIG. 1. Reverse-phase chromatography of protease digest of PBP. Peptides obtained by successive digestion of PBP with trypsin and

staphylococcal protease were chromatographed on a Toyo Soda LS410K column (0.4 by 30 cm). Conditions for chromatography were

described in the text. One-fifth of the eluent collected for each peak was submitted to amino acid analysis. The peaks with boxed numbers
contained peptides whose amino acid sequence was analyzed by Edman degradation.

TABLE 2. Amino acid sequences of 13 peptides obtained from PBP by successive digestion with trypsin and S. aureus V8 protease
No. of residues

Peak no. Amino acid sequence' Yield in the primary
(%) structure of

PBP

15 Leu Asn Pro Gly Leu Lys 70.8 119-124
16 Val Asn Glu Glu Trp Lys 15.6 152-157
17 Trp Ala Asp Thr Tyr Gln Lys 71.8 19-25
21 Lue Ile Ser Ala Asp Gly Lys Pro Val Ser Pro Thr Glu Glu 91.0 209-223
23 Thr Phe Ala Gln Asp Leu Thr Asn Gln Lys 24.2 236-245
24 Leu Pro Ser Gln Asn Ile Ala Val Val Arg 55.6 125-134
25 Thr Val Asp Phe Giy Ala Ser Asp Ala Pro Leu Ser Asp Glu 34.6 49-66

Lys Leu Ala Gln
26 Tyr Ala Ser Leu Pro Asp Ser Val Val Glu 50.8 293-302
27 Gly Asn Asp Gly Ile Ala Ala Phe Val Gin Arg 80.0 176-186
29 Thr Leu Gly Asp Ile Tyr Leu Gly Lys 62.0 99-107
30 Leu Pro Gy Ala Ile Gly Tyr Val Glu 30.4 187-195
31 Glu Ala Ser Leu Thr Gly Ala Gly Ala Thr Phe Pro Ala Pro 83.4 1-18

Val Tyr Ala Lys
35 Phe Phe Asp Trp Ala Tyr Lys 61.2 276-282

a Amino acids determined by Edman degradation are shown by underlining.
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FIG. 2. (a) Restriction map of E. coli chromosomal DNA fragment carried on plasmid pSN401 (1). The restriction sites on the 3.6-kb
HindIll fragment were not examined. The gene order located in this region was indicated (see the text). (b) Plasmid pSN518, in which the
HindIII, MluI, and PstI fragments of pSN401 were deleted. (c) Plasmid pSN5182, in which the MluI-EcoRl fragment ofpSN518 was removed,
and the protruding single-stranded ends were filed and ligated. The ligated sequence generated a new EcoRI site indicated by the asterisk.

2000G solvent programmer, and a Rhenohyne sample injec-
tor (100 ,ul). The flow rate as I ml/min. Peptides were
detected by monitoring absorbance at 215 nm, and the eluent
peaks were collected manually.

Determination of amino acid sequence. The N-terminal
amino acid sequences of PBP (50 nmol) and pre-PBP (10
nmol) were determined by manual Edman degradation (12).
A smaller amount of samples (5 to 13 nmol) was used for
partial sequencing of peptides obtained by protease diges-
tion. The C terminus of PBP (25 nmol) was determined by
hydrazinolysis.
Amino acid phenylthiohydantoins were identified by a

modification of the method of Zimmerman et al. (49) with a
Zorbax CN column (0.46 by 25 cm), a buffer system of
methanol-acetonitrile (85:15) and sodium acetate, and an
eight-channel stepwise elution system.

Purification of plasmid DNA. Plasmid DNA was purified
from strain ANCC75 (pSN518) by the cleared lysate proce-
dure, followed by cesium chloride-ethidium bromide centrif-
ugation (24).
DNA sequencing. Plasmid pSN518 DNA was purified and

digested with the restriction endonucleases PstI and MlilI.
The resultant fragments were separated by electrophoresis
on a 3.5% (wt/vol) polyacrylamide gel, and the 1.5-kilobase
(kb) DNA fragment was extracted from the gel by electroelu-
tion. Nucleotide sequences were determined according to
the method of Maxam and Gilbert (27).
Computer analysis. Computer analysis of the DNA se-

quence was performed by using the programs developed by
Staden (43), modified by Kuhara et al. (23).

RESULTS
Determination of partial amino acid sequences of PBP and

pre-PBP by Edman degradation. Amino acid compositions of
PBP and pre-PBP are presented in Table 1. The values
obtained by amino acid analysis of PBP are mostly consis-
tant with those calculated from DNA sequencing data. In
pre-PBP, a discrepancy in the values obtained by the above
two analyses is found for arginine, histidine, glutamic acid,
methionine, and leucine. This may be due to contamination
by a proteinacious material(s) which was difficult to remove
by reverse-phase high-pressure liquid chromatography from
pre-PBP solubilized with detergent. However, since the N-

terminal eight amino acid residues were unequivocally deter-
mined by Edman degradation, the amount of contaminant
appears to be very small. A comparison of the amino acid
compositions of the mature and precursor proteins shows
that all three methionine residues in pre-PBP are present in
the signal peptide because PBP lacks this amino acid.
The amino acid sequence determined by direct Edman

degradation of pre-PBP was Met-Lys-Val-Met-Arg-Thr-(X)-
Val-Ala. Although the amino acid in parentheses was not
identified, the elucidation of this sequence was critically
important in determining the translational initiation site of
the phoS gene. Accordingly, we concluded that the ATG
which is five nucleotides downstream of a possible ribo-
some-binding sequence (AGGAG) is the translational initia-
tion site.
Edman degradation determined the N-terminal 21 amino

acids of PBP, except for the four unidentified residues: Glu-
Ala-Ser-Leu-Thr-Gly-Ala-Gly-Ala-(X)-Phe-(X)-Ala-(X)-Val-
Tyr-Ala-Lys-(X)-Ala-Asp. This amino acid sequence is iden-
tical to that deduced from the DNA sequence of the phoS
gene.
The protein was successively digested with trypsin and S.

aureus V8 protease, which cleave preferentially at arginine-
lysine and glutamic acid-aspartic acid, respectively, and the
digest was fractionated on a reverse-phase high-pressure
liquid chromatography column (C18) (Fig. 1). Among about

PstI
BstNI
DdeI
HaeI
Hpa I
HpaI
Hinf I
Mboll
TaqI
ThaI

1 500 1000 MIuILL

.- -.

FIG. 3. Restriction nuclease map and sequencing strategy of the
PstI-MluI 1.5-kb fragment. The arrows indicate the extent of the
nucleotide sequence determined and are aligned in 5' -* 3' direction.

I I .
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-270
TGTTTTTAATCAAACATCCTGCCAACTCCATGTGACAAACCGTCATCTTCGG ACTTTCTCTGTCACAGAATGAAAATTTTTCTGTC

-180

ATCTCTTCGTTArTAATGTTGTAATTGACTGAATATCAACGCTTATTTAAATCAGACTGAAG,ACTTTATCTCTCTGTCATAAACTGTC
-90
,,, , . * * ~~~~~~~~~~~~100000i

ATATTCCTTACATATAACTGTCACCTGTTTGTCCdTSCTTCTCGTAGCCAACAAACAATGCTTTATGAATCCTCCCGGXGACATT

ATGAAAGTTATGCGTACCACCGTCGCAACT6TTGTCGCCGCGACCTTATCG6ATGAGTGCTTTCTCTGTGTTTGCAGAAGCAAGCCTGACA
MetLassValMetArgThrThrValAlaThrValValAlaAlaThrLeuSerMetSerAlaPheSerValPheAlaGl.uAl SerLeuTh

[-25]
91

GGTGCAGGTGCAACCTTCCCTGCGCCGGTGTATGCCAAAT6GGGCTGACACGTACCAGAAA6AAACCGGTAATAAAGTTAAMTACCAGGGT
GlyAlaG,'lyAlaThrPheProAlaProValTyrAlaLysTrpAlaAspThrTyrGlnLysGluThrGlyAsnLysValAsnTyrGlnGly

(31) (17) [35]
181 (1

ATCGGTTCTTCCGGTGGCGTAAAACAGATTATCGCTAATACCGTTGATTTTGGTGCCTCTGACGCGCCGCTGTCTGACGAAAACTGGCT
IleGlySerSerGlyGlyValLysGlnIleIleAlaAsnThrValAspPheGlyAlaSerAspAlaProLeuSerAspGlul,ysLeuAla

[65]
271

I * 1 1 * . . . I

CAGGAAGGTCTGTTCCAGTTCCCGACCGTGATTGGCGGCGTGGTGCTGGCGGTTAACATTCCAGGGCTGAAGTCTGGCGMCTGGTGCTG
GlnGluGlyLeuPheGlnPheProThrValIleGlyGlvValValLeuAlaValAsnIleProGlvLeuLysSerGlyGluLeuValLeu
(25) [95]

361

GATGGTAAAACCCTCGGCGACATCTACCTGGGCAAAAIAAGAAG'GGGATGATGAAGCCATCGCCAAACTGAATCCGGGTCTGAAACTG
AspGlyLysThrLeuGlyAspIleTyrLeuGlyLysIleLysLysTrpAsnAspGluAlaIleAlaLvsLeuAsnProGlyLeuLysLeu

(29) (15) [125]
451
CCTTCACAAAACATTGCTGTAGTACGCCGCGCAGATGGCTCCGGGACTTCCTTCGTCTTCACCAGCTACCTGGCGAAAGTGMCGAAGAG
ProSerGlnAsnIleAlaValValArgArgAlaAspGlySerGlyThrSerPheValPheThrSerTyrLeuAlaLvsValAsnGluGlu

(24) [155]
541
TGGAAAAACAACGTTGGTACTGGCTCTACCGTAAAATGGCCGATCGGTCTGGGCGGTAAAGGTMCGACGGTATCGCCGCGTTCGTTCAG
TrpLysAsnAsnValGlyThrGlySerThrValLysTrpProIleGlyLeuGlyGlyLysGlyAsnAspGlyIleAlaAlaphevalGln

(16) [185]
631

CGTCTGCCGGGTGCAATTGGTTATGTTGAATATGCTTACGCGAAGGAACAACCTGGCGTACACCAAACTGATCTCCGCTGATGGTAAA
AgLeuProGlyAlaIleGlyTyrValGluTyrAlaTyrAlaLysGlnAsnAsnLeuAlaT,7rThrLysLeuIleSerAlaAspGlyLys
(27) (30) [215]
721

I I I I I I I I I

CCGGTTAGTCCGACCGAAGAAAACTTCGCTAATGCAGCAAAAGGTGCAGACTGGAGCAMACCTTCGCTCAGGATCTGACCAACCAGAAA
ProValSerProThrGluGluAsnPheAlaAsnAlaAlaLysGllyAlaAspTrpSerLysThrPheAlaGlnAspLeuThrAsnGlnLys

(21) (23) [245]
811

GGCGAAGATGCATGGCCTATTACCTCTACCACGTTCATTCTGATCCACAAAGATCAGAAGAAACCAGAACAAGGCACAGAAGTGCTGAAA
GlyGluAspAlaTrpProIleThrSerThrThrPheIleLeuIleHisLysAspGlnLysLysProGluGlnGlyThrGluValLeuLys

[275]
901

I . . . . . . . I

TTCTTCGACTGGGCGTACAAAACCGGGGCTAAACAGGCGAACGACCTGGATTACGCCAGCCTGCCGGATAGTGTAGTTGAACAGGTTCGC
PhePheAspTrpAlaTyrLysThrGlyAlaLysGlnAlaAsnAspLeuAspTvrAlaSerLeuProAspSerValValGluGlnValArg

(35) (26) [3051
991

GCTGCGTGGAAGACCAATATTAAAGACAGTAGCGGTAAGCCGCTGTACTAATAAAACTCCAGGCCGGGTACGGTGTTTTACGCCGCATCC
AlaAlaTrpLysThrAsnIleLysAspSerSerGlyLysProLeuTyr

[321]
1081

GGCATTACAAAATGACTTTGTAAACGCGT

FIG. 4. DNA nucleotide sequence of the phoS gene and primary structure of its product, the PBP. The nucleotides are numbered taking
the first nucleotide of the translational initiation codon as 1. The amino acids are numbered taking the N-terminal amino acid of the mature
protein as [1]. Three possible promoters are boxed. Open circles represent the ribosome-binding site (Shine-Dalgarno sequence). The
analyzed amino acid sequences of the N termini in the mature protein and its precursor protein are denoted by arrows. The analyzed 13
polypeptides that appear in Table 2 are underlined, and the peptide numbers are in parentheses.
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FIG. 5. Possible secondary structure of the mRNA in the 3' end

noncoding region of the phoS gene. Numbers of the corresponding
nucleotides in the DNA sequences in Fig. 4 are indicated.

40 peaks produced, 13 were shown to be pure by amino acid
analysis, and their amino acid sequences were examined.
The result of the sequence analysis is summarized in Table 2.
The structures of all 13 peptides deduced from the data
obtained by Edman degradation and amino acid composition
analysis are found in various regions of the primary structure
of PBP deduced from the nucleotide sequence of the phoS
gene. Additionally, hydrazinolysis (32) gave tyrosine as the
C terminus of PBP. The results obtained by protein sequenc-
ing are consistent with those obtained by DNA sequencing in
all respects.

Physical localization of the phoS gene. A chromosomal
DNA fragment which carries the phoS gene has been cloned
on pBR322, and localization of the gene on the cloned 11.5-
kb EcoRI DNA fragment was determined by constructing
various deletion derivatives of pSN401 (1, 30). The restric-
tion nuclease map of the phoS gene and the neighboring
genes related to the pho region is shown in Fig. 2. The
functional phoS region was located within the 1.5-kb Pstl-
MluI DNA fragment, since both plasmids pSN518 and
pSN5182 complemented phoS mutants and the DNA frag-
ment carried on them directed synthesis of both pre-PBP and
PBP which was under phosphate regulation (30). The tran-
scriptional and translational direction of the phoS gene was
determined by constructing phoS'-'lacZ gene fusions and
was found to be counterclockwise on the standard circular
E. coli genetic map (Fig. 2). (M. Amemura et al., unpub-
lished data).
DNA nucleotide sequence. Using the chemical method of

Maxam and Gilbert (27), we determined the complete nucle-
otide sequence of the regulatory and protein-coding regions
of the phoS gene. The PstI-MluI 1.5-kb fragment carried on
pSN518 was used for the nucleotide sequencing. The restric-
tion nuclease map and the sequencing strategy are shown in
Fig. 3. In this figure, the adenine of the first methionine
codon (ATG) of the pre-PBP is numbered as 1 (see below).
The sequence of the regulatory region (nucleotides -1 to
-300) was determined for both strands or for only one of the
strands but with different overlapping fragments so that they
can cover each region at least twice. All the restriction
nuclease sites used for sequencing were determined by using
overlapping fragments so that no information was lost as a
result of small restriction fragments being unnoticed. The
established DNA nucleotide sequence is shown in Fig. 4.

The DNA sequence contains two open translation reading
frames whose directions are opposite. One of the open
reading frames is initiated from the site in the downstream
region not shown in Fig. 4 and ends at nucleotide 454. The
second coding frame (nucleotides 1 through 1,038), which
codes for a polypeptide with 346 amino acid residues and a
molecular weight of 37,030, is preceded by a typical ribo-
some-binding sequence (AGGAG). From the reported mo-
lecular weight of pre-PBP (39,000 [30]) and the direction of
transcription, the second open reading frame most likely
codes for pre-PBP.

This is firmly established by the complete matching of the
amino acid sequences in amino-termini of PBP and pre-PBP,
and an amino acid in the carboxy end of PE3P actually
determined (see above).
Regulatory sequences and transcription of phoS. Three

possible RNA polymerase binding sequences (TANNNT)
(19), which are known as Pribnow boxes, can be found
(nucleotides) -56 to -51, -167 to -162, and -217 to -212)
in the region (nucleotides -1 to -250) preceding the transla-
tional start point (Fig. 4). Sixteen nucleotides upstream of
the third possible Pribnow sequence (TACTTT, nucleotides
-217 to -212), a possible RNA polymerase recognition site
(GTGACA, nucleotides -239 to -234) is found. But at the
appropriate positions preceding the other two Pribnow con-
sensus sequences, no RNA polymerase recognition se-
quence is found.
When we looked for the possible transcription termination

signal ofphoS in the nucleotide sequence, a region ofmRNA
corresponding to the sequence of the 3' end noncoding
region was found to be able to form a rather stable stem-and-
loop structure with AG = -17.4 kcal (-72.8 kJ) (7, 44)
(nucleotides 1,053 to 1,083) (Fig. 5). Since the phoT gene,
which is located immediately downstream of the phoS gene,
possesses its own promoter and is transcribed in the same
direction as the phoS gene (see below), the phoS gene should
have the transcription termination signal downstream of the
coding region. It is likely that this stem-and-loop structure
can serve as a termination signal of the phoS transcription
(36). However, this RNA stem-and-loop structure is not
followed by polyuridylate sequence, which is a well-known
feature of rho-independent terminators.

DISCUSSION
Common features of the regulatory region of the pho genes.

The expression of the phoS gene, as well as the phoA and
phoE genes, is under the positive control of the phoB gene
product (4, 34, 39, 45, 46). Therefore, these genes may have
a common feature in their promoter-operator regions, with

phoS
-106 -56

CTGTCATAAAACTGTCA--- 33 bp---TATTTT
-80 -28

phoA CTGTCATAAAGTTGTCA---35 bp---TAATGT

-99 -47
phoE CTGTAATATATCTTTAA---35 bp---GACTCT

CTGTcATAaA-cTgTcA Pribnow
sequence

FIG. 6. Homologies in the nucleotide sequences of the regula-
tory regions of phoS, phoA (20, 21), and phoE (33). The first
nucleotide preceding the translational initiation codon is numbered
as -1 for each gene. In the last line, common nucleotides shared by
the three genes are shown by capital letters, and common nucleo-
tides shared by the two genes are shown by lower-case letters.
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phoA GTGAAACAAAGCACTATTGCACTGGCACTCTTACCGTTACTGTTTACCCCTGTGACAAAAGCC
M4etLNsGlnSerThrIleAlaLeuAlaLeuLeuProLeuLeuPheThrProValThrLysAla

phoE ATGAAAAAGAGCACTCTGGCATTAGTGGTGATGGGCATTGTGGCATCTGCATCTGTACAGGCT
MetLysLysSerThrLeuAlaLeuValValMetGlyIleValAlaSerAlaSerValGlnAla

phoS ATGAAAGTTATGCGTACCACCGTCGCAACTGTTGTCGCCGCGACCTTATCGAmGAGTGCTTTCTCTGTGTTTGCA
MetLvsValMetArgThrThrValAlaThrValValAlaAlaThrLeuSertletSerAlaPheSerValPheAla

FIG. 7. Comparison of the signal sequences and the corresponding nucleotide sequences of the three pho regulon genes. Two N-terminal
amino acids and one amino acid at the C end of the signal peptides are identical in the three gene products (double underlined). Dipeptides
found in any of the two proteins are underlined. The data about phoA (20, 21) and phoE (33) were previously reported.

which the phoB gene product interacts. To obtain further
information about sequences possibly involved in the regula-
tion, the 200-nucleotide sequence ofphoS before the transla-
tion starting point was compared with those of phoA and
phoE (20, 21, 33). A remarkable common sequence
(CTGTCATAAA-TGTCA, nucleotides -106 to -90 in
phoS and -80 to -64 in phoA, respectively) was found in
both the phoS and phoA genes (Fig. 6). In each gene, the
sequence is followed by a sequence homologous to the
Pribnow box (19, 36) at a distance of about 35 nucleotides
(TATTTT, nucleotides -56 to -51 in phoS; TAATGT,
nucleotides -28 to -23 in phoA). In the phoE gene, a similar
sequence (CTGTAATATATCTTTAA, nucleotides -99 to
-83) had also been detected. In addition, a sequence
(GACTCT, nucleotides -57 to -52) weakly homologous to
the Pribnow box exists 35 nucleotides downstream of this
sequence (Fig. 6). It is possible that this homologous se-
quence interacts with the phoB gene product. It should be
mentioned that in the regulatory region of the phoS gene,
three repetitive sequences (CTGTCATA) were also detected
(Fig. 4).
Overbeeke et al. (33) pointed out three regions of homolo-

gous nucleotide sequence in the regulatory regions of phoA
and phoF. However, when we include the regulatory region
ofphoS for comparison, the regions either have less homolo-
gy or their relative distance to the presumptive Pribnow
boxes are quite different. Further work should be done
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before we can make significant conclusions about the com-
mon regulatory mechanism shared by the genes belonging to
the pho regulon. To correlate the function and the structure
in the regulatory region of the pho genes, isolation and
sequence analyses of more regulatory mutants of phoS,
phoA, and phoE may be required. We are preparing in vitro
transcription experiments, using the phoS and the phoA
genes cloned on the vectors as templates, to see the stimula-
tory effect of the PhoB protein. This line of experiments may
contribute to the understanding of the regulatory mechanism
of the pho regulon.

Signal peptide of PBP. The amino terminus of pre-PBP
possesses an extra 25-amino-acid-long peptide, as compared
with the mature PBP (Fig. 4 and 7). This amino acid
sequence has common characteristics with those of other
bacterial signal peptides (13, 18). The amino-terminal region
is basic with lysine and arginine (residues -24 and -21).
There is a stretch of hydrophobic amino acids (residues -15
to -10). The residue at the cleavage site (residue -1) is
alanine. This sequence is consistent with the loop model
proposed by Halegoua and Inouye (18). The signal sequence
of PBP was compared with those of APase and the PhoE
protein (Fig. 7). Although considerable homology between
the signal peptides of APase and the PhoE protein is seen,
the signal peptide of PBP has less homology with them.

Structure and function of PBP. Distribution of hydropho-
bic and hydrophylic portions in the primary structure of PBP

SEQUENCE NUMBER
FIG. 8. Hydropathy profile of pre-PBP. Hydropathic values were calculated at a span setting of 8. The dashed line denotes the average

hydropathic value.
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and pre-PBP was examined based on the hydropathy index
of amino acids estimated according to Kyte and Doolittle
(25) (Fig. 8). A more hydrophobic portion than the signal
peptide, which is also highly hydrophobic, is found in the
internal portion around Val at position 80. Some structural
roles in the formation and stability of active conformation
are suggested for this hydrophobic core of PBP, which
contains no disulfide bonds. It has been shown that arginine
residues have an important role in enzymes that act on

phosphate-containing substrates (2, 31, 38). Among the four
arginine residues of PBP, two consecutive arginine residues
are localized at positions 109 and 110. Therefore, they could
play an important role in the binding of phosphate. Although
at the present stage we can only speculate on the structure of
PBP in terms offunction in phosphate binding, the hyperpro-
duction strain of PBP (30) provides us easy access to the
preparation of a large amount of PBP. Furthermore, we are

currently conducting physicochemical studies on PBP to
elucidate its conformation.
A cluster of the pho genes in the vicinity of phoS. Several

APase constitutive mnutants (phoS and pho7) and phosphate-
transport-defective (pstA and pstB) were isolated and
mapped at 84 min on the E. coli genetic map in the vicinity of
phoS (5). There was confusion about the cistrons and
operons in this region and their relative orders (9, 26). We
examined the phoS21 strain, which was studied by Cox et al.
(9). The results obtained from the complementation tests
with hybrid plasmids carrying DNA fragments in this region
suggest that the phoS21 strain is a double mutant, with one
mutation in the phoS gene and another either in pstB or phoT
having a polar effect on pstB expression (data not shown).
We speculate that the double-mutant nature of this strain
misled Cox et al. (9) to conclude that phoS and pstA are parts
of an operon, in which pstA is proximal to the promoter. Our
previous work (1, 30) and the present work unequivocally
show that the phoS gene possesses its own promoter and
constitutes a single cistron operon. Evidence obtained by
complementation tests with the hybrid plasmids carrying
DNA segments of the phoS-phoU region and fine physical
mapping by Tnl000 insertion inactivation suggest that phoT
and pstA are allelic, and phoT and pstB constitute an operon
in which phoT is upstream of pstB (Nakata et al., manuscript
in preparation). It is also suggested that the phoU gene

comprises another operon and the direction of transcription
is counterclockwise on the standard genetic map (Nakata et
al., in preparation). The gene order and the transcriptional
direction of some of the genes in this region are shown in
Fig. 2.
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