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We cloned the cryptic phn operon of a K-12 strain, phn(EcoK), and analyzed the nucleotide sequence of the
phn region (11,672 bp). An mRNA start site upstream of thephnC gene was identified by S1 nuclease mapping.
The pho regulon activator PhoB protects a pho box region near the mRNA start in DNase I footprinting and
methylation protection experiments. The sequence of the cryptic phn(EcoK) operon was very similar to that of
the functional phn operon of an Escherichia coli B strain, phn(EcoB) (C.-M. Chen, Q.-Z. Ye, Z. Zhu, B. L.
Wanner, and C. T. Walsh, J. Biol. Chem. 265:4461-4471, 1990). The phnE(EcoK) gene has an 8-bp insertion,
absent from the phnE(EcoB) gene, which causes a frameshift mutation. The spontaneous activation of the
cryptic phn(EcoK) operon is accompanied by loss of this additional 8-bp insertion. Studies of the structure,
regulation, and function of the phn region suggest that the phosphate starvation-inducible phn operon consists
of 14 cistrons from phnC to phnP.

The Escherichia coli phn locus contains the genes respon-

sible for the use of phosphonate (Phn), including the gene for
carbon-phosphorus (C-P) lyase. The phn locus in the K-12
strain was originally identified as a phosphate starvation-
inducible gene, psiD, by constructing and analyzing Mudl
(bla lacZ) fusions, and it was renamed phn when it was

found that the insertion of the Mu phage into the psiD locus
made the strain unable to grow in a medium containing
methylphosphonic acid (MPA) as the sole phosphorus
source (26, 28). As expression ofphn (psiD) is induced by Pi
starvation and requires the phoB function, phn is a member
of the phosphate (pho) regulon (26, 29). The phn function of
the wild-type K-12 strains, phn(EcoK), is cryptic because
K-12 strains in media that contain MPA as the sole phos-
phorus source begin to grow only after prolonged incuba-
tion. However, cells adapted to the MPA medium start to
grow without the lag period. In a previous study, although
the activating mutation near or in the phn genes enabled the
cells to use MPA as a phosphorus source, no gross structural
change between cryptic and functional phn(EcoK) was de-
tected (26). The phn operon in E. coli B strains, phn(EcoB),
is functional, and the complete nucleotide sequence of
phn(EcoB) has been analyzed (7). phn(EcoB) includes the
genes that encode a binding protein-dependent transport
system and C-P lyase (7, 26, 27).
To analyze the primary structure of phn(EcoK), which is

regulated by the pho system, and analyze the cryptic nature
of phn(EcoK) by comparing the nucleotide sequence with
that ofphn(EcoB), we cloned phn(EcoK) into a plasmid and
analyzed the DNA sequence. We found three tandem re-

peats of an 8-bp sequence in phnE of strain K-12, instead of
the two copies of the sequence that are found in the
functional phnE gene of B strains. Functional mutants that
used MPA as the sole phosphorus source and were derived
from the cryptic strain had a deletion of one copy of the
repeated sequence in the phnE locus.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophage. E. coli
SE5000 [F- araD139 A(argF-lac)U169 rpsL150 relAl deoCI
ptsF25 rbsRflbB5301 recA56] was used for isolation of phage
XplacMu53-inserted phn mutants (4). MV1184 (25) was used
as the host strain for pUC118-derived plasmids. pUC9 (24)
and pUC118 (25) were used as the cloning vectors. pMC1403
(6) and pKK232-8 (5), which carry the promoterless lacZ and
cat genes, respectively, as reporter genes, were used for
assaying promoter activities. An M13-derived phage,
M13KO7 (25), was used for production of phage particles
containing single-stranded DNA by superinfection of the
cells carrying pUC118-derived recombinant plasmids.
Bacteriophage XplacMu53 [immA 'trp'-'lacZ+Ilac Y+/lacA'
'uvrD' Xho::Mu(cIts62ner+A+ 'S)] was used for construct-
ing operon fusions in vivo (4). SE5000 and XplacMu53 were
kindly supplied by E. Bremer. The lambda phage clones of
the ordered genomic library of E. coli were kindly supplied
by Y. Kohara.
Media and enzyme assay. Luria-Bertani (LB) liquid me-

dium, LB agar plates, and Tris-glucose (TG) medium sup-
plemented with excess Pi (HP) or limiting Pi (LP) were
described previously (2). The Phn phenotype of the bacteria
was tested by examining their ability to grow on TG medium
supplemented with 500 ,uM MPA. To detect P-galactosidase
(P-Gal) activity of the colony, 40 ,ug of 5-bromo-4-chloro-3-
indolyl-3-D-galactopyranoside (X-Gal) per ml was added to
agar plates (20). The activities of p-Gal and chloramphenicol
acetyltransferase (CAT) in the cultured cells were assayed as

described previously (11, 20).
DNA manipulation. Standard recombinant DNA methods

were used (8, 17). The DNA fragments with various dele-
tions in one end of the cloned DNA were prepared by
exonuclease III and mung bean nuclease treatment. The
nucleotide sequence of DNA was analyzed by the dideoxy-
chain termination method (22) using single-stranded M13
DNA as the template. Restriction enzymes, exonuclease III,
mung bean nuclease, phage T4 DNA ligase and polymerase,
and M13 DNA sequencing kits were purchased from Takara
Shuzo Co., Ltd. (Kyoto, Japan).
DNase I footprinting and methylation protection and anal-
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ysis of transcripts. DNase I footprinting, DNA methylation
by dimethyl sulfate, and nuclease Si mapping of the in vivo
transcripts were done as described previously (14, 15).
Purification of PhoB and PhoR1084 proteins and phosphor-
ylation of PhoB by PhoR1084 in the presence of ATP were
done as described previously (14).

Radioisotopes and DNA hybridization. [at-32P]dCTP (>400
Ci/mmol) and [y-32P]ATP (>5,000 Ci/mmol) were purchased
from Amersham, Tokyo, Japan. DNA probes for Southern
hybridization were labeled by nick translation (21) and used
for plaque and Southern hybridization experiments (23).

Nucleotide sequence accession number. The entire nucleo-
tide sequence of the phn region (11,672 bp) has been submit-
ted to the DDBJ, GenBank, and EMBL nucleotide sequence
data bases under accession number D90227.

RESULTS AND DISCUSSION

We have cloned the entire phn operon of a K-12 strain into
a plasmid in three steps. First, we isolated phn mutants in
which the phn operon was inactivated by integration of a
mutagenic phage, AplacMu53. Second, DNA fragments con-
taining parts of the phn operon of the phage-lysogenized
strains were identified by using the lacZ DNA fragment as a
hybridization probe and cloned by ligation with the 'lacZY
gene and reconstruction of functional lacZY. Finally, the
entire phn operon was cloned from a lambda phage clone of
the E. coli genomic library by using the DNA fragments
containing parts of the phn operon as probes.

Isolation of phn::XplacMu53 mutants. To isolate the phn
mutant strains with phn'-'lacZ operon fusions, SE5000 cells
were infected with XplacMu53, and kanamycin-resistant
colonies were selected. About 30,000 colonies were replica
plated on TGLP-X-Gal and TGHP-X-Gal plates, and 54
colonies that were Lac' on TGLP-X-Gal plates but Lac- on
TGHP-X-Gal plates were isolated. They were examined for
the Phn phenotype by testing their ability to grow on MPA as
the sole phosphorus source after prolonged incubation (28).
Three strains that did not show growth in TG-MPA medium
after 60 h of incubation were isolated. The phn operon in
these strains was likely inactivated by the insertion of the
lambda phage. The 1-Gal activities of SE5000, SE5001
(phn-l :XplacMu53), SE5010 (phn-10: :XplacMu53), and
SE5011 (phn-JJ::XplacMu53), were 0.6, 2.3, 0.5, and 1.2
Miller units, respectively, in an excess-Pi medium and 0.5,
57, 107, and 600 Miller units, respectively, in a limited-Pi
medium.

Cloning of DNA fragments that contained parts of the phn
operon. We intended to clone the DNA fragment containing
the phn'-'lacZ operon fusions. Since the DNA segment of
the MuR-'trp'-'lacZY region of XplacMu53 is identical to
that of Mudl (19) and the distance between the 5' end of
MuR, with which the phage is integrated into the chromo-
some, and the SstI site in the lacZ gene is 3.4 kb (19;
GenBank accession number M33723), the DNA fragments
with the upstream lacZ larger than 3.4 kb obtained by
digestion of the phage-lysogenized chromosomes with SstI
or with SstI and EcoRI should contain some parts of the phn
locus (Fig. 1). The chromosomal DNA was isolated from
strains SE5001, SE5010, and SE5011 and digested with SstI
or with EcoRI and SstI enzymes. Southern hybridization
analysis was done with the EcoRI-SstI segment of pMC1403
(6), which contained the 5'-end region of lacZ, as a probe.
Only one DNA band hybridized with the probe DNA in each
digest of the chromosomal DNA of each strain (data not

FIG. 1. Strategy for cloning of a chromosomal fragment contain-
ing the phage-integrated region into a plasmid. Hatched boxes
represent chromosomal DNA; thin lines represent lambda or vector
plasmid DNA; black boxes represent Mu sequences, and open
boxes represent trpA'-'lacZY. The arrow above the map indicates
the orientation of the transcription and translation of the gene with
the XplacM53 phage insertion. The EcoRI (E) and SstI (S) cleavage
sites upstream of the phage integrated site are hypothetical. Plas-
mids pMCD1, pMCD10, and pMCD11 contained the phn'-Mu-'trp'-
'lacZY fusion genes that encode active P-Gal. Apr and Kmr repre-
sent ampicillin and kanamycin resistance genes, respectively.

shown), indicating that only one copy of the phage genome
was integrated into each bacterial genome.
The EcoRI-SstI fragment that hybridized with the probe

DNA was electroeluted and ligated with pMC1403 digested
with EcoRI and SstI to reconstruct a functional lacZ gene
(Fig. 1). SE5000 was transformed with the ligated DNA, and
ampicillin-resistant (Apr) and Lac+ transformants were se-
lected on LB medium-X-Gal-ampicillin plates. The Apr
Lac' plasmids pMCD1, pMCD10, and pMCD11, recon-
structed from the chromosomal DNA of SE5001, SE5010,
and SE5011, respectively, contained 9.1-kb, 6.4-kb, and
5.4-kb EcoRI-SstI fragments, respectively. The ,B-Gal activ-
ity of SE5000 cells carrying pMCD11 was induced by Pi
starvation, but that of the cells carrying pMCD1 or pMCD10
was not (data not shown). These results suggest that the
lambda phage was inserted at different sites in the phn locus
in the three strains, and only pMCD11, but not pMCD1 or
pMCD10, carried the functional phn promoter fused with
lacZ.

Identification of the phage integration sites and cloning of
the entire phn(EcoK) operon. To clone the phn operon, we
examined the phage integration sites on the chromosome in
the three lysogenic strains. The EcoRI-SstI fragments iso-
lated from pMCD1, pMCD10, and pMCD11, which were
expected to contain parts of the phn operon, were hybridized
with the DNAs of lambda phage clones of the ordered
genomic library of E. coli constructed by Kohara et al. (12).
The DNA fragments derived from pMCD1 and pMCD10
hybridized with clones 1OH5 and 12H2, and that derived
from pMCD11 hybridized with clones 12H2 and 2C12 (Fig.
2).

Since the EcoRI-SstI fragments used for the probe DNA
contained a part of the 'trp'-'lacZ' fusion gene, they also
hybridized with clones 1OA6 and 7H10, which contained the
lacZ locus, and with clones 14C4 and 4F1, which contained
the trp locus.
The hybridization patterns of the EcoRI-SstI fragments of

these plasmids with the clones of the genomic library and the
sizes of the probe DNA fragments suggest that the lambda
phage was integrated into the sites about 1.9 kb from EcoRI,
on the 3.6-kb EcoRI1 2 fragment in SE5011, 3.0 kb from
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FIG. 2. XplacMuS3 phage insertion sites and arrangement of the phn operon on the E. coli K-12 chromosome. Hatched boxes represent

chromosomal DNA, and open boxes represent the phage-derived Mu-'trp'-'lacZ' segment. Arrowheads indicate A phage insertion sites on the
E. coli chromosome in the three strains identified by the distances between EcoRI and Sstl sites in pMCD1, pMCD10, and pMCD11. + or
- represents the inducibility of p-Gal by Pi starvation when the lacZ gene was reconstructed by recloning the EcoRI-Sstl fragment of each
plasmid into pMC1403 (6). The phnE gene in K-12 is cryptic (Fig. 3B). Thick black lines show the chromosomal segments in the lambda phage
clones of the E. coli genomic library (12).

EcoRI2 on the 8.1-kb EcoRI2 3 fragment in SE5010, and 5.7
kb from EcoRI2 on the 8.1-kb EcoRI23 fragment in SE5001
(Fig. 2). The phn operon is likely to span the two EcoRI
segments, the 3.6-kb (EcoRI1l2) and 8.1-kb (EcoRI2 3) frag-
ments. This agrees with the report (28) that the phn operon

is located around kb 4410 to 4400 on the E. coli restriction
map (12) near 93 min in the counterclockwise orientation.
The 3.6-kb (EcoRI1l2), 8.1-kb (EcoRI2 3), and 11.7-kb

(EcoRI1l3) EcoRI fragments of clone 12H2 were subcloned
into pUC9, yielding pKM1, pKM2, and pKM3, respectively,
and the Phn phenotype of the plasmids was examined. The
culture of SE5011 (phn-JJ::XplacMu53) carrying pKM3 in
TG-MPA medium became turbid after 60 h of incubation, but
those of SE5011 carrying pKM1 or pKM2 did not grow on
the medium. Thus, the 11.7-kb EcoRI fragment in pKM3 was
required for complementation of the defect in SE5011 for the
Phn function.

Nucleotide sequence of the cryptic phn(EcoK) operon. The
3.6-kb and 8.1-kb EcoRI fragments in pKM3, as well as the
fragment containing the EcoRI2 region, were subcloned into
pUC118 in both orientations, and the nucleotide sequence
was analyzed for both strands by the dideoxy-chain termi-
nation method with overlapping junctions. In the sequenced
region of 11,672 bp, 16 open reading frames (ORFs), which
are preceded by the putative promoter sequence (Fig. 3A),
were found.
The DNA sequence of the phn(EcoK) region was com-

pared with that of the phn(EcoB) region (7). Fourteen ORFs
of the phn(EcoK) region were very similar to the corre-
sponding cistrons of the phn(EcoB) region, except for the
two ORFs, orf3 and orf4, which correspond to phnE(EcoB)
(Fig. 3B). The sequence corresponding to phnA and phnB in
phn(EcoB) were not found in the sequenced 5'-end region.
These genes have been shown not to be necessary for the use
of phosphonates as the sole phosphorus source (27).

In orf3, we found three nearly identical sequences of 8 bp
that are tandemly repeated (nucleotides 2438 to 2461), but
two 8-bp repeats are found in phnE(EcoB) (Fig. 3B). One
extra copy of the sequence found in this region of K-12 alters
the downstream coding frame and generates a translation
stop codon at nucleotide 2601 which overlaps the next ORF,
orf4. Deletion of any of the 8-bp sequences from nucleotide

2439 to 2461 makes the combined deduced amino acid
sequences of the Orf3 and Orf4 regions completely identical
to that of PhnE(EcoB). We suspect that the phn(EcoK)
might have become functionally defective by the duplication
or insertion of the 8-bp sequence in phnE.

orfl6 lies downstream of the phnP gene and encodes 135
amino acids from nucleotides 11046 to 11450 (Fig. 3C). This
ORF overlaps the phnQ open reading frame in phn(EcoB) (7)
and extends beyond phnQ into downstream DNA in our
clone.
We found two GC-rich regions between phnP and orfl6

which are very similar (Fig. 3C and 4). One 42-bp sequence
(from nucleotides 10944 to 10985) is identical to 42 bp in the
noncoding region between the pstA and pstB genes (1). A
second 36-bp sequence which is similar to the 42-bp se-

quence is also similar to bases in the melR and melA
intercistronic region (30). These GC-rich sequences are
found in noncoding regions between two cistrons within an

operon or between two operons, and their transcripts could
form stem-and-loop structures. Although no function has
been proved for these sequences, they might modulate gene
expression by functioning as a transcriptional terminator or
an attenuator. Transcription of the phn operon may be
terminated around these GC-rich sequences.
Four repetitive-extracistronic-palindromic (REP) se-

quences (9) were found in the sequenced region, two be-
tween phnD and phnE (Fig. 3B) and two between phnK and
phnL. Since, to our knowledge, none of the REP sequences
has been shown to overlap coding regions, we assigned the
beginning of the coding frame of phnE to nucleotide 2034.
The phnE coding frame assigned by us is preceded by a

highly conserved ribosome binding sequence, GGAG, at an

appropriate position (Fig. 3B).
In total, 133 bases differ between the sequences of the

phn(EcoK) region (11,257 bp) and the corresponding phn(E-
coB) region, except for the extra 8 bp in phnE(EcoK). They
are summarized in Table 1. There are 105 transition-type
base substitutions and 28 transversion-type base substitu-
tions. All the base differences are in the putative coding
regions (9 bases in the first letter of the codon, 5 bases in the
second letter, and 119 bases in the third letter). The two
sequences differ mostly in the third letter, and this phenom-
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A) EcoB 4245
/ EcoK 1

pho box phnC M
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4244
100

B) EcoB 6145 .................................................................................................... 6244
EcoK 1901 GAGTTCGGTGAGTAAAGCGGTGCAGTAAATCGTAGGTCGGATAAGACGCCCCGGCGTCGCATCCGACAATGTGCAGGCGTTGATGCCGGATGCGGTGCAA 2000

S S V S K A V 0 * _

EcoB 6245.................................T. 6344
EcoK 2001 GCACCTTATCCGGCCTACAGACCGGAGCCAAACATGCAAACCATCACCATCGCCCCACCCAAGCGCAGCTGGTTCTCGCTTCTGAGCTGGGCCGTTGTAC 2100

phnE M 0 T I T I A P P K R S W F S L L S W A V V L

EcoB 6345........ ....... C. T. A C...T.............. 6444
EcoK 2101 TCGCCGTGTTGGTCGTCTCGTGGCAGGGCGCGGAAATGGCCCCGCTTACGCTGATCAAAGACGGCGGCAACATGGCGACGTTCGCCGCCGACTTCTTCCC 2200

A V L V V S W Q G A E M A P L T L I K D G G N M A T F A A D F F P

EcoB 6445
EcoK 2201 GCCCGATTTCAGCCAGTGGCAGGATTACCTCACCGAAATGGCCGTCACGCTGCAAATCGCCGTCTGGGGCACCGCGCTGGCGGTGGTTCTCTCCATCCCC

P D F S Q W Q D Y L T E M A V T L Q I A V W G T A L A V V L S I P

6544
2300

EcoB 6545 .....................................................................................................6644
EcoK 2301TTTTGGCCTGATGAGCGCCGAAAACCTGGTGCCGTGGTGGGTTTCCCAGCCCGTTCGCCGCCTGATGGACGCCTGCCGCGCCATTAACGAAATGGTCTTCG 2400

F G L M S A E N L V P W W V Y Q P V R R L M D A C R A I N E M V F A

EcoB 6645 ......................... .....A.. ...................dddddddd..A.................................... 6736
EcoK 2401 CCATGCTGTTCGTGGTCGCCGTCGGCCTCGGCCCGTTCGCTGGCGTGCTGGCGTGCTGGCGCTGTTTATCCACACCACCGGCGTGCTCTCCAAGCTGCTT 2500

M L F V V A V G L G P F A G V L A L F I H T T G V L S K L L

EcoB 6737.......... A...T..G.... 6836
EcoK 2501 TCCGAAGCGGTGGAAGCGATTGAGCCCGGCCCGGTGGAAGGCATTCGCGCCACCGGTGCCAACAAGCTCGAAGAGATCCTCTACGGCGTGCTGCCACAGG 2600

S E A V E A I E P G P V E G I R A T G A N K L E E I L Y G V L P Q V

EcoB 6837.......G......G.G.,.......... 6936
EcoK 2601 TGATGCCACTGCTGATCTCCTACTCCCTCTATCGCTTCGAATCCAACGTCCGCTCGGCGACCGTCGTCGGCATGGTCGGCGCAGGCGGGATCGGCGTCAC 2700

M P L L I S Y S L Y R F E S N V R S A T V V G M V G A G G I G V T

EcoB 6937
EcoK 2701

..............................................................................................................7036
CCTGTGGGAAGCGATTCGCGGTTTCCAGTTCCAACAAACCTGCGCCCTGATGGTGCTTATCATCGTCACGGTCAGCCTGCTGGATTTCCTCTCTCAACGG 2800
L W E A I R G F Q F Q Q T C A L M V L I I V T V S L L D F L S Q R

EcoB 7037.. 7136
EcoK 2801 TTGCGTAAGCACTTTATCTGATAAGCGAGGCATTGATATCTATGCACTTGTCTACACATCCGACCAGCTACCCAACACGCTATCAAGAGATAGCCGCAAA 2900

L R K H F I * phnF M H L S T H P T S Y P T R Y Q E I A A K

EcoB 15137 ................................... .. . . . . ... ................... .... ............. . 15236
EcoK 10901 TGGAGATTGGGGTGGCGTGATGAGAGGGAATGTGCGCGCTGG CCCTCACCCTAACCCTCTCCCCAGAGGGGCGAGGGGACCGAirTGTGCTCGATATTG 11000

E I G VA *

EcoB 15237 ............................1......................................................15336
EcoK 11001 AATATI1CGCTCGTTTTCTCCCTCTCCCCATTGGGGTGAGGG 'GATGCCTGCTCCATACCCAACCTCATCGCCCATACTCATCTTCCATTCTCCGCTCT 11100

orf16 HI P A P Y P T S S P I L I F H S P L F

EcoB 15337 .................................................................................................... 15436
EcoK 11101 TCATCCTCCAGTTGCCGACGCTCCTGATCAAGCTGGCGCTGGCGATCGTCCAGCTGCCTGCGGCGATCTTCAAACTGGCGGCGGCGGTCGTCATATTGTC 11200

EcoB 15437
EcoK 11201

EcoK 11301

EcoK 11401

EcoK 1 1 501

EcoK 11601

I L Q L P T L L I K L A L A I V Q L P A A I F K L A A A V V I L S

. . . . . . . . . ........ . .......G. . . . . . . . . .

TGCGCCGATCGTCGCTCACTTCACGCTGCCAGCCGTCGTCGCGCGAATCTTCATAGTCTCGCCCACGGTCAGGGTTATAAGCGTCATTAATCGCCTGCTG
A P I V A H F T L P A V V A R I F I V S P T V R V I S V I N R L L

AATATTGCCAATGGTGTCGTCGATAATATCGGCCTGGGCCGGaAACGTGGACAGCGTGAGCAGGGTGAATAAAAGAAATAGCGGAAAGCGTTTCATTAGCC
N I A N G V V D N I G L G R N V D S V S R V N X R N S G X R F I S Q

AACCTCAAAAAGAAACTCTATCCACATTAATCATTACTCATCCATGCAAGTAGTGGATGAATCTCAATTTCTCCGCTGCTCTATTGCCGTAATCGCCTCC
P Q K E T L S T L I I T H P C K *

ACGCGTTGTTGATGACGACCGCCTTCGTACTGTGCGCCCAGCCACGCATCCACAATCATTTTTGCCAGTTCGAGGCCAACCACTCGTGAACCAAAAGCCA

GCACGTTGGTGTCGTTATGCTGCCGCGAAAGTTGCGCGGAATAAGGTTCGCTACAGACGACCGCGCGAATTC

11300

11400

11 500

11600

11 672

FIG. 3. DNA sequence of part of the phn operon of E. coli K-12 and B. The DNA sequence of the phn(EcoK) (middle line) is compared
with that ofphn(EcoB) (top line) (7). The nucleotide numbering for K-12 starts from the EcoRI, site. Dots represent nucleotides identical in
B and K-12. The deduced amino acid sequence ofphn(EcoK) is given on the bottom line in the single-letter code. (A) 5'-end noncoding region
of the phn operon containing the promoter region. The pho box and the putative -10 regions are underlined. Triangles indicate transcription
start sites. (B) orf3 and orf4 in phn(EcoK). In orf3, repetitions of the 8-bp sequence indicated by horizontal arrows were found. Strain B lacks
one of the 8-bp units from nucleotides 2439 to 2461 (indicated with d's). Inverted half-arrows indicate REP sequences between phnD and
phnE. The putative ribosome binding site for phnE is in boldface. (C) The 3'-end region of the phn(EcoK) operon. The GC-rich regions
between phnP and orfl6 are boxed. The DNA sequence of strain B corresponding to the sequence from nucleotides 11256 to 11672 (EcoRI3
site) of strain K-12 has not been analyzed (7).

enon minimizes differences in the amino acid sequences they
code for (Table 1).
Upstream ofphnC, an 18-bp sequence, CTGTtAgtcAcJL

TaAT (the pho box [16]), which is similar to the consensus
sequence, CTGTCATA ATAC2i,27AT, shared by the pro-

moters of the pho genes, was found (Fig. 3A). Downstream
of the putative pho box with a 12-bp space, a sequence,
cAcAAT, similar to the consensus -10 sequence of many
promoters (10) is found. The space between the pho box and
the -10 sequence was always 10 bp in the pho promoters

phnP-90bp- __ - 2bp-orf6
* *** * *********** **** ******i~7

phnP-26bp-CTCCCCTAACCr Cc GAGGGGACCGA- 60bp-orf

pstA -1 8bp-CXXcCTAC CCCTCAG AGGGGACCGA-1 21 bp-pstB
~~4. ~ * ******* ******************* ___

meIR-71 bp- GTACCCTCTTCCGAGGGGCGAGGGGAC -1 78bp-melA

FIG. 4. High degrees of similarity of the GC-rich sequences in
the noncoding region between phnP and orf76 with those in the
intercistronic regions between pstA and pstB and between melR and
melA. The asterisks indicate identical nucleotides. The arrows
indicate the direction of transcription and translation in each op-
eron.

....................................................................................................

GAATTCCCGTTAACTCTTCATCTGTTAGTCA TAATTAACCAAATCGTCACAATAATCCGCCACGATGGAGCCACTTTTTTAGGGAGGCTGCATCAT
'AAAA AA
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TABLE 1. Comparison of phn(EcoK) and phn(EcoB)

No. ofa:
Locus

Nucleotides Amino acids

phnC 787 (24) 262 (4)
phnD 1,014 (29) 338 (1)
phnEb 780 (17) 260 (0)
phnF 723 (1) 241 (0)
phnG 450 (1) 150 (1)
phnH 592 (10) 194 (0)
phnI 1,062 (32) 354 (3)
phnJ 843 (15) 281 (1)
phnK 756 (0) 252 (0)
phnL 678 (1) 226 (0)
phnM 1,134 (1) 348 (1)
phnN 555 (0) 184 (0)
phnO 432 (0) 144 (0)
phnP 756 (1) 252 (0)

a Numbers in parentheses are numbers of bases or amino acids which differ
between the two strains.
bAn insertion of 8 bp in phnE(EcoK) and the 5'-end 48 bp or amino-terminal

16 amino acids in phnE(EcoB) were not included.

examined so far (16). The sequence identified at the corre-
sponding site is not similar to the consensus -10 sequence.

Identification of the pho promoter of the phn operon. The
p-Gal activity encoded by a phn'-'lacZ operon fusion in
pMCD11 was induced by Pi starvation, but when the 161-bp
EcoRI,-SphI fragment was removed from pMCD11, p-Gal
activity was no longer induced (Fig. 5). The phn promoter
that responds to the Pi concentrations in the medium should
be contained in this region.
To further analyze the regulation of the operon, the 3.6-kb

EcoRI,-EcoRI2 fragment in pMK3 and the DNA fragments
with deletions of various lengths from the 5' or 3' end of the
3.6-kb DNA were recloned into pKK232-8, a promoter-
probing vector, and the promoter activities of the cloned
fragment in the plasmids were assayed by measuring CAT
activity. The CAT activities encoded by the plasmids con-
taining the 3.6-kb EcoRI fragment or the 339-bp fragment
from the 5' end were efficiently induced by Pi starvation, but
no promoter activity was detected in the fragments lacking
276 bp from the 5' end (Fig. 5). These results indicate that
the promoter of the phn operon is located in the segment
spanning the EcoRI1 site and nucleotide 339.
PhoB protein binding site. To identify the PhoB protein

recognition sequence, the pho box, we examined the binding
of PhoB to the regulatory region of the phn operon by
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FIG. 6. Protection of the phn promoter region by PhoB from
DNase I digestion or from methylation by dimethyl sulfate. The
281-bp BbeI-TaqI fragmeht was labeled with 32P at the 5' end of the
TaqI-cleaved site for the footprinting of the transcribed strand of
phn. (A) The labeled DNA was treated with DNase I in the presence
(lane 2) or absence (lane 3) of PhoB. The ladder of the Maxam-
Gilbert A+G reaction (18) of the probe DNA is shown in lane 1. The
brackets flanked with arrows show the region that was protected by
PhoB from DNase I digestion. (B) The labeled DNA was treated
with dimethyl sulfate in the presence (lane 1) or absence (lane 2) of
PhoB and then subjected to the Maxam-Gilbert G>A reaction. The
bases protected from methylation and those with enhanced methyl-
ation are marked with arrowheads and open circles, respectively.
The nucleotide sequence shown in the middle is the sequence of the
phn regulatory region (Fig. 3A).
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of a-Gal and CAT in SE5011 (phnll::X) carrying the plasmid containing the indicated DNA fragment grown in TGHP or TGLP medium are
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per minute per optical density unit of the cell culture at 540 nm (11), respectively.
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FIG. 7. Si nuclease mapping for identification of the transcrip-
tion initiation site of the phn operon. The end-labeled 120-bp
EcoRIl-TaqI fragment was hybridized with RNA extracted from the
cells of strain SE5000 grown in TGLP medium (lane 2) or in TGHP
medium (lane 3) and then digested with Si nuclease. Lane 1 shows
the ladder of the Maxam-Gilbert A+G reaction of the probe DNA.
The nucleotide sequence of the probe is shown on the left. The
putative -10 sequences are boxed. The arrows indicate the start
sites of the transcripts estimated from the bands on the gel.

footprinting experiments (Fig. 6A). The region from nucleo-
tide 12 to nucleotide 55, which contains the putative pho
box, was protected by phosphorylated PhoB protein from
DNase I digestion. The interaction of phosphorylated PhoB
with this region was also examined by methylation protec-
tion experiments (Fig. 6B). Methylation of the purine bases
in the pho box region was either inhibited or enhanced by the
phosphorylated PhoB protein.

Analysis of an in vivo transcript. To identify the transcrip-
tion start site ofphn, RNA was extracted from SE5000 cells
carrying pKM3 that were grown in either TGHP or TGLP
medium. The S1 nuclease mapping of the transcripts was
done with the 120-bp EcoRIl-TaqI fragment (nucleotides 1 to
120) as a probe, and the sizes of the undigested DNA
fragments were estimated by comparison with the products
of the Maxam-Gilbert sequencing reaction (18) of the same
DNA fragment (Fig. 7). The in vivo transcripts of phn were
detected in RNA prepared from the cells grown in TGLP
medium but not in RNA from those grown in TGHP me-
dium. This result agrees with the fact that the transcription
of phn is induced by Pi starvation. Several DNA bands
apparently differing in length by one or two bases, which
might have arisen from the formation of the secondary
structure of the transcripts, were detected. A possible tran-
scription initiation site is indicated in Fig. 3A and 7.

The phn operon. On the basis of the analyzed nucleotide
sequence, we reexamined the lambda phage integration sites
in SE5001, SE5010, and SE5011 more accurately. The 5.4-kb
EcoRI-SstI fragment in pMCD11 that was derived from
SE5011 contained a BglII site at nucleotide 1648, and the
distance between the BglII site and HindIlI site that is 207 bp
downstream of the 5'-end MuR segment in the MuR-'trp'-
'lacZY region (19) was 410 bp. Therefore, the lambda phage
integration site in SE5011 was estimated to be 203 bp
downstream from the BglII site, or about 1.85 kb from
EcoRI, the carboxyl-terminal region of phnD (Fig. 2). Sim-
ilarly, pMCD10 contained the MluI site at nucleotide 5973 in
phnJ, and pMCD1 contained the SspI site at nucleotide 8862
in phnM (Fig. 2). On the basis of the distance between the
HindIII site in the fusion gene and the MluI or SspI site in
these plasmids, the insertion sites of lambda phage were
estimated to be in the amino-terminal regions of phnK in
SE5010 and ofphnN in SE5001, respectively (Fig. 2). Thus,
the cistrons from phnC to phnN are likely to be involved in
the Phn function and to compose the phn operon.

Since the coding region ofphnN overlaps that ofphnO and
the noncoding space between phnO and phnP is very short,
we suspected that the cistrons phnO and phnP are also
involved in the phn operon. The SE5011 cells carrying a
deletion plasmid lacking phnP did not grow in the TG-MPA
medium, but those carrying a plasmid lacking orfl6, which
corresponds to phnQ in the B strain, grew in the same
medium. Thus, we concluded that the phn operon consists of
14 cistrons from phnC to phnP. This conclusion supports the
prediction that the phn operon probably encodes 14 ORFs
(27, 28).
Mutation that activates the function of the cryptic phnE

gene. A mutation near or in the phn locus was suggested to
activate cryptic phn(EcoK) (28). We suspected that the
deletion of one unit of the three tandemly repeated 8-bp
sequences might activate the cryptic phn(EcoK) operon. To
verify this hypothesis, eight overnight cultures of SE5011
(recA56 phn-JJ::AplacMuS3) carrying pKM3 in T broth (2)
were washed three times with TG medium to remove Pi and
inoculated into fresh TG-MPA medium by diluting the cul-
tures 100-fold. All the cultures became turbid after 60 h of
incubation at 37°C with shaking. Single colonies were iso-
lated on TG-MPA plates, and plasmid DNA was prepared
from each colony. The cells of strain SE5011 transformed
with the plasmids isolated from the eight adapted cultures
started to grow immediately in TG-MPA medium.

Since the 8-bp repeats in the cryptic phnE(EcoK) gene are
within the 2.4-kb SpnI-BanII segment (Fig. 2), the SpnI-
BanII fragment in pKM3 was replaced with the correspond-
ing fragment isolated from the adapted plasmids. The
SE5011 cells carrying pKM3-derived plasmids that con-
tained the SpnI-BanII fragments of the eight adapted plas-
mids grew in TG-MPA medium without the lag time. This
result indicates that the mutation(s) that activated the cryptic
phn operon occurred within the SpnI-BanII segment.
The SpnI-BanII fragments were isolated from the eight

adapted plasmids and recloned into M13mpl8, and the
nucleotide sequences of the segments were analyzed. We
found a deletion of one unit of the 8-bp sequence in the
region with three tandem repeats in all of the eight plasmids
(Fig. 8). Therefore, we concluded that activation of the
cryptic operon accompanied the deletion of the extra copy of
the sequence and that the phn(EcoK) gene had become
cryptic by duplication or insertion of the 8-bp sequence in
phnE. The activation of the cryptic gene by the deletion of 8
bp took place in a recA mutant strain. Spontaneous deletion
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FIG. 8. Difference in the nucleotide sequences between the
cryptic (A) and functional (B) phnE genes. Only the sequencing
patterns of the regions containing the 8-bp repeated sequences in
phnE, which are indicated by arrows, are shown. The base marked
by an asterisk is different from the base at the corresponding
position in the other 8-bp sequences.

or insertion of a unit of repeated sequences in the recA
mutant strain might arise by "slipped-strand mispairing"
during DNA synthesis (13). Deletion of the 8-bp sequence
from the repeated region in the cryptic phnE(EcoK) strain
should give a selective advantage in a medium containing
MPA as the sole phosphorus source.
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