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The amino acid sequence of the signal sequence of phoA was determined by
DNA sequencing by using the dideoxy chain termination technique (Sanger et al.,
Proc. Natl. Acad. Sci. U.S.A. 74:5463-5467,1977). The template used was single-
stranded DNA obtained from M13 on fl phage derivatives carrying phoA,
constructed by in vitro recombination. The results confirm the sequence of the
first five amino acids determined by Sarthy et al. (J. Bacteriol. 139:932-939, 1979)
and extend the sequence in the same reading frame into the amino terminal region
of the mature alkaline phosphatase (Bradshaw et al., Proc. Natl. Acad. Sci.
U.S.A., 78:3473-3477, 1981). As was predicted (Inouye and Beckwith, Proc.
Natl. Acad. Sci. U.S.A. 74:1440 1444, 1977), the signal sequence was highly
hydrophobic. The alteration of DNA sequence was identified for a promoter
mutation that results in the expression ofphoA independent of the positive control
gene phoB and in insensitivity to high phosphate.

Alkaline phosphatase of Escherichia coli is a
periplasmic protein (15) whose synthesis is sub-
ject to complex regulatory mechanisms. Both
positive and negative regulatory genes control
the expression of the structural gene for this
enzyme, phoA (23, and references therein). In
accordance with the signal hypothesis for secret-
ed proteins, the initial translation product of the
phoA gene in vitro (11) and in vivo (13) is larger
than the mature product found in the periplasm.
This precursor of alkaline phosphatase can be
processed in vitro by membrane vesicles (8). By
use of gene fusions which produce hybrid pro-
teins comprised of portions of alkaline phospha-
tase and P-galactosidase, the amino-terminal
portion of the alkaline phosphatase signal se-
quence was shown to be Met-Lys-Gln-Ser-Thr
(19).
The DNA sequence of the early portion of the

phoA gene is presented in this paper. A compari-
son of our DNA sequence with the partial signal
sequence above and with the known sequence of
the mature protein (6) has allowed us to deter-
mine the complete signal sequence. Further, we
report the alteration of DNA sequence caused
by a promoter mutation pho-1003(Bin) (24)
which confers a drastic change in the regulation
of the expression of the phoA gene.

MATERIALS AND METHODS
Bacterial stran, phage strains, and plasmids. Bacte-

rial strains and M13, fl and X transducing phages used
in these studies are listed in Table 1. Nomenclature is
as in Bachmann and Low (1). MZ9/F' Ampr was
constructed by conjugation ofMZ9 with WB351 in LB

broth (16) for 45 min and selection of His' AMpr on
minimal M9 glucose plates supplemented with trypto-
phan and ampicillin (20 ,ug/ml).
Media and chemicals. M9 glucose minimal medium

and rich media were used in most experiments. These
and other media used were described by Miller (16).
The use of indicator media containing 5-bromo-4
chloro-3-indolyl-phosphate (Bachem Chemical) was
described previously (7). Restriction enzymes were
either purchased from New England Biolabs or puri-
fied in our laboratory.

Preparation of DNA and doning techniques. The
preparation of pBR322-derived plasmid DNA, liga-
tion, transformation, and agarose gel electrophoresis
were described previously (12). The technique for
preparing the replicative form of M13 DNA was de-
scribed previously (3). The techniques for estimating
the size of plasmid and phage DNA (agarose gel
electrophoresis) obtained directly from bacterial colo-
nies and for analysis of annealing between phage DNA
molecules carrying a cloned fragment are those of
Barnes (2, 5). Transfection with DNA from the replica-
tive form of M13 or fl derivatives was carried out by
using "competent cells" prepared by the method of
Cohen et al. (9).

Preparation of primers. Preparation of primers from
a HincII-EcoRI complete digest of pHI-1 was carried
out as follows. pHI-1 DNA (400 F.g) was digested to
completion by HindII (isochizomer of HincII) and
EcoRI. The DNA fragments were separated by poly-
acrylamide concentration gradient gel electrophoresis
(14). Each fragment was electroeluted from the gel
slab and was precipitated by ethanol twice. The Hin-
dII14-PvuII2 fragment (-190 base pairs [bp]) was pre-
pared in the same way by using an homogenous 8%
polyacrylamide gel.

Sequencing techniques. DNA sequencing was car-
ried out by the method of Sanger et al. (18) as modified
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TABLE 1. Bacterial strains, phage strains, and plasmids
Organism Genotype Source or reference

E. coli
XPh9OA F- lacZ(Oc) AphoA E15 phoB+ phoR+ Beckwith
WB313 F- A(his-gnd) phoA+ phoR+ Barnes
WB351 F' Tn3/A(his-gnd) phoA+ phoR+ Barnes
MZ9 F- Alac AphoA2O phoR trp rpsL Beckwith

A phage Xp(phoA-proC) Sarthy, Michaelis, Beckwith (19)
Xp[pho-1003(Bin)-proC]

M13 phage
M13 Hol76 X(M13-hisGCD) Barnes (4)
vHI-1 (M13-his-phoA-bin) This study

fl phage
fIR243 (fl-with HindIII linker) Vovis and Model
4)HI-2 (fl-R243-phoA) This study

Plasmids
pHI-1 (PBR322 Tetr phoA+) Inouye et al. (12)
pHI-7 (PBR322 Ampr phoA+) Inouye et al. (12)

by Barnes (3) by using dideoxyribonucleotide triphos-
phatases as premature chain terminators in enzymatic
extension of the primers obtained as restriction frag-
ments of pHI-i (12) as specified below.

RESULTS

Cloning of the phoA gene into single-stranded
DNA phages. We chose to clone the phoA gene
into the single-strand phages M13 and fl to
determine portions of its DNA sequence by the
dideoxy sequencing method (18). We first used
our previous finding that a PstI fragment of a
Xp(phoA-proC) phage (20) contained an intact
phoA gene (12). An M13 derivative which car-
ries part of the his operon including the hisD
gene (M13-Hol76) (4) has only one PstI site
located outside the hisD gene (Barnes, unpub-
lished results). Bacterial strains which carry
deletions of the his genes and which are trans-
formed with hisD+ phage DNA can be selected
for their ability to use histidinol as a histidine
source. When we began these studies, the only
his- strains available were phoA+. Therefore,
we used as a source of the phoA gene a Xp-
(phoA-proC) which carried a mutation pho-
1003(Bin) rendering the gene constitutive. Thus,
alkaline phosphatase was made at high levels in
the presence of inorganic phosphate. The pho-
1003(Bin) mutation causes the phoA gene to be
independent of the positive control gene, phoB
(24). In this way, we could detect the phoA gene
cloned from the X phage on high-phosphate
media since the chromosomally located phoA
gene was normally repressed.
The Xp(pho-1003(Bin)-proC) phage and the

replicative form of M13-Ho176 were digested
with PstI, the fragments ligated together, and
the DNA transformed into WB313. Transform-

ants capable of growing on histidinol as a histi-
dine source and which gave dark blue colonies
on XP high-phosphate plates (M9) were chosen
as likely candidates for the appropriate clones.
These clones were purified and shown to release
active phoA+ phage by the appearance of blue
plaques on MZ9/F' Ampr growing on media
containing 5-bromo-4-chloro-3-indolyl-phos-
phate. One of these phages was chosen for
sequencing work and was designated 4HI-1.
While we used the single stranded DNA ob-

tained from 4HI-1 for some of the sequencing
works, several disadvantages were noted. The
level of production of phage was extremely low
(at least 103-fold lower than the parental M13-
Ho176). Moreover, when WB313 (Ahis) cells
persistently infected with 4HI-1 were grown in
minimal M9 media supplemented with histidinol,
accumulation of deletion mutants was occasion-
ally observed in the analysis of the phage DNA
by electrophoresis. Thus, we eventually decided
to seek more suitable phage derivatives.
We presumed that the problems of low titer

and genetic instability in 4HI-1 were due to the
large fragments (3.3 kilobases [kb] from the his
region and 6.6 kb from the phoA region) incorpo-
rated into the phage. Therefore, we constructed
a phoA phage which contained a smaller cloned
fragment.
One of the HindlIl fragments in the phoA+

plasmids, pHI-7, carries the entire phoA gene on
a fragment of 3.1 kb (12). This fragment also
carries a portion of pBR322, but not its origin of
replication. Since a derivative of fl carrying an
Hindlll site was available (fl R243; Vivos and
Model, unpublished results) we cloned the frag-
ment carrying the phoA region from an HindIII
digest of pHI-7 into the replicative form of fl
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R243 digested by the same enzyme. The ligation
mixture of two digests was used to transfect
MZ9/F' Amp' on tryptone-yeast extract-5-bro-
mo-4-chloro-3-indolyl-phosphate plates. About
15% of the plaques were blue. Five independent
blue plaques were purified.
Agarose gel analysis of the single-strand DNA

from the phages which had been annealed with
4H1-1 DNA showed that four of them have
phoA in the same orientation as 4HI-1, whereas
one has the phoA gene in the opposite orienta-
tion from 4)HI-1. One of those that has the same
orientation as 4HI-1 was designated as 4HI-2.
Unlike 4HI-1, 4HI-2 did not appear to have
serious growth problems, as high-titered lysates
(0.5 x 1011 phage per ml) were readily obtain-
able.

Choice of the appropriate primers. To deter-
mine the most appropriate primers for obtaining
the phoA signal DNA sequence, we performed
initial DNA sequencing in other portions of the
phoA gene. This has allowed us to establish the
orientation of the phoA gene on the phages and
to locate more precisely certain restriction en-
zyme sites. To obtain primer DNA we treated
the phoA+ plasmid with various restriction en-
zymes. The previously determined restriction

Hind JI -Hind f4
Hpai HpaI2 PvuJI2
. ..I

.p -200

map of the relevant portions of the phoA gene in
this plasmid is shown in Fig. 1.
The internal phoA EcoRI2-EcoRI3 fragment

(0.33 kb) was used as a primer in a sequencing
run with 4HI-1. The sequencing reaction mix-
ture was then digested with EcoRI to remove the
primer. The sequence obtained (Fig. 1) corre-
sponds to the DNA coding for amino acids 363
to 377 of mature alkaline phosphatase (6). This
result indicates that the strand present in the
mature HI-1 phage is complementary to (and
not homologous with) mRNA ofphoA. As there
is a potential EcoRI site predicted from the
amino acid sequence nearby (amino acids 354 to
355) (Glu-Phe), it seemed likely that this corre-
sponds to one of the EcoRI sites. When the
HpaI2-HincII4 fragment (Fig. 1) (-780 bp) was
used as a primer, the sequence corresponding to
amino acids 140 to 171 was obtained. There is a
potential HinclI site in the region corresponding
to amino acids 122 and 123 (Val-Asp). These
results enabled us to correlate the restriction
map and amino acid sequence as indicated in
Fig. 1.
This correspondence was further supported

by the presence of the potential EcoRI site at
amino acids 254 to 255 (Asn-Ser) and the pres-

HinC4 Pvul3 EcoRI2

A

EcoRI3

0 200 400 600 800 1000 1200 1400 1600

HincII4

GTX.CAPy..... GGT.CTG.GCG.ACC.GGT.AAC.GTT.TCT.ACC.GCA.GAG.TTG.CAG.GAT.GCC.ACG.CCC.GCT.GCG.

Val-Asp------Gly-Leu-Ala-Thr-Gly-Asn-Val-Ser-Thr-Ala-Glu-Leu-Gln-Asp-Ala-Thr-Pro-Ala-Ala-
122 123 140 150

CTG.GTG.GCA.CAT.GTG.ACC.TCG.CGC.AAA.TGC.TAC.GGT.CCG.
Leu-Val-Ala-His-Val-Thr-Ser-Arg-Lys-Cys-Tyr-Gly-Pro-

160 170

EcoRI3
GAA.TTC...... CTG.GTC.ATA.GTC.ACC.GCT.GAT.CAC.GCC.C.AC.GCC.AGC.CAG.ATT.GTT.

Glu-Phe------Leu-Val-Ile-Val-Thr-Ala-Asp-His-Ala-His-Ala-Ser-Gln-Ile-Val-
354 354 363 370

FIG. 1. Correspondence of the restriction map ofphoA and the amino acid sequence of alkaline phosphatase.
The top line represents the restriction map of the phoA region with the nomenclature described previously (12).
The phoA promoter is placed on the left. The numbers under the line represent the number of base pairs distant
from the HpaI2 site which was arbitrarily chosen as the zero point. The lower part of the figure gives the
nucleotide sequences obtained by using the HpaI2-HincII4 fragment and the EcoRI2-EcoRI3 fragment as
primers, respectively. The translation of the codons into amino acids in a reading frame which results in the
known amino acid sequence of alkaline phosphatase (6) is also shown. The arabic numbers below the amino acids
indicate the position beginning with the N terminus of the mature protein. The approximate positions of the
HincII4 and EcoRI3 sites were determined from the restriction map and from the positions at which the DNA
sequence began. The exact positions of these sites were deduced from the specificity of the restriction enzymes
and from the amino acid sequence (6) in the vicinity of the approximate position.
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.:

G C A T

FIG. 2. Autoradiography of the sequencing gel,

yielding the signal seq'uencing of phoA. Each,channel

corresponds to G, C, A, and T from the left to the

right. The arrow indic,ates the first G residue of the

GTG triplet coding for the initiator formyl methionine.

ence of a potential PvulI site at amino acids 194

to 195 (Gln-Leu) as Predicted from the restric-

tion map. 'Thi's analy'sis also provided critical

information for the determination of the signal

sequence of-phoA. From the size of the PVUI12-
PvuII3 fragmnent and from the presumed posi-
tion of the PvuHI3 site intemnal to the phoA kene,
the other PvuII2 site w'ould appear to be about

100 bp befo're the beginning of the structural

gene for alkaline phosphatase. Furthermore, the

PVUi2-PVUII3 tragment (0.77 kb) from pHI-1
which includes an early portion of the ph gene

has been fuised to the lacZ gene in vitro. The

expression of the resultant phoA-lacZ hybrid

gene was regulated by inorganic phosphate (Mi-

chaelis, Guarente, Inouye, and Beckwith, un-

published results), indicating that the control

region of phoA is located within the PVUI12-
PVU113 fragment (0.77 kb).

Further useful information was obtained from
the sequence of the HpaI1-HpaI2 fragment.
The DNA sequence could not be correlated with
any known amino acid sequence within the
phoA gene, but did establish the existence of the
doublet HindIII sites (-50 bp apart) close to the
HpaI2 site on the promoter side of the phoA
gene. From these results, it seemed likely that
the HindIII4PvutI2 fragment (0.19 kb) would
be an appropriate primer for the sequencing of
the promoter and the N-terminal region ofphoA.

Determination of the signal sequence. The Hin-
dIIL4-PvuII2 (Fig. 1) fragment was used as a
primer to determine the DNA coding for the
signal sequence. The results of the sequencing
(Fig. 2) were identical for 4H-1 pho-1003(Bin)
(promoter-bin) and 4HI-2 (wild-type promoter)
templates. The use of an HpaI2-PvuII2 primer
with (HI-1 also gave identical results (data not
shown). It should be noted that the sequence
includes the codons for Met-Lys-Gln-Thr-Ser
which further extends in the same reading frame
into the mature alkaline phosphatase sequence,
Arg-Thr-Met-Pro-etc. This initial pentapeptide
sequence was previously identified by Sarthy et
al. (19). Beginning with that methionine as the N
terminus the size of the amino terminal segment
of alkaline phosphatase not found in the mature
protein is 21 amino acid residues and contains a
high proportion of hydrophobic residues as pre-
dicted (11).
A phoA promoter mutation, pho-1003(Bin).

From the same sequencing experiment the com-
parison of 4HI-1 pho-1003(Bin) and +HI-2 wild-
type phoA allowed the identification of the pro-
moter mutation. The sequences obtained were
identical for the two, except for one residue
located 45 bases upstream from the GTG initia-
tor codon. The wild-type G residue was replaced
by a T in the promoter mutation.

DISCUSSION
We have determined the DNA sequence of

portions of the phoA gene and its controlling
elements. Certain of these sequences have al-
lowed us to pinpoint the sites of specific restric-
tion enzyme cleavages (RsaI, HpaII, Fnu4HI,
Bvdi, and DdeI sites; Fig. 3). Further, we hdtve
shown that the precursor of matiure alkaline
phosphatase contains a signal sequence of 21
amino acids. A number of features of this signal
sequence are worth noting. (i) The first five
amino acids correspond to those previously de-
termined from the sequence of a hybrid protein
containing only this portion of alkaline phospha-
tase fused to 3-galactosidase (19). (ii) The codon
for the initiating N-formyl methinone is GUG.
This codon is found infrequently among initiat-
ing codons in E. coli. Other structural genes
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RsaI

GCCGAGACTTATAGTCGCTTTGTT-TTATTTTTTAATGTATTTGTAiTGGA~ AAATAAAGTG.AAA.CAA.AGC.ACT.

t F-Met-Lys-Gln-Ser-Thr-
T

(Bin) HpaII

ATT. GCA.CTG.GCA.CTC.TTA.CCG.TTA.CTG.TTT.ACC.CCT.GTG.ACA.AAA.GCC.CGG.ACA.CCA.GAA.ATG.CCT.
Ile-Ala-Leu-Ala-Leu-Leu-Pro-Leu-Leu-Phe-Thr-Pro-Val-Thr-Lys-Ala-Arg-Thr-Pro-Glu-Met-Pro-

BvdI t

HpaII Fnu4HI

GTT.CTG.GAA.AAC.CGG.GCT.GCT.CAG.GGC.
Val-Leu-GLu-Asn-Arg-Ala-Ala-Gln-Gly-
-----------------------------------

FIG. 3. DNA sequence of the promoter-proximal portion of the phoA gene. The 5' end of the strand
homologous to the mRNA is placed at the left hand. The coding region is indicated by translation of the
corresponding triplets into amino acid sequence. The N-terminal sequence of the phoA-lacZ fusion protein
determined by Sarthy et al. (19) is indicated by the full underline, and the N-terminal sequence of the mature
protein obtained by Bradshaw et al. (6) is indicated by the dotted underline. The full arrow below the amino acid
sequence shows the processing sites, and the dotted arrow shows the cleavage site to yield isozymes. The
probable restriction sites deduced from the DNA sequence are indicated by arrows above the nucleotide
sequence.

found to begin with GUG are lacI (10), tufA (24),
and rpsM (17). It seemed possible that GUG is a
less efficient initiation codon than AUG. How-
ever, since the phoA gene and the tufA gene (25)
and the rpsM gene (16) are expressed at very
high rates, this now seems unlikely. (iii) In
contrast to most procaryotic signal sequences,
which have more than one basic residue at the
N-terminal region, there is only one positively
charged amino acid near the amino terminus of
the alkaline phosphatase signal sequence. The
signal sequence of 3-lactamase has the same
feature (22). (iv) The most unusual feature of the
alkaline phosphatase signal sequence is the ly-
sine present at position 20. Ordinarily the last 10
to 20 amino acids of signal sequences are entire-
ly nonpolar and highly hydrophobic. There is,
preceding the lysine, a stretch of 16 amino acids
which include no charged amino acids. (v) The
C-terminal amino acid residue of the signal se-
quence is Ala. Other signal sequences also con-
tain terminal amino acids with small side chains
(Gly, Ala, or Ser).
At this point, we can define neither the precise

features of the promoter nor the ribosome bind-
ing site of the phoA gene. However, there is a
sequence in the appropriate position relative to
the initiating GUG comparable to a Shine-Dal-
garno sequence (21) involved in ribosome bind-
ing (Fig. 2). The GGAG sequence of the -12 to
-9 position (0 being the first G of the initiator
GTG) is the exact complement of the CUCC
sequence of the 3' terminal region of the 16S
RNA. This sequence is preceded by one U-U
mismatch (-13 position) and then an A-U match
(-14 position) with the 16S RNA sequence.
Thus, we believe it likely that this region corre-
sponds to the ribosome binding site on the phoA
mRNA.

We have determined the sequence of one
phoA promoter mutation. The pho-1003 (Bin)
mutation allows the promoter to function in the
absence of the positive control protein encoded
by the phoB gene. This altered promoter is also
less affected by the phoR gene product which
normally acts to repress alkaline phosphatase
synthesis. This latter effect may not be at the
DNA level, but may be mediated by effects on
the phoB gene product or interactions between
the phoR and phoB gene products (23). The pho-
1003 (Bin) mutation may thus convert the phoA
promoter into one which is efficiently tran-
scribed by RNA polymerase in the absence of
added factors. The extent of the phoA promoter
is presumably less than 90 bp. This estimate is
based on the finding that the PvuII2-PvuII3
fragment contains the entire phoA promoter
(Michaelis, Guarente, Inouye, and Beckwith,
unpublished data) and that the PvuII2 site is at
around the -90 position.
The sequence has allowed us to determine the

restriction sites which lie in this region (Fig. 3).
One restriction enzyme site, in particular, is of
considerable potential usefulness. A HpaII site
can be seen at a position exactly between the
DNA coding for the alkaline phosphatase signal
sequence and that coding for the mature protein.
A PvuII-HpaII fragment from this region could
be used to fuse the genes for other potentially
exportable proteins to the phoA gene so as to
promote the secretion of such proteins. Such an
approach may be particularly fruitful in this
system since the phoA gene on plasmids is
expressed at extremely high rates (12).
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