
Vol. 148, No. 1JOURNAL OF BACTERIOLOGY, OCt. 1981, p. 1-9
0021-9193/81/100001-09$02.00/0

Genetic Analysis of Mutants Affected in the Pst Inorganic
Phosphate Transport System

GRAEME B. COX,`* HARRY ROSENBERG,' J. ALLAN DOWNIE,' AND SIMON SILVER2
Department ofBiochemistry, John Curtin School ofMedical Research, Australian National University,

Canberra A.C.T., Australia,' and Department of Biology, Washington University, St. Louis, Missouri 631302

Received 30 March 1981/Accepted 20 June 1981

A number of mutant alleles affecting the Pst phosphate transport system have
been divided into three complementation groups on the basis of constitutive
alkaline phosphatase activity in appropriate partial diploid strains. The three
complementation groups were represented by the alleles pstA2 and phoT32 and
the newly described allele pstB401. The two allelesphoS28 andphoS21 appeared
to be polar. ThephoS28 allele affected both thephoT andpstB genes but not the
pstA gene, whereas the phoS21 allele appeared to be a mutation in the pstA gene
exerting polar effects on both thepstB andphoT genes. It was concluded that the
three genes pstA, pstB, andphoT were part of an operon and that the phosphate-
binding protein was not coded for by any of these genes. ThephoS gene, defined
as the structural gene for the phosphate-binding protein, is also part of the
operon, but the phoS28 and phoS21 alleles are not mutations in the phoS gene
and were reclassified as pho-28 andpho-21 alleles. The gene order was concluded
to be pstA-(pstB-phoT)-phoS, with the pstA gene promotor proximal and the
direction of transcription opposite to that of the nearby unc operon.

The discovery of the repression by Pi of the
synthesis ofalkaline phosphatase in Escherichia
coli (18, 35) opened up an extensive inquiry into
the mechanism ofthis regulatory process. Echols
et al. (11) reported that two regions on the E.
coli genome, Rl and R2, are involved. Mutations
in the latter region resulted in the constitutive
synthesis of alkaline phosphatase during growth
on media containing high concentrations of
phosphate. The R2 region was further subdi-
vided into R2a and R2b by Garen and Otsuji
(12), who also isolated the protein coded for by
the R2a gene. The region of the genome includ-
ing the R2a and R2b genes was later named
phoS (1). Medveczky and Rosenberg (23) iso-
lated, from the periplasmic space of E. coli, a
phosphate-binding protein which was later
shown to be identical with the product of the
R2a gene (13). Its involvement in phosphate
transport was demonstrated by its restoration of
Pi transport in spheroplasts (14). Unexpectedly,
the protein was only slightly effective in restor-
ing transport to the spheroplasts of a number of
R2a mutants.

Willsky et al. (36) retained the mnemonic
designation phoS for the gene coding for the
binding protein (R2a) and designated the R2b
gene as phoT. Mutations in the phoT gene

caused alkaline phosphatase to be produced con-

stitutively, but did not affect the binding protein.

A third class of mutants (pst) was also described
(36). This mutation was closely linked to phoS
and phoT and was similar tophoT in that it did
not affect the binding protein but differed from
it in the level of constitutive alkaline phospha-
tase produced. All three alleles affected the
phosphate transport system termed Pst (phos-
phate-specific transport) as distinct from an-
other system, termed Pit (Pi transport). The
mutation affecting the Pit system mapped in a
different part of the chromosome and was pres-
ent in derivatives of strain K10 (36). It should
be noted that all of the strains used in the
original work on alkaline phosphatase regulation
(11, 12, 18, 35) were derivatives of E. coli K10.
The status of the three genesphoT, phoS, and

pst has not been fully resolved. Levitz et al. (21)
reported that complementation tests between
phoS and phoT mutant alleles placed them in
the same cistron. Zuckier and Torriani (38), on
the other hand, obtained evidence that the
phoT35 allele represents a different complemen-
tation group than that ofphoS25 or pst-2.

Phosphate deprivation of E. coli results in the
production of three periplasmic proteins in ad-
dition to alkaline phosphatase (24). Of these, one
has been identified as the phosphate-binding
protein (37); another was shown (2) to be a high-
affinity binding protein for sn-glycerol-3-phos-
phate. The function of the third protein is still
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unknown. In addition, phosphate-starved E. coli
cells produce the outer membrane protein e (E,
Ic), the synthesis of which appears to be coreg-
ulated with that of the four periplasmic proteins
(3, 34). Thus, mutations affecting the Pst system
result in the constitutive synthesis of protein e
and the four periplasmic proteins even during
growth in excess Pi.

In the present work, a genetic analysis of a
number of mutant alleles affecting the Pst phos-
phate transport system is carried out, and a
tentative gene order is proposed.

J. BACTERIOL.

MATERIALS AND METHODS
Enzymes. Restriction endonucleases and T4 DNA

ligase were obtained from New England Biolabs, Bev-
erly, Mass.

Bacterial strains and plasmids. All of the bac-
terial strains used were derived from E. coli K-12 and
are described in Table 1 or in the text. Plasmids used
are described in Table 1, Fig. 3, and the text. Plasmid
DNA was prepared as described by Selker et al. (31).

Genetic techniques. The techniques used for ge-
netic experiments were as outlined previously (15, 17).
Transformations were carried out as described by Led-
erberg and Cohen (20).

TABLE 1. Strains of E. coli and plasmids used
Bacterial strain

Relevant genotypea and phenotype Source/referenceor plasmid
NK5304 srl-1300:.:TnlO recA56

AN346
AN732
G102

AN1117

AN1088
AN710
AN1237

AN1703

AN1704

AN1702

AN1708

AN1403

AN1697

AN1698

AN1696

AN1685

AN1664

CGSC 5506

AN1861

pAN26

pAN112
pAN113
pANlll
pAN119
pAN36

ilvC argHpyrE entA
argHpyrE entA metE
argHpyrE entA metE unc-449
pstB401

unc-449pstB401 argHpyrE
entA

pit argH entA
phoT32 argH entA
pAN26/argHpyrE purE recA
gyrA

pAN112/ilvC pyrE argHpurE
recA gyrA

pAN113/ilvCpyrE argHpurE
recA gyrA

pANlll/ilvCpyrE argHpurE
recA gyrA

pANl19/ilvC pyrE argHpurE
recA gyrA

unc-449pstB401 argHpyrE
entA srl::TnlO recA

phoS28 argHpyrE entA srl::
TnIO recA

phoS21 argHpyrE entA srl::
hilO recA

phoT32 argHpyrE entA srl::
7ilO recA

pstA2 argHpyrE entA srl::
TnlO recA

ilvC argHpyrE entA srl::TnIO
recA

pit-I pstA2 gipR2 glpD3phoA8
reLAl tonA22 T2'

pAN127/phoS28 argHpyrE
entA srl::TnlO recA

pyrE+ unc-449pstB401 ilvC+
argH+

pyrE+ phoS28 ilvC+ argH+
pyrE+ phoS21 ilvC+ argH+
pyrE+ phoT32 ilvC+ argH+
pyrE+ pstA2 ilvC+ argH+
Cmr Tce uncDC+ phoS+ phoT+
pstB + pstA +

a Chromosomal gene nomenclature according to Bac
according to Novick et al. (25).

b Strains obtained from the Coli Genetic Stock Center.

Obtained from D. Botstein and N. Kleckner (Massachu-
setts Institute of Technology)

5
9
Isolated from strain AN732 after treatment with N-

methyl-N'-nitro-N-nitrosoguanidine
Isolated after transduction of strain AN346 with strain
G102 as donor

30
29

Isolated after transduction of strain AN1117 with strain
NK5304 as donor

Isolated after successive transductions of strain AN346
with strains C78b and NK5304 as donors

Isolated after successive transductions of strain AN346
with strains C86b and NK5304 as donors

Isolated after successive transductions of strain AN346
with strains AN710 and NK5304 as donors

Isolated after successive transductions of strain AN346
with strains 5506b and NK5304 as donors

Isolated after transduction of strain AN346 with strain
NK5304 as donor

Isolated after transformation of strain AN1697 with
pAN127

F-plasmid isolated as described previously (26)

F-plasmid isolated as described previously (16)
F-plasmid isolated as described previously (16)
F-plasmid isolated as described previously (16)
F-plasmid isolated as described previously (16)
10

chmann and Low (4); plasmid gene nomenclature
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Media and growth of organisms. The mineral
salts minimal medium and additions used were as

described previously (16). The low Pi medium used
was that described by Gerdes and Rosenberg (13).

Cells used for the preparation of membrane and
periplasmic-cytoplasmic fractions were grown in 14-
liter fermentors (New Brunswick Scientific Co., New
Brunswick, N.J.) essentially as described previously
(8).

Cell fractionation. The procedure used for prep-
aration of cell membranes was as described previously
(32). The periplasmic-cytoplasmic fraction was the
supernatant obtained after the ultracentrifugation of
the cell membranes. The membranes were washed in
low-ionic-strength buffer in the presence of p-amino-
benzamidine, as described previously (32).
Measurement ofphosphate uptake. Cells grown

to stationary phase were washed twice in a phosphate-
free medium containing 0.05 M triethanolamine hy-
drochloride; 0.015M KCl; 0.01 M (NH4)2SO4; and 0.001
M MgSO4, pH 6.5. The cells were suspended in the
same medium at an absorbance (A66o) of 0.35, supple-
ment*.d wjth 0.002 M glucose and other nutritional
suppleekitAt and shaken for 2 h at 37°C. They were

then centrifuged and resuspended in the same medium
with glucose added to 0.01 M. The cells were stored
for up to 3 h at 4°C until required. Samples (2.5 ml)
were shaken for 5 min at 37°C to equilibrate, and 32P

was added to the appropriate concentration (see Table
2, footnote a). Samples (0.5 ml) of the suspension were

transferred at intervals onto membrane filters and
washed automatically in an apparatus described else-
where (28). Rates were expressed in terms of nano-

moles of Pi per milligram of dry weight per minute,
using the experimentally derived factor A6we of 1.0 -

0.43 mg of dry weight per ml. Assay of transport
specifically through the Pst system in strains carrying
both the Pst and the Pit system was carried out at 0.5
,uM external 32p;. At this concentration, the Pst system
(Km = 0.2 ,tM) could be satisfactorily assayed without
interference from the Pit system (Km = 25 ,tM), which,
at 0.5 ,uM Pi, retained less than 3% of its normal
activity as measured at 50 uM Pi.

Analysis of plasmid DNA. Plasmid DNA was

digested by the appropriate restriction endonuclease,
and DNA fragment sizes were determined as described
previously (9).

Polyacrylamide gel electrophoresis. Proteins
were separated by two-dimensional gel electrophoresis
as described previously (26, 27) and were stained with
Coomassie blue R250.
Assay of alkaline phosphatase. Samples of the

periplasmic-cytoplasmic fractions containing about 0.2
mg of protein were incubated at 30°C in 0.16 M Tris-
hydrochloride buffer, pH 9.0, containing 1 mM zinc
acetate and 20mMp-nitrophenyl phosphate. Samples
(0.5 ml) were transferred at 1-min intervals to 4.5 ml
of 2 M NaOH, and absorbance was measured at 410
nm.

Determination ofprotein. Protein concentrations
were determined by using the Folin phenol reagent
(22), with bovine serum albumin (fraction V; Sigma
Chemical Co., St. Louis, Mo.) as the standard.
Assay of Mg-ATPase. Assays for Mg-ATPase ac-

tivity were carried out as described previously (16).

RESIJLTS
Characterization of the pst-401 allele. A

mutant strain carrying a mutation in an unc
gene was isolated after mutagenesis with N-
methyl-N'-nitro-N-nitrosoguanidine (7). The
mutation was transduced with the ilv genes into
strain AN346 to give strain AN1117. A prelimi-
nary characterization of strain AN1117 indicated
that membranes lacked ATPase activity but
that ATPase activity was present in the peri-
plasmic-cytoplasmic fraction. However, this ac-
tivity was not inhibited by antibody prepared
against FI-ATPase, even though cytoplasmic
ATPase activity from another unc mutant strain
was completely inhibited by the same amount
of antibody. It appeared likely that the ATPase
activity could have been due to alkaline phos-
phatase and that, in addition to the mutations
in an unc gene, strain ANl117 carried a mutation
in one of the genes involved in the Pst phosphate
transport system (36). These genes map close to
the unc genes on the E. coli chromosome, and
mutations affecting the Pst phosphate transport
system cause the derepression of a number of
periplasmic proteins, including alkaline phos-
phatase.
Phosphate uptake rates in strain AN1117 were

compared with those in strains AN1088 and
AN710, which carried only the Pst or the Pit
system, respectively (Table 2). It can be seen
that strain AN1117 displayed an uptake of the
same type as that of strain AN710, which carries
only the Pit system and which operated satisfac-
torily at 50 ,uM Pi but not at 0.5 ,uM Pi. This is
contrasted with strain AN1088, which carries
the Pst system only and which retained, at 0.5
,uM Pi, 55% of the rate it displayed at 50 AM Pi.
It thus appeared that strain AN1117 did not
possess a normally operative Pst system, and
the mutant allele was designated pst-401.
Genetic complementation between the

pst-401 allele and other mutant alleles af-
fecting the Pst system. A number of strains

TABLE 2. Comparison of rates ofphosphate uptake
in strains ANJ117, AN1 088, and AN71O

Uptake (nmnol of Pi
Strain System pres- per mg/min)

ent
50 ,uM Pi 0.5 yM Pi

AN1117 72.7 3.1
AN710 Pit 35.0 1.0
AN1088 Pst 66.1 36.6

a Uptakes were measured as described in the text.
Cell densities were at A66o = 0.4 with 50 ,IM 32P,. With
0.5 ,uM 32Pi, a higher specific radioactivity and a cell
density of A6ee = 0.04 were used to measure initial
rates. Suspensions were sampled at 15- and 10-s inter-
vals, respectively.
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carrying mutations affecting the Pst system and
including the alleles phoT32, phoS28, phoS21,
and pst-2 were obtained from the Coli Genetic
Stock Center (CGSC, New Haven, Conn.). Each
of the alleles was transferred by transduction
with the ilv genes into the female strain AN346,
and recA derivatives of each were prepared as
described previously (15). Each of the mutant
alleles, as well as the pst-401 allele, were trans-
ferred to F-plasmids by the method described
previously (17). A complete set of partial diploid
strains was prepared in which one mutant allele
was on the plasmid and a different mutant allele
was on the chromosome. Each of the partial
diploid strains was grown in minimal medium
(containing 10mM Pi), and the cells were broken
by passage through a Sorvall-Ribi cell fraction-
ator (Ivan Sorvall, Inc., Norwalk, Conn.). After
removal of the cell debris, the extract was frac-
tionated by ultracentrifugation to give a mem-
brane fraction and a periplasmic-cytoplasmic
fraction. Complementation between the various
mutant alleles was assumed to occur when the
periplasmic-cytoplasmic fraction had little or no
alkaline phosphatase activity.
There appeared to be three complementation

groups represented by the alleles pst-2, pst-401,
and phoT32 (Table 3). On this basis, it is pro-
posed to designate pst-2 aspstA2 and pst-401 as
pstB401. The pstA2 allele may exert a low level
of polarity, since a majority of the partial diploid
strains carrying the pstA2 allele had a low level
ofalkaline phosphatase activity (Table 3). There
is little doubt, however, that the pstA2 allele
represents a distinct complementation group
from the pstB401 and phoT32 alleles. The
phoS28 allele appears to be a polar mutant af-
fecting both the phoT and pstB genes but not
the pstA gene. The polar effect is not complete
since some complementation of the phoT32 and
pstB401 alleles does occur (Table 3). The

phoS21 allele appears to be a polar mutation in
the pstA gene and to affect also the phoT and
pstB genes (Table 3).

Analysis of cell fractions by two-dimen-
sional gel electrophoresis. Phosphate star-
vation leads to the accumulation of four proteins
in the periplasmic space of E. coli cells (see
above). Each of these four proteins can be iden-
tified by their molecular weight on a two-dimen-
sional gel electrophoretogram of the peri-
plasmic-cytoplasmic fraction from normal E.
coli cells grown under conditions of Pi starvation
(Fig. 1). These four proteins were not present on
a two-dimensional gel electrophoretogram of the
periplasmic-cytoplasmic fraction from the same
strain grown under conditions of excess Pi (Fig.
1). The identities of alkaline phosphatase and
phosphate-binding protein were confirmed by
coelectrophoresis with alkaline phosphatase ob-
tained commercially (Worthington Diagnostics,
Freehold, N.J.) and with a purified phosphate-
binding protein (13), respectively. A similar pat-
tern was obtained with the various Pst mutants,
even when grown under conditions of excess Pi,
with two exceptions: (i) an additional protein
was formed with a slightly higher apparent iso-
electric point and a lower molecular weight than
those of alkaline phosphatase (Fig. 1), and (ii)
the phosphate-binding protein was formed only
at a low level in the strains carrying either the
phoS21 or the phoS28 allele (see Fig. 1). No
phosphate-binding protein of altered charge was
detected in any of the mutants examined.
The additional protein near the alkaline phos-

phatase on the electrophoretograms appears to
be a processed form of alkaline phosphatase
itself. Both proteins were absent from the peri-
plasmic-cytoplasmic fraction obtained from
CGSC strain 5506, which carries a deletion of
thephoA region of the E. coli chromosome (data
not shown). The absence of this processed al-

TABLE 3. Alkaline phosphatase activity in periplasmic-cytoplasmic fraction from partial diploid or haploid
strains

Activities (jtmol ofp-nitrophenol formed per min/mg of protein) of
Alkaline partial diploid strains:

Recipient strains (mutant al- phosphatase
lele on chromosome) activities of Donor strains (mutant allele on F-plasmid)recipient

strains AN1237 AN1703 AN1704 AN1702 AN1708
(pstB4O0) (phoS28) (phoS21) (phoT32) (pstA2)

AN1403 (pstB401) 2.28 NDa 0.51 0.20 <0.10 <0.10
AN1697 (phoS28) 0.82 0.43 ND 0.53 0.45 0.15
AN1698 (phoS21) 1.23 0.33 0.61 ND 0.42 0.72
AN1696 (phoT32) 1.28 <0.10 0.54 0.33 1.30 0.16
AN1685 (pstA2) 0.81 0.14 0.16 0.79 0.16 ND
AN1664 (normal) 1.78b <0.10 <0.10 <0.10 <0.10 <0.10

a ND, Not determined.
b This activity was obtained when cells were grown on limiting Pi medium (13). All other activities were

obtained when cells were grown on excess Pi medium (16).

J. BACTERIOL.
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FIG. 1. Two-dimensional gel electrophoresis of the periplasmic-cytoplasmic fraction from normal and Pst
mutant strains of E. coli. Samples of the periplasmic-cytoplasmic fractions were mixed with an equal volume
of lysis buffer (26), and 50 Ill was used for electrophoresis. In the first dimension, ampholines ofpH 5 to 7 and
pH 3.5 to 10 were present at 1.2% (wt/vol) and 0.8%, respectively. In the second dimension, an acrylamide
gradient of 10.5 to 24.5% (wt/vol) was used. Only the relevant portions of the gel are shown. (A) Periplasmic-
cytoplasmic fraction from strain AN1664 grown under conditions of excess Pi; (B) periplasmic-cytoplasmic
fraction from strain AN1664 grown under conditions of low Pi concentration; (C) periplasmic-cytoplasmic
fraction from strain ANI685 (pstA2) grown under conditions ofexcess Pi; (D) periplasmic-cytoplasmic fraction
from strain AN1697 (phoS28) grown under conditions of excess Pi. The labeled arrows refer to particular
proteins identified either by coelectrophoresis with authentic samples or by comparison with published
molecular weights (2, 3, 34). 1, Alkaline phosphatase; la, processed alkaline phosphatase; 2, a-glycero-
phosphate-binding protein; 3, phosphate-binding protein; 4, protein GP4 (3) of unknown function.

kaline phosphatase in the nonnal cells grown
under conditions of Pi starvation may be related
to the low level of Zn2+ in the Pi starvation
medium. Thus, alkaline phosphatase specific ac-
tivity in the periplasmic-cytoplasmic fraction
from such cells was only 0.14 ,umol/min per mg
of protein without Zn2+ added to the assay sys-
tem, compared with 1.78 ,mol/min per mg of
protein with the addition of Zn2+. The addition
of Zn2+ to the assay system had no effect on the
alkaline phosphatase activity in the Pst mutant
strains grown in the medium containing excess

Pi. When Zn2+ was added to the phosphate star-
vation medium, the processed alkaline phospha-
tase was also present in the normal cells, and the
addition of Zn2+ to the assay medium had no
effect (data not shown).

Inner membrane preparations from each of
the Pst mutants were also examined by two-
dimensional gel electrophoresis. Four additional
proteins were membrane associated in the Pst
mutants, as compared with membranes from a
normal strain (Fig. 2).
The alkaline phosphatase that coelectropho-
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FIG. 2. Two-dimensional gel electrophoresis of the inner membrane from normal and Pst mutant strains
of E. coli. Conditions of electrophoresis were as described in the legend to Fig. 1. (A) Membranes from the
normal strain AN1664; (B) membranes from strain AN1697 (phoS28); (C) membranes from strain AN1685
(pstA2). Only the relevant portion of this gel is shown. The proteins labeled a and / are the a- and fl-subunits
of the membrane-bound ATPase (32). The proteins labeled 1 and 4 were identified by coelectrophoresis as
alkaline phosphatase and the phosphate-binding protein, respectively. Proteins 2 and 3 have molecular
weights of about 40,000 and are referred to in the text.

resed with Worthington alkaline phosphatase
and the phosphate-binding protein accounted
for two of the four additional proteins. The
processed alkaline phosphatase was not associ-
ated with the inner membrane. The other two

proteins had molecular weights of about 40,000
and apparent isoelectric points of about 7.5 and
7.6. The protein with a lower isoelectric point
was absent from membranes of strains carrying
the pstA2 or the phoS21 allele (see Fig. 2). It
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was concluded (see above) that thephoS21 allele
is a polar mutation in the pstA gene.
Order of genes coding for components of

the Pst transport system. The plasmid
pAN36, derived from the amplifiable plasmid
pACYC184, has been shown previously to carry
the uncD and uncC genes (10). Transformation
by plasmid pAN36 of each of the strains carrying
the various mutations affecting that Pst trans-
port system was carried out, and the transform-
ants were assayed for alkaline phosphatase ac-
tivity. No activity was obtained in any of the
transformants, indicating that plasmid pAN36
carried the normal genes corresponding to the
pstA2, pstB401, phoT32, phoS21, and phoS28
mutant alleles.
A plasmid (pAN127) was constructed from

pAN36 by the introduction of a large deletion
after digestion with the restriction endonuclease
PstI and transformation with linear DNA (33;
Fig. 3). This plasmid was used to transform each
of the Pst system mutants, and the resultant
transformants were assayed for alkaline phos-
phatase activity. Complementation was ob-
tained between pAN127 and the pstA2, pstB401,
or phoT32 mutant allele, but not between
pAN127 and the phoS28 or phoS21 allele. The
periplasmic-cytoplasmic fraction from strain
AN1861 (pAN127/phoS28) was examined by
two-dimensional gel electrophoresis, and
whereas both alkaline phosphatases, the glyc-
erol-3-phosphate-binding protein, and the pro-
tein GP4 could be identified, little or no phos-
phate-binding protein was formed (data not
shown). The gene coding for the phosphate-
binding protein is, therefore, not the pstA, pstB,
orphoT gene and is closer to the unc genes than
are these genes.

unc DC

H E H P
_L a I

phoS doB Ft

PP

H E

6=l.. -- pAN 127

FIG. 3. Restriction endonuclease cleavage maps
and locations ofsome genes forplasmids pAN36 and
pAN127. The vector portion (pACYC184) of the plas-
mids is indicated by the heavy line. The restriction
endonuclease sites are indicated as follows: H,
HindIII; E, EcoRI; P, PstI. PlasmidpAN36 is about
15 kilobases in length (9), and plasmid pAN127 (see
text) is about 6.5 kilobases in length. The locations of
the ends of the deletion are uncertain and are indi-
cated by the broken lines at the bottom. The length of
the DNA corresponding to thephoS, pstB, phoT, and
pstA genes is unknown and is represented by the
dotted arrow.

DISCUSSION

The various mutant alleles affecting the Pst
phosphate transport system were divided into
three complementation groups. The pstA2,
pstB401, and phoT32 alleles characterized the
three groups. The phoS28 and phoS21 alleles
appeared to be polar mutations. The phoS21
allele affected all three genes, whereas the
phoS28 allele affected only the pstB401 and
phoT32 alleles. The classical characteristic of
the R2a (phoS) mutant (12, 36) is its lack of the
phosphate-binding protein. If the gene coding
for the phosphate-binding protein is part of an
operon, then any polar mutation between the
promotor and that gene would be classified as a
phoS mutant, but such mutants may well be
affected in other elements of the Pst system.
This proposition explains, and gains support
from, the once surprising observation (14) that
the purified phosphate-binding protein is only
slightly effective in the reconstitution of phos-
phate transport in spheroplasts of several phoS
mutants. The purified phosphate-binding pro-
tein was fully effective in spheroplasts of parent
cells from which the periplasmic proteins were
lost as a result of spheroplast formation. The
polarity of the phoS mutants also explains the
lack of complementation between phoS and
phoT mutants obtained by Levitz et al. (21).
From the data obtained with plasmid pAN127,

it is clear that the phosphate-binding protein is
not coded for by the pstA, pstB, or phoT genes.
If the phoS gene is defined as the gene coding
for the phosphate-binding protein, then the
phoS28 and phoS21 alleles should be redefined
as pho-28 and pho-21, as neither of these muta-
tions occur in the phoS gene. The order of the
genes coding for components of the Pst phos-
phate transport system would therefore bepstA-
(pstB-phoT)-phoS, with the pstA gene being
promotor proximal and the direction of tran-
scription being opposite to that in the unc op-
eron (see Fig. 3). The relative order of the pstB
and phoT genes was not determined.
The function of the particular proteins coded

for by the four genes proposed, apart from the
phoS gene, is unknown. The two 40,000-molec-
ular-weight proteins found in membranes from
the strains carrying the alleles pstB401, pho-28,
and phoT32 probably vary by only a single
charge. It seems possible that one may be a
modified form of the other, and the modification
does not occur in the strains carrying the pstA2
or pho-21 alleles, where only one of the 40,000-
molecular-weight proteins was found. The outer
membrane protein e also has a molecular weight
of about 40,000, and the relationship between
this protein and those of similar molecular
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weights in the inner membrane remains to be
determined.
The processing of alkaline phosphatase by

outer membrane preparations to a smaller mo-
lecular weight has been reported previously by
Inouye and Beckwith (19) and by Chang et al.
(6). It would appear from the present work that
this processing requires the alkaline phospha-
tase to be in the Zn2+- and Mg2e-containing
dimeric form and that, in mutant strains grown
in the appropriate media, the lower-molecular-
weight form is the predominant species.
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