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Summary. A new type of Escherichia coli K12 phoB mutant 
was isolated as 5-fluorouracil-plus-adenosine-resistant de- 
rivatives of a upp phoS, T strain. Such phoB mutants (called 
type III) differ from previously described phoB mutants 
(types I and II) in the synthesis pattern of phosphate-regu- 
lated periplasmic proteins P4a and 30.5 K, sensitivity to 
toxic compounds, and several other phenotypic characters. 
The analysis of isogenic strains carrying phoB mutations 
(type I, II or III) showed that; the phoB gene product 
exerted (i) a positive control over the synthesis of periplas- 
mic proteins 30.5 K, 11.5 K, and 9 K, inner membrane pro- 
teins 32 K and 17.5 K, and outer membrane protein Tsx, 
(ii) and a direct or indirect negative control over the synthe- 
sis of a 20 K phosphate-inducible periplasmic protein. 

regulator (Tommassen et al. 1982; Wanner and Lattere11 
1980). 

Control of the phosphate regulon is complex and not 
fully understood. The isolation of new allelic forms of its 
regulatory genes should help to explain its organization. 

In this paper, we describe the properties of a third type 
of phoB mutants, which were selected as clones resistant 
to fluorouracil-plus-adenosine and deficient in alkaline 
phosphatase activity. A detailed comparative analysis of 
the three types ofphoB mutation was carried out in isogenic 
strains. On the basis of our results, it is suggested that 
the phoB gene product could act, directly or indirectly, ei- 
ther as a positive or a negative regulatory element in the 
control of the various operons belonging to the phosphate 
regulon. 

Introduction 

The phoB gene, located at 8.5 min on the Escherichia coli 
K12 linkage map, is a regulatory gene involved in the 
control of the phosphate regulon (Brickman and Beckwith 
1975; Yagil et al. 1975). It is believed to encode for an 
activator protein that is necessary for the expression of 
structural genes coding for a group of phosphate-regulated 
proteins (Morris et al. 1974). 

So far, two types ofphoB mutation have been described. 
Type I-phoB mutants, which were previously called phoR~, 
cannot derepress the synthesis of periplasmic proteins P1 
(alkaline phosphatase monomer, molecular weight 45,000; 
45 K) and P2 (sn-glycerol-3-phosphate binding protein; 
40 K) (Argast and Boos 1980; Garen and Echols 1962; 
Willsky and Malamy 1976). Type II-phoB mutants do not 
derepress the synthesis of periplasmic proteins Pl, P2 and 
P4a (phosphate-binding protein; 35 K) as well as protein 
PhoE, a major outer membrane protein (Morris et al. 1974; 
Tommassen and Lugtenberg 1980). Both types ofphoB mu- 
tation are recessive to wild type and belong to the same 
complementation group (Kreuzer et al. 1975). 

The syntheses of alkaline phosphatase and several other 
phosphate-regulated proteins are also indirectly controlled 
by two independent regulatory genes, phoR (Echols et al. 
1961) and phoM (Wanner and Latterell 1980). The phoR 
gene product is a protein acting both as a negative and 
positive regulator, while the phoM gene product is a positive 

Offprint requests to: M. Heyde 

Materials and Methods 

Bacterial Strains. All bacterial strains used in this work 
were E. coli derivatives. Some of their relevant properties 
are listed in Table 1. 

Media. Cells were grown in rich L medium (Miller 1972), 
in minimal 63 medium (0.1 M phosphate) (Miller 1972) or 
Tris medium (T) (6.4 gM KHzPO4) (Worcel and Burgi 
1974). Minimal media were adjusted to pH 7.0 and supple- 
mented with 0.4% glucose (G), 1 gg per ml thiamine hydro- 
chloride and appropriate amino acids. To derepress alkaline 
phosphatase synthesis, we used TG medium supplemented 
with 0.25% proteose peptone (TGLP medium, osmotic 
strength: 515 mosM). To repress alkaline phosphatase syn- 
thesis, we used TGLP medium supplemented with 10 mM 
KH2PO4 (TGHP medium, osmotic strength: 530 mosM). 
Osmotic strengths of media were determined with a cryo- 
meter (Prolabo) by measuring their freezing point. 

Enzyme Assays. Quantitative assays for alkaline phospha- 
tase and cyclic phosphodiesterase, using 3 x 3 mM p-nitro- 
phenyl phosphate or 2 mM 3'-AMP as substrates, respec- 
tively, were performed by standard published procedures 
(Torriani 1967; Neu 1968). One unit of alkaline phospha- 
tase activity is defined as the amount of enzyme that hydro- 
lyzes 1 nmol substrate per min. For the 3'-nucleotidase ac- 
tivity of cyclic phosphodiesterase, one unit corresponds to 
the amount of enzyme that hydrolyzes 1 gmol substrate 
per h. 
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Table 1. Bacterial strains 

Strain Genotype a Source b/reference 

Gal5 Hfr thi metB1 lacI Lazzaroni and 
Portalier (1981) 

49D Hfr thi metB1 lacIphoS, T Heyde and Portalier 
deoC upp (1982) 

1455 Hfr thi metB1 lacI phoS, T 5-fluorouracil+ 
deoC upp p h o B 1 4 5 5  adenosine-resistant 

derivative of 
strain 49D 

1455R Hfr thi metB1 lacIphoS, T Spontaneous 2 lag/ml 
deoC upp chloramphenicol 

resistant revertant 
of strain 1455 Results 

LEA145 F-  lacZproC tsx trp rpsL Yagit et al. (1975) 
xyl mtl 

LEA145.1 F-  lacZ proC tsx trp rpsL 
xyl mtl upp 

LEP1 F- lacZ proC tsx purE trp 
rpsL xyl mtl phoB23 

LEPI.t F-  lacZ proC tsx purE trp 
rpsL xyl mtl upp phoB23 

1455.1 F-  lacZ tsx trp rpsL xyl 
mtl upp phoB1455 

163 F-  lacZ tsx trp rpsL xyl 
mtl upp phoB63 

117 F- lacZ tsx trp rpsL xyl 
mtl upp phoR17 

C86 HfrC relA1 tonA22 pitlO 
spoT1 T2 phoS21 

Heyde and Portalier 
(1982) 
Yagil et al. (1975) 

5-Fluorouracit- 
resistant trans- 
ductant of strain 
LEPI with Pl grown 
on strain 49D 
c 

CGSC 5009 

a Genetic nomenclature is from Bachmann and Low (1980) 
b CGSC, E. coli Genetic Stock Center, Department of Human 

Genetics, Yale University School of Medicine, New Haven, 
Conn (BJ Baehmann, Curator) 

° Strains 1455.1,163 and 117 were selected among Pro + recombi- 
nant colonies showing an alkaline phosphatase negative or con- 
stitutive phenotype, after infection of strain LEAt45.1 with PI 
bacteriophages grown on mutants 1455 (phoB1455, this study), 
$3 (phoB63, CGSC5257) or C5 (phoR17, CGSC4943), respective- 
ly 

Preparation of  Periplasmic Fractions. Cells grown at 37 ° C 
in TGLP or TGHP medium were harvested in stationary 
phase of growth and osmotic shocks were performed as 
described by Heppel (1971). In such conditions, less than 
1% offl-galactosidase activity and more than 80% of alka- 
line phosphatase activity were released. 

Polyacrylamide Gel Electrophoresis and Fluorography. The 
electrophoresis gel system used for analyzing periplasmic 
fractions was adapted from Laemmli (1970). The sodium 
dodecyl sulfate (SDS)-polyacrylamide slab gel was a 
7%-17% acrylamide gradient 30 cm long. Electrophoresis 
was carried out at 10°C for 17 h at I IOV. Preparation 
and electrophoresis of membrane fractions, gel fluorogra- 
phy and film scanning were performed as already described 
(Heyde and Portalier 1982). 

Chemicals. 5-fluorouracil, nucleosides, nucleotides, alkaline 
phosphatase substrate, SDS, and bisacrylamide were pur- 
chased from Sigma Chemicals Co., St Louis, Mo., USA. 
Acrylamide was obtained from BDH Chemicals Ltd, Poole, 
England. 

Genetic Techniques. Transductions with bacteriophage Plkc  
were carried out as previously described (Miller 1972). For 
complementation and dominance analyses, diploid strains 
carrying the phoB1455 allele on an F'  episome, were con- 
structed (Miller 1972), by mating Hfr 1455 with recA deriva- 
tives of strains LEPI and LEAI45 as recipients and select- 
ing for Lac + Pro + Ade + Str r or Lac + Pro + Str r sex-duc- 
tants, respectively. The genotypes of F '  factors (lac + proC + 
purE +) were tested by transfer into appropriate recA recipi- 
ent strains. Complementation and dominance studies were 
performed by testing sex-ductants for alkaline phosphatase 
activity with a qualitative test (Bracha and Yagil 1969). 

Isolation of Pleiotropic Alkaline 
Phosphatase-Negative Mutants 

Mutants resistant to fluorouracil-plus-adenosine (or 
Y-AMP or Y-AMP) and deficient for alkaline phosphatase 
activity, were isolated after nitroso-guanidine mutagenesis 
of strain 49D (Heyde and Portalier 1982). Among these 
mutants, we identified two independent classes of strain, 
which genetically differed: (i) strains altered in the napA 
locus, whose properties have been described elsewhere 
(Heyde and Portalier 1982), (ii) strains altered in the phoB 
gene, whose properties are described below. Their analyses 
suggested that they define a new type ofphoB mutant, that 
we call type III. Of the mutants deficient for alkaline phos- 
phatase and resistant to the fluorouracil-plus-nucleoside or 
nucleotide mixtures, 90% were type III-phoB mutants, 
which indicated that the method used for their isolation 
was very selective. We have characterized 15 independent 
type IlI-phoB mutants; as mutant 1455 was chosen as the 
representative strain, we called them 1455-1ike mutants. 

1455-like Mutants Carried a phoB Mutation 

(i) Like type I-phoB63 and type II-phoB23 mutants, 
1455-1ike mutants were unable to derepress the synthesis 
of periplasmic proteins PI and P2 (Fig. 1, lanes 3, 4 and 
5, Table2) and major outer membrane protein PhoE 
(Fig. 2, lane 4), after growth with limiting concentrations 
of inorganic phosphate. (ii) They carried mutations local- 
ized by three factor-crosses between proC and tsx genes, 
very close to the phoB phoR cluster, as no Pro + AP + trans- 
ductants could be identified by PI transduction using these 
mutants as donors and strain LEPI (type II-phoB23 
mutant) as a recipient (Table 3). The mutation carried by 
strain 1455 was named phoB1455. (iii) The phoB1455 allele 
was found to be recessive to the wild-type allele. Moreover, 
phoB1455 and phoB23 mutations did not complement each 
other for alkaline phosphatase activity. 

To compare more precisely the properties of the differ- 
ent phoB mutants, we have constructed isogenic strains by 
introducing various phoB mutations into the genetic back- 
ground of parental strain LEAI45.1 (Table 1). We called 
them 163 (carrying the type I-phoB63 mutation), LEPI . I  
(type II-phoB23 mutation) and 1455.1 (type III-phoB1455 
allelic form). 

1455-like Mutants Differed from Type I-phoB Mutants 

Unlike strain 163 (type I) (Fig. 1, lane 3), strains 1455.1 
and LEP1.1 (type II) (Fig. 1, lanes 4 and 5), did not synthe- 
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Fig. 1. SDS-polyacrylamide (7%-17% gradient) gel electrophoresis 
patterns of periplasmic proteins from parental, phoB, phoR, and 
phoS strains. Strains were grown in TGLP medium except where 
detailed. Samples of periplasmic proteins equivalent to 5 x 108 cells 
were subjected to electrophoresis. Standards: phosphorylase a 
(96 K); catalase (58 K); glutamic dehydrogenase (53 K); E. coli 
alkaline ph0sphatase (monomer 45 K) ; carbonic anhydrase (30 K) ; 
chymotrypsinogen (25 K) and lysozyme (14 K). Strains: LEA145.t 
(lanes 1 and 1'); LEA145.1 (growth in TGHP medium) (lane 2); 
163 (type I-phoB63) (lane 3); LEPI.1 (type II-phoB23) (lane 4); 
1455.1 (type III-phoB1455) (lane 5); 117 (phoR17) (lane 6); 117 
(phoR17, growth in TGHP medium) (lane 7) and C86 (phoS21) 
(lane 8) 

PhoE ___...... 

OmpF 

OmpC __._,,,._ 

OmpA ___.,.. 

Tsx 

Fig. 2. SDS-polyacrylamide (10%) gel electrophoresis patterns of 
major outer membrane proteins of parental and phoB1455 strains. 
Strains were grown at 37°C in TGLP medium, except when 
defined. Samples of total cell envelope proteins equivalent to 
6 x 108 were subjected to electrophoresis. Only the relevant part 
of the gel was shown. After growth at 37 ° C, strains Gal5 and 
49D were partially deficient for protein OmpF (data not shown). 
Strains: Gal5 (lane 1); Gal5 (growth in TGHP medium) (lane 2); 
49D (lane 3) and 1455 (type III-phoB1455) (lane 4) 

Table 2. Assays of some soluble enzyme activities in mutants 1455 
and LEP1 a 

Strain Sp. act. 
(units per mg bacterial dry weight) 

Alkaline b Cyclic c 
phosphatase phosphodiesterase 

LEA/45 155 8.6 
(wild type) 

LEP1 1 7.8 
(type II-pho B) 

Gal5 
(wild type) 

49D 323 
(wild type) 

1455 1 
(type III-phoB) 

4.6 

1.0 

" Enzymatic activities were assayed in crude cellular extracts pre- 
pared as previously described (Heyde and Portalier 1982) 

b Cells, grown in TGLP medium at 37 ° C, were harvested in late- 
exponential growth 

° Cells were grown at 42 ° C in 63 medium. In such medium, alka- 
line phosphatase synthesis was repressed and the enzymatic sub- 
strate 3'-AMP was specifically hydrolyzed by cyclic phosphodies- 
terase 

size periplasmic protein P4a after growth in low phosphate 
medium. Protein P4a was identified using a periplasmic ex- 
tract from a phoS mutant  (Fig. 1, lane 8) (Willsky and 
Malamy 1976). 

I455-1ike Mutants Differed 
from Type II-phoB Mutants 

Unlike strain LEPI.1 (type II) (Fig. 1, lane4), strains 
1455.1 and 163 (type I) (Fig. 1, lanes 3 and 5), never dere- 
pressed the synthesis of  a periplasmic protein with an appar- 
ent molecular weight of  30.5 K, which migrated slightly 
faster than protein P4a. In the parental strain LEA145.1 
and in a phoR mutant  (Fig. 1, lanes 2 and 7), the synthesis 
of  this protein was repressed by an excess of  inorganic phos- 
phate (10 mM KHzPO4). Protein 30.5 K could not be ident- 
ical to protein P4b, since protein P4b synthesis was shown 
to be undetectable in a type II-phoB mutant  and constitutive 
in a phoR mutant  (Tommassen and Lugtenberg 1980). 
Moreover, protein P4b was not released by the osmotic 
shock procedure and was synthesized in very low amounts 
during growth of  wild-type strains in the presence of  limit- 
ing concentrations of  inorganic phosphate (Willsky and 
Malamy 1976). 

New Properties Common to all phoB Mutants 

A comparative and detailed analysis of  the three types of  
phoB mutant  allowed us to identify new properties common 
to all phoB strains. (i) Two periplasmic proteins with appar- 
ent molecular weights of  11.5 K and 9 K were absent in 
strains 163, LEPI.1 and 1455.1 (Fig. 1, lanes 3, 4 and 5). 
The synthesis of  both proteins was repressed after growth 
of  wild-type and phoR strains in excess phosphate medium 
(Fig. 1, lanes 2 and 7). (ii) All phoB and phoR mutants 
tested displayed a partial constitutive synthesis of  a peri- 
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Donor strain Recipient strain No. of Pro + 
recombinants 
analyzed a 

Unselected characters b 

AP- AP + T6 ~ T6 r 

AP- AP + AP- AP + 

1455 LEA145.1 
(type III-phoB) (wild-type) 127 76 51 

1455 LEP1 
(type II-phoB) 69 69 0 

59 2 17 49 

Pro + recombinants were selected at 37 ° C on 63 medium plates supplemented with glucose and tryptophan, 
and purified twice by single colony isolation before further analysis 

b T6 S, bacteriophage T6 sensitivity; T6 r, bacteriophage T6 resistance; AP +, derepressible alkaline phosphatase 
activity; AP-,  no alkaline phosphatase activity. Phage T6 sensitivity of transductants was tested by cross- 
streaking on L-agar plates. Alkaline phosphatase activity was detected on colonies using a qualitative test 
previously described (Bracha and Yagil 1969) 

TOP OF THE 
RUNNING GEL 
Y 

BOTTOM 

C~ 

>, .  

I,-- 

I 

96 

32K 

I I I I 

58 53 45 30 

17.5K 

| , =  

25 1"4 

STANDARD MOLECULAR WEIGHTS (K) 

Fig. 3. SDS-polyacrylamide (10%) gel electrophoresis of inner 
membrane proteins from strains 49D ( - - )  and 1455 (--).  Proteins 
were labeled by growth with sulphate 35 in TGLP medium at 
42 ° C (Heyde and P0rtalier 1982). The slab gel was 12 cm long. 
A sample of inner membrane proteins equivalent to 5 x 107 cells 
was subjected to electrophoresis. For autoradiography, gel expo- 
sure was 240 h. Molecular weights, as indicated, were determined 
using standards described in the legend to Fig. 1 

plasmic protein with an apparent molecular weight of  20 K 
(Fig. 1, lanes 3, 4, 5 and 6). The synthesis of  this protein 
was inducible in the parental strain LEA145.1 after growth 
in high phosphate medium (Fig. 1, lane 2). 

Other Properties Associated with the Presence 
of a Type III-phoB Allele 

phoB1455-1ike mutations conferred additional properties on 
their hosts. One outer and two inner membrane proteins 
of  apparent molecular weights 27.5 K, 32 K, and 17.5 K, 
respectively, were synthesized in lower amounts by mutant  
1455 than by strain 49D (Figs. 2 and 3). On the basis of  
its electrophoretic mobility, the 27.5 K major outer mem- 
brane protein was identified as protein Tsx. This was con- 
firmed by a two-fold increased resistance of  mutant  1455 
towards bacteriophage T6. The increased resistance of  
1455-1ike mutants to the fluorouracil-plus-adenosine 
mixture could be the consequence of  a lowered expression 
of  the tsx gene, as protein Tsx is known to be involved 
in nucleoside transport across outer membrane (Hantke 
1976). The effect of  the phoB23 allele on the protein Tsx 
content could not be analyzed in strain LEPI.1,  as it was 
not possible to transduce it to Tsx + phenotype. 

We have shown that the synthesis of  protein Tsx was 
not phosphate-regulated in wild-type strain Gal5 (Fig. 2, 
lanes 1 and 2) (Nesmeyanova et al. 1981). 

Mutant  1455.1 was resistant to 60 pg 5-fluorouracil per 
ml and 10 gg 5-fluorouracil per ml plus 2 m M  adenosine 
(or 3 ' -AMP or Y-AMP), whereas the parental strain 
LEA145.1 and other phoB mutants (types I and II) were 
only resistant to 25 gg fluorouracil per ml and sensitive 
to fluorouracil plus adenosine. Similar patterns of  resistance 
and sensitivity were observed when the phoB1455 mutation 
was present in the genetic background of  strain 49D. 

Mutant  1455.1 was more sensitive than parental strain 
LEA145.1 to mitomycin C, chloramphenicol, EDTA, and 
rifampicin (data not shown). Strain LEPI . I  (type II) how- 
ever, was more sensitive to rifampicin than strains 
LEA145.1 and 1455.1. Revertants of  mutant  1455 were iso- 
lated as colonies resistant to chloramphenicol (2 gg/ml) 
with a frequency of  10 s Of them 94% displayed the pa- 
rental phenotype which suggested that the phoB1455 muta- 
tion responsible for a pleiotropic phenotype, was a single 
mutation. 

The cyclic phosphodiesterase activity of  mutant  1455 
was 80% reduced, when compared with parental strain 
Gal5 (Table 2). It was not altered in strain LEP1 (type II), 
compared with parental strain LEA145. This property of  
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1455-1ike mutants, might contribute to their increased resis- 
tance to the fluorouracil-plus-AMP mixture. 

When the phoB1455 mutation was carried by an Hfr 
strain (49D), the conjugation efficiency of the donor was 
decreased, as qualitatively estimated by direct mating on 
plates. 

Discussion 

Inorganic phosphate starvation induces the synthesis of 
many exported proteins in E. coli (Morris et al. 1974; Tom- 
massen and Lugtenberg 1980). The synthesis of a group 
of phosphate-regulated exported proteins is directly or indi- 
rectly regulated by genes controlling induction of alkaline 
phosphatase; they are three regulatory genes (phoR, phoM, 
and phoB) and several structural genes involved in phos- 
phate transport (phoS, pho T, pit, and pst) (Tommassen et al. 
1982; Wanner and Latterell 1980; Amemura et al. 1982). 
Several models have been proposed to explain the regulato- 
ry mechanisms involved in the expression of phosphate- 
regulated genes (Morris et al. 1974; Tommassen et al. 1982; 
Wanner and Latterell 1980). According to the more recent 
model (Tommassen et al. 1982), the phoR gene product 
would act on the phoB gene expression, either as a positive 
regulator under conditions of phosphate limitation or a 
negative regulator in excess phosphate. The phoR activator 
form can be substituted for by the phoM gene product 
(Tommassen et al. 1982; Wanner and Latterell 1980), while 
the phoB gene product is considered only as an activator 
for transcription of the pho regulon. 

The results described in this paper, showed that the 
functions exerted by the phoB gene product might be more 
complex than previously assumed. First, we extended its 
positive control to three additional phosphate-regulated 
periplasmic proteins 30.5 K, 11.5 K, and 9 K. Second, we 
showed that the phoB gene product positively controls the 
synthesis of the outer membrane protein Tsx, whose synthe- 
sis is not phosphate-regulated. Thirdly, our results suggest 
that the phoB gene product might exert a direct or indirect 
negative control over the synthesis of a 20 K phosphate- 
inducible periplasmic protein. It should be noted that three 
periplasmic proteins called Pc~, Pfl and P7 were previously 
reported to be induced in wild-type E. coli strains, during 
growth in excess phosphate. But unlike protein 20 K, their 
production was shown to be independent of the known 
alkaline phosphatase control genes (Willsky and Malamy 
1976). 

The identification of new properties of the phoB gene, 
which we have described in this paper, was favored by the 
isolation of a new allelic form of the phoB gene and by 
comparing cell envelope contents of  different phoB isogenic, 
mutants with long gel gradients, allowing separation of low 
molecular weight proteins, which migrate at the front of 
standard gel systems. Moreover, we have shown that the 
synthesis of newly identified proteins (30.5 K, 11.5 K, 9 K, 
and 20 K) were really controlled by the phosphate level 
of the growth medium and not by the osmolarity of the 
medium, since the osmotic strengths of low and high phos- 
phate media were equivalent. 

Analogy between the roles of the phoB gene product 
and the CAP protein (adenosine 3',5'-cyclic phosphate acti- 
vator protein) has already been proposed by several authors 
(Morris et al. 1974; Wanner and Latterell 1980). Such a 
comparison is strengthened by our results and recent results 

of Mallick and Herrlich (1979), which have shown that 
the CAP-cAMP complex might exert, in addition to its posi- 
tive role, a negative role over the synthesis of several E. 
coli proteins. Our results strongly suggest a similarity be- 
tween the molecular events involved in catabolic repression 
and phosphate regulation. 

Additional experiments are in progress to determine 
more precisely the control exerted by the phoB gene product 
on synthesis of the exported proteins. 

Acknowledgments. We gratefully acknowledge our many colleagues 
for their gifts of bacterial strains and bacteriophages. We are in- 
debted to Dani61e Arian for excellent technical assistance and to 
Simone Ottomani for preparing microbiological media. 

This work was supported by research grants from the Centre 
National de la Recherche Scientifique (LP 05421 and ATP A651- 
3074), The Institut National de la Sant+ et de la Recherche M6di- 
cale (ATP 72-79-104) and the Fondation pour la Recherche Mbdi- 
cale). MH was supported, in part, by a predoctoral fellowship 
from the D+16gation de la Recherche Scientifique et Technique. 

References 

Amemura M, Shinagawa H, Makino K, Otsuji N, Nakata A (J982) 
Cloning of and complementation tests with alkaline phospha- 
tase regulatory genes (phoS and phoT) of Escherichia coli. J 
Bacteriol 152: 692-701 

Argast M, Boos W (1980) Co-regulation in Escheriehia coil of a 
novel transport system for sn-glyeerol-3-phosphate and outer 
membrane protein Ic (e, E) with alkaline phosphatase and phos- 
phate-binding protein. J Bacteriol 143 : 142-150 

Bachmann BJ, Low KJ (1980) Linkage map of Escherichia coli 
K-12. Edition 6 Microbiol Rev 44:1-56 

Bracha M, Yagil E (1969) Genetic mapping of the phoR regulator 
gene of alkaline phosphatase in Escheriehia coli K-12. J Gen 
Microbiol 59:77 81 

Brickman E, Beckwith J (1975) Analysis of the regulation of 
Escherichia coli alkaline phosphatase synthesis using deletions 
and ~80 transducing phages. J Mol Biol 96:307-316 

Echols H, Garen S, Torriani AM (1961) Genetic control of repres- 
sion of alkaline phosphatase in E. coll. J Mol Biol 3:425-438 

Garen A, Echols H (J 962) Genetic control of induction of alkaline 
phosphatase synthesis in E. coli. Proc Natl Acad Sci USA 
48:1398-1402 

Hantke K (1976) Phage T6-colicin K receptor and nucleoside trans- 
port in Escherichia coli. FEBS Lett 70:109-112 

Heppel LA (1971) The concept of periplasmic enzymes. In: Roth- 
field LI (ed) Structure and function of biological membranes. 
Academic Press Inc, New York, pp 223-247 

Heyde M, Portalier R (1982) New pleiotropic alkaline phospha- 
tase-negative mutants of Escherichia coli K-12. J Bacteriol 
151:529-533 

Kreuzer K, Pratt C, Torriani AM (1975) Genetic analysis of regula- 
tory mutants of alkaline phosphatase of E. eoli. Genetics 
81:459-468 

Laemmli UK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature (London) 
227: 680-685 

Lazzaroni JC, Portalier RC (1981) Genetic and biochemical char- 
acterization of periplasmic-leaky mutants of Escheriehia coli 
K-12. J Bacteriol 145:J351 1358 

Mallick U, Herrlich P (1979) Regulation of synthesis of a major 
outer membrane protein: Cyclic AMP represses Escherichia coli 
protein III synthesis. Proe Natl Acad Sci USA 76:5520-5523 

Miller JH (1972) Experiments in molecular genetics. Cold Spring 
Harbor Laboratory, Cold Spring Harbor, NY 

Morris H, Schlesinger MJ, Bracha M, Yagil E (1974) Pleiotropic 
effects of mutations involved in the regulation of Escherichia 
coli K-12 alkaline phosphatase. J Bacteriol 119 : 583-592 



127 

Nesmeyanova MA, Tsfasman IM, Kulaev IS (1981) Changes of 
the membrane protein composition in the mutants on regulato- 
ry genes of Escherichia coli alkaline phosphatase. FEBS Lett 
124:210-214 

Neu HC (1968) The 5'-nucleotidase and cyclic phosphodiesterases 
(3'-nucleotidases) of Enterobacteriacae. J Bacteriol 95:1732 
1737 

Tommassen J, de Geus P, Lugtenberg B (1982) Regulation of the 
pho regulon of Escherichia coli K-12. Cloning of the regulatory 
genes phoB and phoR and identification of their gene products. 
J Mol Biol 157 : 265 274 

Tommassen J, Lugtenberg B (1980) Outer membrane protein e 
of Escherichia coli K-12 is co-regulated with alkaline phospha- 
tase. J Bacteriol 143:151 157 

Torriani AM (1967) Alkaline phosphatase from Escherichia coli. 
In: Cantoni GL,, Davies DR (eds) Procedures in nucleic acid 
research. Harper and Row Publishers Inc, NY, pp 224-235 

Wanner BL, Latterell P (1980) Mutants affected in alkaline phos- 

phatase expression: Evidence for multiple positive regulators 
of the phosphate regulon in Escherichia coli K-I2. Genetics 
96:353-366 

Willsky GR, Malamy MH (1976) Control of the synthesis of alka- 
line phosphatase and the phosphate-binding protein in 
Escherichia coli. J Bacterioi 127:595 609 

Worcel A, Burgi E (1974) Properties of a membrane-attached form 
of the folded chromosome of Escherichia coli. J Mol Biol 
82:91-105 

Yagil E, Bracha M, Lifshitz Y (1975) The regulatory nature of 
the phoB gene for alkaline phosphatase synthesis in Escherichia 
coli. Moi Gen Genet 137:11 16 

Communicated by A. B6ck 

Received November 18 / December 21, 1982 


