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The complete nucleotide sequence of the gene phoE, which codes for t,he phosphate 
limitation inducible outer membrane pore protein of Eschrrichio co/i Kl:! was 
established. The results show that PhoE protein is synthesized in a precursor form 
with a 21 amino acid residue amino-terminal extension. This peptide has the general 
characteristics of a signal sequence. The promoter region of phoE has no homlogy 
with the consensus sequence of E. coli promoter regions, but homologous sequences 
with the promoter region ofphoA, the structural gene for alkaline phosphatase, were 
observed. The deduced amino acid sequence showed that the mature PhoE protein is 
composed of 330 amino acid residues with a calculated molecular weight of 36,782. A 
number of 81 charged amino acids was found scattered throughout the protein while 
no large stretches of hydrophobic amino acids were observed. Hydrophobicity and 
hydration profiles of PhoE protein showed five pronounced hydrophilic maxima 
which are all located in the region from the amino terminus to residue 212 

When the deduced amino acid sequence of PhoE protein was compared with the 
established sequence of the OmpF pore protein, a number of 210 identical residues 
was found. Some aspects of the structure-function relationship of PhoE protein are 
discussed in view of the hydrophobicity and hydration profiles, and the homology 
between PhoE protein and OmpF protein. 

1. Introduction 
Two proteins in the outer membrane of' Escherichia coli K12, the OmpF protein and 
the OmpC protein, are involved in the formation of non-specific aqueous pores 
through which hydrophilic molecules with a molecular weight of up t’o approxi- 
mately 600 can pass the outer membrane by a diffusion-like process (for 
reviews. see DiRienzo et al., 1978; Nikaido. 1979; Osborn 8r Wu, 1980: Lugtenberg, 
198 1). Growth of E. coli K12 cells under phosphate limitation results in the induct*ion 
of an additional outer membrane pore protein, the PhoE protein (Overbeeke & 
Lugtenberg, 1980a). The synthesis of PhoE protein, a product of the gene ph,oE 
(Tommassen & Lugtenberg, 1981), is coregulated with that of alkaline phosphatase 
in aphoB-dependent way (Tommassen & Lugtenberg, 1980) and with that of a large 
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series of other phosphate limitation inducible proteins (Wanner et al ., 1981) of the 
“pho-regulon” (for a review, see Tommassen & Lugtenberg, 1982). The regulation of 
the products of the pho regulon is complicated, since at least three regulatory genes 
(p?wB, phoR and phoM) seem to be involved (Bracha & Yagil, 1973; Wanner & 
Latterall, 1980). Recent results (Tommassen et al., 1982a) support a model which 
assigns to the phoB product the function of an activator, essential for the expression 
of phoE, phoA and other structural genes of the pho regulon, while the products of 
the genes phoR and phoM are supposed to regulate the expression of phoB. 

Like the two general pore proteins OmpF and OmpC, the PhoE protein displays 
pore properties both in tivo (Van Alphen et al., 1978; Lugtenberg et al., 1978: Foulds 
& Chai, 1978) and in vitro (Benz & Hancock, 1981). However. in contrast to the 
OmpC and OmpF protein pores, the PhoE protein pore is particularly efficient in the 
uptake of inorganic phosphate, phosphorylated compounds and of some other 
negatively charged solutes (Overbeeke & Lugtenberg, 1982; Korteland et al , 1982; 
H. Nikaido, E. Y. Rosenberg & ,I. Foulds, unpublished results) a property for which 
a recognition site for such compounds on the PhoE protein (Overbeeke & 
Lugtenberg, 1982) is likely to be responsible. 

From the structural point of view, the three pore proteins have a number of 
properties in common as they can be isolated tightly complexed to the peptidoglycan 
layer (Rosenbusch, 1974; Schmitges & Henning, 1976: Lugtenberget aZ., 1976), their 
total amino acid composition (Ichahara & Mizushima, 1978; Van Alphen et a,l., 1979: 
Lugtenberg et al., 1978) and amino termini (Henning et al., 1977) are very similar, 
and as they are antigenically related (Overbeeke et al., 1980). A close similarity 
between the cloned structural genes of OmpF protein and PhoE protein has recently 
been shown by DNA hybridization (Tommassen et al., 1982b). 

As a first step of a detailed study on the regulation and structure of the PhoE 
protein, the structural gene phoE has been cloned (Tommassen et al., 1982c). Here we 
describe the complete nucleotide sequence of the gene phoE. The region of the p&E 
gene preceding the start-point of translat,ion has small but significant homologies 
with the corresponding region of phoA PhoE protein is synthesized in a precursor 
form with a typical signal sequence. Comparison of the deduced amino acid sequence 
of the PhoE p-otein with the primary structure of the OmpF pore protein 
determined by Chen et al (1979,1982) showed that 210 out of 330 amino acid residues 
are identical. Based on these homologies and the hydrophobicity and hydration 
profiles of PhoE protein, some structural and functional aspects of the PhoE protein 
are discussed. 

2. Materials and Methods 
(a) Strains a& plasmids 

Two E. coli K12 strains in which the pho regulon is expressed constitutively and which 
carry a deletion of the phoE gene were used for analysis of plasmids on their ability to produce 
PhoE protein, namely strain CEI 197 (F-, thr leu thipyrF thy ilvA lac Y argG tonA rpsLcod dra 
vtr glpR ompB471 phoSZOOphoE205 (delphoE-proA/B) recA56; Tommassen et al., 1982~) and 
the minicell-producing strain CE1211 (F-, lac Y gal xyl mtl ma1 lam tonA phx rpsL azi m&A 
minBphoRlBphoE206 (delphoE-proA/B; Tommassen et al., 1982c). Thepho+ strain CE1218 
(F- , thr leu proA (de1 proA-phoE-gpt) thi argE lac Y galK xyl rpsL recA56; Tommassen et al., 
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1982~) was used as a host for plasmids when expression of’phoE was not under investigation. 
Plasmid pJP12 (Tommassen et al., 1982~) contains a 4.9 kbt Sal1 fragment of pLC44-11 on 
which phoE is located, inserted into the Sal1 site of pACYC184, while plasmid pJP14 is the 
same except that the 4.9 kb Sal1 fragment is inserted in the reverse orientation. Except where 
noted, cells were grown at 37°C under aeration in yeast broth (Lugtenberg et aZ., 1976) 
supplemented with the appropriate antibiotics (chlorampheniool, 25 pg/ml and/or kana- 
myein, 50 pg/ml). The PhoE protein-specific bacteriophage TC45 (Chai & Foulds, 1978) \vv&s 
obtained from ,J. Foulds. 

(b) Plasmid DNA techniques 

Plasmid DNA was isolated by the cleared lysate procedure of Clewell & Helinsky (lQ69), 
followed by CsCl/ethidium bromide isopycnic centrifugation. The alkaline extraction 
procedure of Birnboim & Doly (1979) was used for rapid screening of plasmids. Restriction 
endonuclease reactions were performed according to the instructions of the manufacturers. 
whereas ligation was performed as described by Tanaku & Weisblum (1975). Plasmid DNA 
digests were analyzed by electrophoresis in a horizontal O-S% (w/v) agarose slab gel (Van den 
Hondel et al., 1979). Physical maps of plasmids were deduced from the electrophoretic 
patterns of digests and suitable double digests of plasmid DNA with various restriction 
enzymes. 

Plasmid pJP14 derivatives carrying an inserted Tn5 element were constructed using phage 
Ab211 ~1857 rez: :Tn5 (Berg, 1977) as described by Tommassen et al. (19826). Transformation 
was carried out as described by Brown et al. (1979). 

(c) Analysis of protein synthesis in minicells 

Minicells from late logarithmic growth phase cultures of strain CE1211 grown in Brain 
Heart Infusion medium (Difco) were purified as described by Andreoli et al. (1978) and 
resuspended to an optical density at 620 nm of 0.5 (corresponding to approx. 2 x 10’ mini- 
cells/ml) in minimal medium salts (Lugtenberg et al., 1976) supplemented with glucose (0.50/;,. 
w/v), and proline (30 pg/ml). After preincubation for 20 min at 37°C [ %]methionine (25 PCi : 
spec. act 1100 to 1400 Ci/mmol) was added to 0.5 ml of the minicell suspension and 
incubation was continued for 30 min at 37°C. After harvesting the minicells by centrifugation 
for 5 min in an Eppendorf table centrifuge, the pellet was resuspended in 100 ~1 of sample 
buffer and analyzed by sodium dodecyl sulphate/polyacrylamide gel electrophoresis on gels 
containing 11% (w/v) acrylamide (Lugtenberg etaf., 19751, or on convex exponential gradient 
gels containing 10% to 16% (w/v) acrylamide (Verhoef et al., 1979) 

(d) I,n;il sequence trndysis 

Plasmid pJPl2 DNA was purified from strain CE1218 and digested with the restriction 
endonucleases Sal1 and BgEII or Sal1 and EcoRI The resulting fragments were separat,ed on a 
19i, (w/v) agarose gel (Low Melting Point agarose), the region containing the desired fragment 
was excised and DNA was extracted from the gel according to t,he instructions of the, 
manufacturer 

A restriction map of the SaEI-EcoRI fragment for the restriction enzymes Hi&, Hpnl I. 
lldpl and 7’agI was constructed as follows After digestion of the fragment with one of thr 
enzymes. the DNA fragments were 5’ end-labelled using T4 polynucleotide kinase and 
[y-3’ t’]ATP (Maxam 8r Gilbert, 1980). DNA fragments were analysed by electrophoresis on R 
676 (w/v) polyacrylamide gel. either directly or after cleavage with a second restriction 
enzyme. 

DNA sequences were determined according to the method of Maxam & Gilbert (1980) 
Briefly, a purified fragment was digested with one of the enzymes Hinff, HpaIT, Ddvl or Z’a(ll 
and .5’ end-labelled Fragments uniquely labelled at one end were obtained by cleavage with a 
second restriction enzyme or by strand separation These 5’ end-labelled fragments ~ercb 
subjected to chemical degradation in 5 different base-specific reactions (A>C: (: ; (: + is. : 

t libbreviation used: kb, 103 base-pairs 
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T + C; C), followed by strand scission with piperidine. Cleavage products were separated by 
electrophoresis on 40 cm x 30 cm x 0.045 cm 20% and 8% (w/v) polyacrylamide gels 
containing 8.3 M-urea When more t’han 200 nucleotides were sequenced from a fragment, the 
modification procedures were modified as described by Smith & Calve (1980), and analyses 
were performed on 5% (w/v) polyacrylamide gels (80 cm x 30 cm x mO4.5 cm) containing 
8.3 M-urea (Kruyer et al, 1981) 

(e) Amino acid drtermination 

PhoE protein coded by plasmid pJP12 was purified from strain CE 1197 as described by 
Lugtenberg et al (1978), and the amino acid sequence at the carboxy terminus was 
determined for us by G. van Scharrenburg and W. Puijk (Department of Biochemistry, State 
University, Utrecht,) according to the method of Ambler (1967) using carboxypeptidase A 
(Sigma). Liberated amino acids in samples taken at appropriate times were identified with a 
Technicon TSM amino acid analyzer 

(f’) Computer proyrams 
The comparison of protein sequences was performed for us by Dr W C Barker 

(Washington D.C.) using the computer programs RELATE (comparison of PhoE protein 
with itselfto search for duplications and comparison of PhoE protein with LamB protein) and 
ALIGN (comparison of PhoE protein with OmpF protein). To predict secondary structures of 
the PhoE protein according to the methods of Chou & Fasman (1978), Fasman (1980) and Lim 
(1974a,b) the computerized versions of Lenstra rt a/ (1977) were used 

(g) Materials 

Restriction endonucleases Hinfl, HpaII, Ddel and Tag1 were purchased from New 
England Biolabs Restriction endonucleases EcoRI, BamHI, HindTII, SaZI, RgZII, PstI, CZaI 
and T4 polynucleotide kinase were from Boehringer Mannheim. Low Melting Point agarose 
was purchased from Bethesda Research Laboratories. Both [y-32P]ATP (spec act 
> 2000 Ci/mmol) and [ 35S]methionine (spec act 1100 to 1400 Ci/mmol) were obtained from 
The Radiochemical Centre, Amersham Chemicals used for the DNA sequence technique were 
as described by Kruyer et al (1980) 

3. Results and Discussion 
(a) Physical localization oj phoE on plasmid pJP14 

For a precise localization of the phoE gene on the 4.9 kb Sal1 chromosomal DNA 
fragment of plasmid pJP14 (Fig. 1 (a)) deletion and insertion plasmids were isolated 
following various methods. (1) According to the method described by Thompson & 
Achtman (1979) plasmid pJP14 DNA was linearized with restriction endonuclease 
PatI and transformed into strain CEl197. After digestion of the resulting plasmids 
with restriction enzymes and subsequent analysis of the resulting DNA fragments 
by agarose gel electrophoresis, two plasmids were chosen for further studies. 
Plasmid pNO1 (Fig. 1 (b)) has a deletion of @6 kb including the PstI site at 0.6 kb and 
the CZuI site at 1.0 kb, while pN05 (Fig. l(c)) h as a deletion of O-2 kb including the 
PstI site. (2) Plasmid pN04, deleted for the 2.4 kb BgZII fragment (Fig. l(d)), was 
obtained similarly except that after digestion of pJP14 DNA with restriction 
endonuclease BgZII the DNA fragments were ligated. (3) A number of pJP14 
plasmids carrying a Tn5 element were isolated and, as the physical map of Tn5 is 
known (Rothstein & Reznikoff, 1981). the localization of eight independent 
insertions could be determined (Fig. 1 (e)). 
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Flu. 1. Schematic representation ofthe restriction map of plasmid pJP14 and of its derivative deletion 
plasmids and Tn5 insertion plasmids 

The plasmids pJP14 (a), pNO1 (b), pN05 ( ,) c and pN04 (d) are linearized in the Sal1 site at. 0 kb 
(Tommassen et al , 1982c) and the length is expressed in lo3 base-pairs (kb). The position of ve’rt)or 
pACYC184 is indicated by the stippled bar, chromosomal DNA by a thin line and the deletions by a 
jagged line. The Tn5 insertion sites (e) are numbered 1 to 8 and marked to indicate a phage TC45 resistant 
(0) or sensitive (0) phenotype. The tentative localization of the gene phoE and the direction of 
t,ranwription is indicated by the arro\* 
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FIN;. 2. Autoradiogram of [ 35S]methionine-labelled proteins in minicells. .4fter labelling, samples of 

minicells containing plasmid pJP14 (lanes a and f) pN04 (lane b) and plasmid pJP14 with inserted TnG 
elements at 0.8 kb (lanes c and g), 0.95 kb (lanes d and h) and 1.2 kb (lane e), respectively, were analvsed 
on sodium dodecyl sulphate/ll”/O polyacrylamide gels (lanes a to e) or on convex 10% to 16% graciient 
gels (lanes f to h) Transposon Tnci-coded proteins (Rothstein & Reznikoff, 1981) are indicated by ‘I’& 
The23,OOO M,proteiniscoded by thevectorpACYC184ofplasmidp.JP14and the47,000(47 Kd), 17.000 
(17 Kd), 15,000 (15 Kd) M, and PhoE protein by the chromosomal fragment (Tommassen et al., 19820 
Additional protein fragment bands are indicated by arrows. Bands of proteins not coded by plasmidx are 
not indicated 
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Analysis of all these plasmids in strain CEl197 showed that the resulting strains 
were resistant to the PhoE protein-specific phage TC45 except those containing the 
pJP14 plasmids with Tn5 insertions at 2.0 kb and 2.3 kb. A PhoE protein band 
could only be detected in cell envelope preparations of the latter two strains. The 
production of plasmid-coded proteins was further studied by analyzing the 
polypeptides synthesized in minicells by sodium dodecyl sulphate/polyacrylamide 
gel electrophoresis (Fig. 2). The results concerning the expression of proteins coded 
by the cloned chromosomal DNA fragment are summarized in Table 1. From these 
results it was concluded that the gene phoE is largely located between O-45 kb and 
1.4 kb of plasmid pJP14, i.e. between Tn5 insertion site 1 and the left end of the 
deleted part in plasmid pN04. Furthermore. a direction of transcription from left to 
right (Fig. l(e)) can be deduced from the additional protein bands of 12,000,22.000 
and 34,000 M,, respectively, produced by plasmids with insertions at 0.95 kb (Fig. 
2: lane h) and 1.2 kb (Fig. 2. lane e) and by plasmid pNO4 with a deletion from 1.4 kb 
to 3.8 kb (Fig. 2, lane b). This direction of transcription is confirmed by the analysis 
of the DNA nucleotide sequence (see section (b). below). Since the gene order phoE- 
proA-argE was established (Tommassen & Lugtenberg, 1981) and since the SaEI site 
at 0 kb in plasmid pJPI4 is located in proA (J. Tommassen, unpublished results) the 
direction of transcription of phoE is from prorl, counter-clockwise on the E. coli 
chromosomal map (Bachmann & Low, 1980). The 15,000, 17,000 and 47,000 M, 
proteins are, at least partly, located between 1.4 kb and 3% kb on plasmid pJP14. 

None of the PhoE protein fragments observed in the minicell system could be 
detected in whole cells or cell envelope preparations (results not shown). In the case 
of OmpA protein, another outer membrane protein, a deletion corresponding to I32 
amino acids at the carboxy terminus neither affected the incorporation of the 

TABLE 1 

Expression of plasm&coded proteins in minicells 

Plasmid 

35S-labelled proteins in minicellst 
Additional protein band$ 

15,000 LIf, 17,000 M, PhoE protein 47,000 M, (M, x 10-3) 

pJPl4 + 
pNO1 + 
pN05 + 
pN04 - 
pJP14::TnSI + 
pJP14::Tx.2 + 
pJPl4 : :Tn5-3 + 
pJP14::Tn5-4 + 
pJP14::TrS5 + 
pJP15::Tn5-6 + 
pJP14::Tn5-7 + 
pJP14::Tn5-8 + 

+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ + - 
- + - 
- + - 
- - 34 
- + - 
- + - 
- + 1% 
- + 12 
- + 22 
- + 22 
+ - 45 
+ - 32 

t The presence ( +) or absence ( -) of the proteins is indicated The 23,000 ,Wr protein coded by the 
vector pACYC184 and the proteins coded by Tn5 are omitted from this Table 

$ Molecular weight of the additional protein band. 
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protein into the outer membrane nor its activity as a phagr receptor (Bremer cut tri.. 
1982: Movva et aE., 1980). In contrast, the 34,000 M, PhoE protein fragment ~deti 
for by plasmid pN04, which lacks no more than 50 amino acids, could neither IW 
detected in preparations of whole cells nor cell envelopes, using sodium dodecay 
sulphate/polyacrylamide gel electrophoresis, nor by testing the cells for srnsit.ivit> 
t,owards phage TC45. These results indicate that the distal part of t,he phoir: gww is 

essential for expression of the PhoE protein. 

Flc: 3. Restriction enzyme cleavage sites and sequencing strategy 
Restriction sites for the enzymes HpaII, HinfI, DdeI and TagI were determined as drs~~r~brtl 111 

Material8 and Methods and verified according to the established nucleotide sequence. Only the rrst,r’i(+ion 
sites used in the sequencing experiments are shown. The position of the 3zP label at the 5’ end obtainr(l 
after cleavage with a second restriction enzyme or after strand separation is indicat,ed (a) 

The arrows show the sequences which were established. Broken regions indicate that the w~uenw~ ot 
those regions were not determined in that particular experiment. 





NUCLEOTIDE SEQUENCE OF phoE 52 I 

(b) DNA nucleotide sequence 

Expression of a cloned phoE gene reduces the growth rate of the host cell and 
results in a strong selection for mutant clones with a low level ofphoE expression. To 
prevent this selection, only plasmid DNA harboured in strain CE1218, in which the 
pho regulon is not expressed, was used for establishing the DNA sequence. A 
physical map of the 1.9 kb WI-EcoRI fragment of pJP12 encompassing the gene 
phoE was constructed for the restriction endonucleases HpaII, HinfI, DdeI and 

TaqI (Fig. 3). The strategy used for sequencing this fragment is also shown in Figure 
3. The established DNA nucleotide sequence is shown in Figure 4. It contains three 
open translational reading frames, two from right to left with the first possible 
initiation codon at nucleotides 247 to 245 and 2030 to 2028, respectively, and one 
from left to right with the translation initiation codon at nucleotides 535 to 537 (see 
also section (d), below) up to the two consecutive nonsense codons TAAT(:A 
(nucleotides 1588 to 1593). This open reading frame codes for a protein of 351 amino 
acid residues with a molecular weight of 38,830, which is, based on the direction of 
t’ranscription established in section (a), most likely the pre-PhoE protein. This is 
confirmed by the observation that the sequence of the amino acids one to nine 
(underlined in Fig. 4) is identical with the nine amino-terminal residues of t,hr 
purified PhoE protein determined by Henning et al. (1977). Moreover, the amino acid 
sequence at the carboxy terminus of purified PhoE protein was determined using 

carboxypeptidase A, as described in Materials and Methods, and was found to be 
-Met-Thr-Tyr-Gin-Phe. This is also identical to the deduced amino acid sequence 
(residues 326 to 330, underlined in Fig. 4). 

As the lVaZ1 site at 0 kb (see Fig. 3) is located inproA (J. Tommassen, unpublished 
results) the open translational reading frame from nucleotide 247 up to the first. 
established nucleotide may represent the amino terminus of the product of the gem 
prorl. The other open frame from nucleotide 2030 up to the nonsense triplet TGA 
(nucleotides 1631 to 1629; Fig. 4) codes for a protein of 133 amino acid residues with 
a molecular weight of 15,654. It should be noted that the cloned chromosomal 
fragment codes for proteins of about 17,000 and 15,000 &I, (Tommassen et nl , 
198%). As no open reading frames of more than 250 nucleotides can be found 
preceding or following phoE, there is no evidence for the presence of other proteins 
with a molecular weight larger than 10,000 in the “phoE operon”. 

(c) Regulatory sequences and transcription of the gem phoE 

The nucleotide sequence preceding the start-point of translation of phoE at 

nucleotide 535 (see section (d), below) was analyzed for sequences that could be 

Flc: 4. DNA nucleotide sequence encompassing the coding region of phoE 
The nuoleotides are numbered in agreement with Fig 3 The amino acids are placed above the nonsense 

strand (5’ -+ 3’ PhoE protein) or under the nonsense strand (3’ -+ 5’ unknown protein with a molecular 
weight of 15,654 and open frame from nucleotide 247). Numbering of the amino acids of PhoE protein 
starts with + 1 at the first alanine residue of the mature PhoE protein, while the residues of the signal 
sequence have negative numbers. The amino acids of PhoE protein determined on purified PhoE protein 
at the amino terminus (Henning et al., 1977) and at the carboxy terminus (see results) are underlined 
Nucleotide sequences homologous to the 3’ end of the 16 S ribosomal RNA (ribosome binding site) are 
marked with an asterisk. The hyphens have been omitted for clarity 
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involved in the interaction with RNA polymerase and which are known to be rather 
well-conserved in the promoters of E. coli genes (Rosenberg & Court, 1979; 
Siebenlist et al., 1980). Six possible “Pribnow boxes” (Pribnow, 1975) with the 
consensus sequence T-A-N-N-N-T (Rosenberg & Court, 1979; Siebenlist et al., 1980) 
are located in the region from nucleotides 250 to 520. Based only on homology with 
knolvn promoters, no discrimination could be made between the six sequences as no 
homologies to the sequence involved in the recognition of the a-factor of RNA 
polymerase holoenzyme, known as the “ - 35 region” (Rosenberg & Court, 1979), 
\vas found in the correct position before a Pribnow box. However, this is not so 
surprising as it has been described that promoters which are dependent on the 
influence of a positive regulator lack this homology in the - 35 region (R,osenberg & 
Court, 1979), and the expression of phoE is known to be dependent on a positive 
regulator, namely the phoB gene product (Tommassen & Lugtenberg, 1980; 
Tommassen et al., 1982a). To obtain further information about sequences possibly 
involved in regulation, the regulatory region of phoE was compared with that of 
phoA (Kikuchi et al., 1981) as the syntheses of the products of these genes are 
aoregulated in a phoB-dependent way (Tommassen & Lugtenberg, 1980). Three 
regions with significant homology were detected. The first one (Fig. 5(a)) shows a 
homologous sequence of seven nucleotides (T-T-&A-T-C-T), which is at a distance of 
about 25 nucleotides, preceded by another region with significant homology (A-T-T- 
A--T-A-A). Moreover, the sequence of seven nucleotides shows homology with the 
Pribnow box. If  these regions are involved in regulation the start-point of 
translation for both genes is at about 100 nucleotides downstream from this region of 
homology. The second one (Fig. 5(b)) h s ows a sequence of 31 nucleotides (numbers 
456 t,o 487 in phoE) from which 24 are homologous. However, this region of 
homology is not, followed by suitable Pribnox boxes. The third possibility (Fig. 5(c)) 
shows a sequence (387 to 410 in phoE) in which I6 out of 23 nucleotides are 
homologous. Tn both genes this sequence is followed by a sequence homologous to 
the Pribnow box at a distance of about 20 nucleotides. Interestingly, initiation of 
t,ranscription of phorl has been proposed to occur in this third sequence (Kikuchi et 

01.. 1981), whereas Inouye et al. (1982) have detected a promoter mutation (Bin) 
resulting in a ph,oBindependent expression of the phoA gene in this sequence (Fig. 
5((z)). As not only this homologous sequence but also the region around the Pribnou 
box sho\vs a perfect, identical dyad symmetry in both genes, it, is tempting to 
sprculat’e that this homologous sequence is recognized by the product of the gene 
phoR. Binding of thr phoB product to this region could subsequently enable the 
RNA polymerase t,o bind t,o the region that has homology with the Pribnow box. 
This model can be tested by analysis of nucleotide sequences of regulatory regions of 
other st,ructural genes of the pho regulorl. Moreover. as the gene phoB has recently 
been cloned and itIs gene product, identified (Tommassen et al., 1982a), interaction 
between this protein and regulat,ory regions of’phoE and other structural genes of 
the pho regulon can provide further insight in the regulation of PhoE protein and 
other proteins of the pho regulon. 

Considering the possible termination of transcription, a very stable RNA hairpin 
structure can be formed corresponding with nucleotides 1591 to 1627 (Fig. 6) with a 
At2 value of - 25.7 kcal, calculated according to the methods of Tinoco et al. (1973) 
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(a) 
1 

-a 
399. 

PhL? ATTTAATAAATiACCACATTTiAAGAATATT~T~~~~~~~T~ATC;TC L-_---l 

(b) 
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P~OE TC TCiGGTTAAAAAiTTTCCT;TT$CzGGGAiTCTCCCGCT 
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384 
pho,f ACGCTTiTATTACAGAiTTAATAAATiAC CACATTTfAAGAhiiii;TAATCT~T~T 

Le-a 

1.u ~IlIIIlII III I III I I III I -y.----: 
phoA AATCTTTTCA ACAGCTGTCATAAAGTTGTCACGGCCGAGACT;IAIA~~CGCTiT~TTTT 

188 -.- 

t f L 

FM: 5 Homologies in the nucleotidc sequences of the regulatory regions of phoE and phoA 
Numbering of the nucleotides for phoE (upper line) is as for Fig. 4 and forphoA (lower line) as numbered 

by Kikuchi el al (1981) Nucleotide sequences that show homology with the Pribnon box are boxed, while 
possible dyad symmetry is indicated by a bar and the centres of symmetry with an arrow Homologous 
bases are connected by vertical lines. Possibly start-points of transcription are indicated by a triangle 
(V) The promoter mutation (Bin) in pho.4, sequenced by Inouye el al (1982). is indicated The hyphens 
have been omitted for claritv 

FIG:. 6. Possible secondary structure of the phoE mRNA at the 3’ end. 
Numbers of the corresponding nucleotides in the DNA sequence (Fig 4) are indicated A dG vahw of 

-25-7 kcal was calculated for the stem-and-loop structure 
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and Borer et al. (1974). The stability of this G+C-rich stem-and-loop structure 
indicates that this sequence can play an important role in the termination of 
transcription (Pribnow, 1979; Platt, 1981). However, this RNA hairpin structure is 
not followed by a poly(U) sequence, which is a well known feature of rho- 
independent terminators (Pribnow, 1979; Platt, 1981). 

(d) Signal sequence of PhoE protein 

The nucleotide sequence A-G-G-A (525 to 528), preceding the nucleotide sequence 
encoding the pre-PhoE protein (Fig. 4), is complementary to the 3’ end of the 16 S 
rRNA (Shine & Dalgarno, 1974) and has been found in all analyzed prokaryotic 
sequences at a distance of four to nine nucleotides preceding the start of translation 
(Gold et al., 1981). Therefore, the ATG codon at nucleotides 535 to 537, and not that 
at nucleotides 529 to 531, will be the translation initiation codon for pre-PhoE 
protein. 

The amino terminus of the PhoE protein (amino acid + 1; Fig. 4) is preceded by a 
21 amino acid long peptide encoded by the nucleotides 535 to 597. This peptide has 
many characteristics in common with other signal sequences (Halegoua & Inouye, 
1979). Its amino terminus is basic with two lysine residues (-20, - 19), followed by 
a stretch of hydrophobic residues ( - 16 to -6) divided into two regions by a 
glycine residue (- 10). The residue at the cleavage site is alanine (- 1). Figure 7 
shows that the signal sequence of PhoE protein has, especially in its amino- 
terminal part, some homology with those of OmpA and OmpF protein, but 
considerably more homology with the corresponding part of the signal sequence of 
alkaline phosphatase, the product of the phod gene. 

PhOE 

phoA 

OTFpF 

ompA 

ATGAAAAAGAGCACTCTGGCATTAGTGGTGATGGGCATTGTGGCATCTGCATCTGTACAGGCT 

.~ettysGlnSerThrIieAlaLewllaLeuLeuProLeuLeuPheThrt~oValThrLysAla --- - 

ATGATGAAGCGCAATATTCTGGCAGTGATCGTCCCTGCTCIGTIA~TAGCAGGTACTGCAAACGCT - ---- -- --- ---- 

Met~ietLysAr~AsriIZeLeiAALalIleValPoAlaLenLeuValAlaClyThrAlaAsnAla - - - 

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCC ----- - 

MetLysLysThrA~aIleAlaIleAZaValAlnLeuAlaClyPheAlaThrVaZAlaGZ~Za 
- - 

FIN:. 7. Comparison of signal sequences and the corresponding nucleotide sequences. 
Signal sequences and corresponding nucleotide sequences of the nonsense strand of the signal of PhoE 

protein (phoE), alkaline phosphatase @hoA; Kikuchi et al., 1981), OmpF protein (mpF; Mutoh et al., 
1982) and OmpA protein (on+4 ; Movva et al., 1980; Beck $ Bremer, 1980) are indicated. Nucleotides and 
amino acids of the latter 3 proteins that are identical to those for PhoE protein are underlined. The 
hyphens have been omitted for clarity 
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(e) Primary structuw of PhoE protcirl 

The amino acid composition of the mature PhoE protein as deduced from the 
established nucleotide sequence (Fig. 4) shows that the protein is composed of 330 
amino acid residues, and that it has a molecular weight of 36,782. which is slightl) 
lower than the molecular weight value of 40,000 estimated from sodium dodecay 
sulphate/polyacrylamide gel electrophoresis of the purified protein (Lugtenberg P/ 
(11.. 1978). The amino acid composition determined from purified Phok prot,ein 
(Lugtenberg et al.. 1978) agrees very well with the one deduced from the DNA 
sequence (Table 2). Furthermore, the first amino-terminal amino acids determined 
by Henning et al. (1977) with purified PhoE protein are identical to tht 
corresponding deduced amino acid sequence (residues 1 to 9, underlined in Fig. 4). 
and the five carboxy-terminal amino acid residues determined nith purified phol? 
protein (see se&ion (b), above) are identical to residues 326 to 330. underlined in Fig. 
4). 

A number of eight pept’ide-fragments are to be expecated after cleavagr of PhoE: 
protein with cyanogen bromide (Fig. 8). Cleavage of the purified PhoE protein 
dissolved in trifluoroacetic acid with cyanogen bromide results in a large number of 
fragments, which are all smaller than about 14,000 M, (Lugtenberg et al.. 1978). The 
largest fragment that can be expected from the deduced amino acid sequence in a 
complrte digest is fragment 5 with a molecular weight of 12.187. Furthermore. 

TABLE 2 

Amino acid composition of PhoE and OmpF proteins 

Amino acid 
PhoE protein 

A B OmpF protein 

The amino acid composition of PhoE protein as deduced from the nucleotide sequence (column A) and 
as determined with purified protein by Lugtenberg et al (1978) (column B) is expressed in the number of 
residues The amino acid composition of OmpF protein is from Chen el al (1982) N D , not, determined 
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k-E-I-Y-N-K-D-G-N-K-L-D-Y-Y-G-K-Y-K-A-M-~-"-~-~-D-N-A-S-K-~-G-D-Q-S-"-~-R-F-G-F-K-G-~-l-Q-,-~-D-Q-L-T-G-"-G-R-~-~-A-~-~ 
t- t- ++ +- + t- + - 

- *  
CNEul CNBr3 

770 
A-N-K-T-Q-N-F-E-A-V-A-Q-Y-Q-F-D-F-G-L-R-P-S-L-G-Y-V-L-S-K-G-K-D-,-~-G-l-G-D-~-D-L-V-N-Y-l-D-V-G-A-T-"-"-F-N-K-N-~-~-A-~~ 

+ - + + t- -__ + 

CNsr6 
no 

V-D-Y-K-I-N-Q-L-D-S-D-N-K-L-N-I-N-N-D-D-I-V-A-V-G-M-T-Y-Q-F 
- + + _ - 

FIN:. 8 Amino acid composition of the mature PhoE protein. 
The amino acid composition of PhoE protein as deduced from the nucleotide sequence (Fig. 4) 

presented in the one letter notation according to IUPAC-IUB Commission on Biochemical Nomenclature 
(1968) Peptide fragments that can be expected after cleavage with cyanogen bromide (CNBr) are 
indicated by arrows. Amino acid residues which have a positive or negative charge at neutral pH are 
indicated by f and -, respectively 

cleavage with cyanogen bromide performed in formic acid as the solvent results in 
only a partial cleavage of methionine residues which are followed by a serine or 
threonine residue. The large fragment of about 25,000 M, observed under these 
conditions (Lugtenberg et al., 1978) . 1s very likely to be composed of the fragments 4. 
5, 6, 7 and 8 with a total molecular weight of 22,899, as in all these fragments the 
methionine residue is followed by a serine or a threonine. The partials of this 
fragment will account for the large number of smaller fragments. 

The amino acid composition of PhoE protein (Table 2) also shows that 81 residues 
are charged at neutral pH, from which 36 have a positive charge and 45 a negative 
charge, resulting in a net negative charge at neutral pH. The charged residues are 
scattered throughout the entire sequence (see Fig. 8). However, 15 pairs of amino 
acids with an opposite charge are separated by two or three residues. making it 
possible that these charges are neutralized by salt linkages when these residues 
are located in u-helical regions. 

No stretches of more than five hydrophobic amino acid residues can be found, 
indicating that the part of the protein that traverses the outer membrane is not 
simply a major hydrophobic region of the protein. To obtain more insight into the 
hydrophobicity of various regions in PhoE protein we constructed a hydrophobicity 
profile according to Rose (1978), which was smoothed by taking a five-point moving 
average (Fig. 9(a)). A number of hydrophobic maxima and minima are observed. 
Five pronounced hydrophobic minima, residues 28 to 35,65 to 76,117 to 123,157 to 
169 and 191 to 211, are found in the region from the amino terminus to residue 212. 
The carboxy-terminal part of the PhoE protein, residues 220 to 330, has the most 
pronounced hydrophobic maxima (Fig. 9(a)). Comparison of this hydrophobicity 
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FIG: 9. Smoothed hydrophobicity and hydration profiles of PhoE protein 
The smoothed hydrophobicity profile (a) of PhoE protein is calculated according to Rose (1978) AIGxfer 

indicates the free energy of transfer (kcal/mol) of the amino acid residues from water into organir, 
solvents 

The smoothed hydration profile (b) of PhoE protein is calculated according to Wolfenden el al (19X1 ) 
AOlrr, indicates the free energy of transfer (kcal/mol) of the side-chains of the amino acids from the vapor 
phase to water buffered at pH 7 

profile with a hydration profile (Fig. 9(b)) constructed according to Wolfenden ef rrl. 
(1981) shows that maxima and minima in the hydrophobicity profile correspond to 
minima and maxima, respectively, in the hydration profile. Most striking are the t.uo 
regions from residues 157 to 169 and 191 to 211 with a minimum in thr 
hydrophobicity profile and extreme maxima in the hydration profile, while thrse 
regions are surrounded by hydrophobic regions of about 20 residues. 

Computer analysis (see Materials and Methods) showed that there were no 
significant internal duplications in the PhoE protein. 
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(f) Comparison of PhoE protein with OmpF protein 

There is evidence indicating that PhoE and OmpF protein are closely related: 
their amino acid composition is very similar (Lugtenberg et al.. 1978), they are 
antigenically related (Overbeeke et al., 1980) and hybridization was observed 
between the DNA encoding their structural genes (Tommassen et al., 1982b). 

Comparison of the amino acid composition of the two proteins (Table 2) shows 
that OmpF and PhoE protein contain 340 and 330 amino acid residues, respectively. 
PhoE protein contains more charged amino acid residues, four acidic and six basic 
ones, than OmpF protein. Comparison of the amino acid sequences of the two 
proteins (Fig. 10) shows a striking homology. A number of 210 identical amino acid 
residues (63%) is found in the two proteins, while 266 residues (8Oo/o) are 
functionally identical. The observed differences between the proteins are more or 
less clustered in the regions of residues (numbering of PhoE protein) 15 to 37,551 to 
72,95 to 104,116 to 130,160 to 184,195 to 209 and 232 to 238. Interestingly, the five 
hydrophilic maxima observed in the hydrophobicity and hydration profiles of PhoE 
protein (Fig. 9) all coincide with segments where the differences between OmpF 
protein and PhoE protein are clustered. The strongest similarity is observed in the 
carboxy-terminal part of the proteins. The region of PhoE protein from residue 250 
to the carboxy terminus (residue 330) contains 60 identical residues (74%) and 70 
functionally identical residues (86%), while the proteins can be aligned perfectly 
without breaks. 

computer analysis (see Materials and Methods) showed that there were no 
significant homologies between PhoE protein (Fig. 4) and LamB protein (Clement & 
Hofnung, 1981). This confirms earlier observations that the LamB pore protein is 
not related to the OmpF, OmpC or PhoE pore proteins (Endermann et al.. 1978: 
Overbeeke et al., 1980). 

PhoE V-G-M-T-"-Q-? 
OmpF --,-v--- 

PIG:. 10. Comparison of PhoE protein with OmpF protein. 
The amino acid sequence in one letter code of PhoE protein (Figs 4 and 8) and of OmpF protein (Chen el 

al., 1982) are compared. The amino acid sequence of PhoE protein is shown in the upper lines and 
numbered as for Fig 4. The amino acid sequence of OmpF protein is placed below the amino acid sequence 
of PhoE protein according to the computer-calculated best alignment (see Materials and Methods). Only 
the amino acids of OmpF protein that differ from PhoE protein are indicated by the one letter code, while 
breaks in the proteins are indicated by asterisks. 
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(g) Relation between structure and function of PhoE protein 

It was pointed out that the carboxy-terminal part of PhoE protein (residues 220 
to 330) is the most hydrophobic part of the protein (Fig. 9), and that the residues 250 
through 330 are almost identical to the corresponding part of OmpF protein (Fig. 
10). Several lines of evidence indicate that the carboxy terminus is essential for the 
biogenesis of PhoE protein. (1) It has been shown (section (a), above) that the 
presence of plasmid pN04, which is deleted for the nucleotides encoding the 
carboxy-terminal part of the protein (the deletion starts at nucleotide 1439 in Fig. 4. 
which corresponds to amino acid residue 285), did not result in the production of a 
PhoE protein fragment which could be detected in whole cells or cell envelope 
preparations analyzed by sodium dodecyl sulphate/polyacrylamide gel elec- 
trophoresis. (2) When a tetranucleotide was inserted after nucleotide 1435 (Fig. 1) 
in the phoE gene, which results in a PhoE protein that is truncated from amino acid 
residue 284 with 22 amino acids, a PhoE protein fragment was neither detected in 
whole cells nor in cell envelope preparations (N. Overbeeke & P. v.d. Schaft. 
unpublished results). As this insertion does not influence the 3’ terminus of the 
messenger RNA including the stable stem-and-loop structure (Fig. 6), the lack of 
expression is most likely caused by a hampered export and/or a rapid degradation of 
the protein. 

The most pronounced differences between PhoE protein and OmpF protein are 
observed in the hydrophilic regions of the PhoE protein (see section (f ), above). It is 
likely that (most) hydrophilic regions of OmpF protein and PhoE protein are 
involved in the formation of the surface exposed phage receptor and/or t)he 
fortnation of the permeation channel. Interestingly, the two proteins differ in their 
phage receptor specificity (Datta et al., 1977; Chai & Foulds, 1978) and permeation 
characteristics (Overbeeke & Lugtenberg, 1982; Korteland et aE., 1982; H. Nikaido, 
E. Y. Rosenberg & J. Foulds, unpublished results). It has recently been shown that 
PhoE protein has a recognition site for phosphate and phosphorylated compounds 
(Overbeeke & Lugtenberg ,1982). It is known from a number of studies (Markin et al., 
1979; Schrijen et al., 1980); Akeroyd et al., 1981) that arginine residues have an 
essential function in enzymes that act on phosphate-containing substrates. 
Therefore, the hydrophilic peptide corresponding to residues 191 to 211 (Fig. 8), is a 
very interesting one as three arginine residues are present in this hydrophilic 
peptide, while only one arginine residue is present in the complementary part of the 
OmpF protein. It is therefore tempting to speculate that the arginine-rich 
hydrophilic peptide at residues 191 to 211 could be important for the recognition of 
phosphate and phosphorylated compounds by the PhoE pore protein (Overbeeke & 
Lugtenberg, 1982) and/or for the efficient transport of inorganic phosphate and 
phosphorylated compounds (Korteland et al., 1982) 

(Computerized versions (Lenstra et al., 1977) of the methods of Chou & Fasman 
(1978). Fasman (1980) and Lim (1974a,b) were employed to predict secondary 
structures of the PhoE protein. Using the method of Chou & Fasman (1978), 22%& 
r-helical, 17% p-sheet and 15% turn structure was predicted. The method of Lim 
(1974a,b) predicted 24% n-helical and 12% p-sheet structure. The regions where 
both prediction methods are in agreement comprise 100, /cl n-helical and lOoi, p-sheet’ 
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structure. However, it should be noted that one must be careful with the 
interpretation of these predictions as they are not reliable for regions of the protein 
that interact with other structures, and the PhoE protein will have a number of sites 
that interact with outer membrane constituents. This may be illustrated by the 
observation that for the related OmpF protein a large fraction is present in /?-sheet 
structure as observed by circular dichroism on purified protein (Rosenbusch. 
1974) and X-ray analysis on OmpF protein crystals (Garavito et al., 1982). 

Although one can at this moment only speculate about) t,he structure-function 
relationship of the PhoE protein, the cloned structural gene and the deduced amino 
acid sequence are firm bases for further investigation. Using modern genetic 
technology and biochemical methods as powerful tools, a detailed knowledge about 
the structure and functioning of the PhoE protein as a permeation channel can be 
obtained in the near future. The knowledge about PhoE protein can stand as a model 
for the important class of pore proteins which are found to be related, at least 
antigenically, not only in E. coli K12 but also in a large number of other E coli 

strains isolated from humans (Overbeeke 6t Lugtenberg, 1980b) and even in other 
Enterobacteriaceae (Hofstra & Dankert. 1980). 

We thank Jan Tommassen for strains and plasmids, Gera Vleugel, Ria van Boxtel and 
Letty de Weger for their technical assistance Hith the Tn5 insertion and deletion plasmids, 
Martin Hoek for the purification of PhoE protein, GUUS van Scharrenburg and Wouter Puijk 
for the amino acid sequence analyses and Bart Vos for his help with the computer predict,ions 
The advice and suggestions on various aspects of the DNA sequencing technique of Richard 
van Schaik and Wiebe Kruyer and the accurate administration of the DNA sequencing 
experiments of Tineke Overbeeke-Bijl are greatly appreciated 
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