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Experiments are described which were designed to obtain insight into the question why Escherichiu coli K12 
induces the PhoE protein pore in its outer membrane under conditions of phosphate limitation. Growth experi- 
ments showed that the presence of PhoE protein is advantageous for the growth rate of cells growing in a 
medium with large linear polyphosphates, but not with Pi, as the only phosphorus source. Further experiments, 
in which rates of permeation of p-lactam antibiotics through the outer membrane were determined, showed that 
the most likely explanation for this result is that the PhoE protein pore is a relatively efficient channel for 
negatively charged solutes in general. Comparison of the rates of permeation of the two p-lactam antibiotics 
cephaloridine and cefsulodin through PhoE protein pores and through OmpF protein pores in vivo suggested 
that the relatively efficient permeation of cefsulodin through PhoE protein pores must be attributed to the 
negative charge of a sulphate residue which is present in cefsulodin but absent in cephaloridine. Subsequent 
experiments showed that the rate of uptake of cefsulodin through PhoE protein pores, but not through OmpF 
protein pores, was reversibly inhibited by linear polyphosphates whereas phosphorylated compounds and other 
negatively charged solutes were also found to be inhibitory. The largest inhibition was observed with solutes 
containing several phosphate residues. Dixon plots showed that inhibition by Pi and linear polyphosphates was 
of the competitive type. The results are interpreted in terms of a recognition site on the PhoE protein pore for 
phosphorus-containing solutes and for other negatively charged compounds. 

Two proteins in the outer membrane of Escherichiu coli 
K12, the products of the genes ompC and ompF, are involved 
in the formation of non-specific aqueous pores through which 
hydrophilic molecules with a molecular weight of up to 
approximately 600 can pass the outer membrane by a diffusion- 
like process [I - 71. An effective diameter of about 1.2- 1.4 nm 
has been calculated for such pores [8]. 

Growth of wild-type cells under conditions of phosphate 
limitation results in induction of PhoE protein [9, lo], a pore 
protein previously known as protein Ic [Ill, e [12], E [13] 
or NmpAB protein [14]. Studies with this protein have been 
facilitated by the discovery that phage TC45 recognizes it as 
(part of) its receptor [I 5,161. The synthesis of PhoE protein 
is co-regulated with that of alkaline phosphatase [17], the 
product of the phoA gene 2181. Mutations in each of the 
genes phoR, phoS, phoT or pst result in constitutive synthesis 
of these two proteins as well as of other gene products of the 
‘pho regulon’ (for a review, see [19]). 

Like the other two general pore proteins, PhoE protein 
can be isolated complexed with peptidoglycan [4,12] and has 
general pore properties, both in vivo [5,12,13] and in vitro 
[8]. As these pore proteins are also antigenically related, at 
least in their denatured form [20], we wondered why cells 
growing at limiting phosphate concentrations replace con- 
siderable amounts of OmpF protein and OmpC protein by 
PhoE protein. The obvious explanation, namely facilitating 
the uptake of inorganic phosphate, does not seem to require 
the induction of a new pore protein as the estimated diam- 
eters of the three pores are similar [8] and large enough to 
allow the permeation of the ions HPO$- and HzPOZ which 
have diameters of 0.56 nm (R. E. W. Hancock, personal 

communication). Since inorganic phosphate is not the only 
phosphorus source in Nature, it has been suggested previously 
[9,21] that PhoE protein may play a more specific role in the 
uptake of polyphosphates, teichoic acid, deoxyribonucleic 
acid or ribonucleic acid. 

Experiments described in the present paper, designed to 
answer the question of why PhoE pore protein is induced 
by phosphate limitation, indicate that this protein forms a 
general pore, which has some preference for phosphorus- 
containing compounds and other negatively charged solutes 
due to the presence of a recognition site for such compounds. 

MATERIALS AND METHODS 

Strains and Growth Conditions 

Strains CE1194 [22] and CE1195 were used for growth 
experiments with various P sources. The phosphate-limitation- 
inducible uptake system is synthesized constitutively in these 
strains due to the presence of the phoS2I mutation, which, 
in contrast to the preferable phoR mutation, results in pro- 
duction of large amounts of PhoE protein [17]. Strain CE1194 
does not produce PhoE protein as it lacks part of the chro- 
mosome including the genes proA, gpt and phoE. Strain 
CE1195 is a proA’ phoE+ transductant of strain CE1194 and 
therefore produces PhoE protein. Strains used for uptake 
studies with p-lactams were all derivatives of the multiauxo- 
trophic strain PC0479 [23]. Strain CE1110 [23] lacks OmpC 
protein due to the ompB472 mutation and produces OmpF 
protein as the only pore protein. Strain CE1107 [23] does not 
produce any of the pore proteins under the used conditions 
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due to the ompB471 mutation, whereas strain CE1108 [ 5 ] ,  a 
derivative of strain CE1107, produces PhoE protein con- 
stitutively due to the phoS200 mutation. Derivatives of these 
strains which produce a highly active periplasmic 8-lactamase, 
were constructed by transformation [24] of the cells with 
purified plasmid pBR322 DNA and subsequent selection for 
resistance to ampicillin (50 pg/ml) and tetracycline (10 pg/ml). 
Except where indicated cells were grown in yeast broth [25]. 
The minimal medium was as described [17], except that 
K2HPO4 was omitted and the phosphate sources were added 
as indicated. Growth requirements due to auxotrophic muta- 
tions were added in appropriate concentrations. 

Determination of Growth Rates in Medium Containing Pi 
or Polyphosphate as the only P Source 

Cells grown overnight at 37 "C under aeration in minimal 
medium containing sufficient phosphate (0.66 mM K2HPO4) 
were harvested and washed once with minimal medium lacking 
phosphate. After suspending the cells to an absorbance of 
20 Klett units in minimal medium containing either 0.66 mM 
KH2P04 or 0.02 mM linear polyphosphate type P35 (average 
chain length 35 phosphate residues) or no added phosphate 
source at all (control), growth of the cells was followed by 
measuring the absorbance at regular time intervals using a 
Klett spectrophotometer. 

Rate of Permeation of P-Lactam Antibiotics 

The rate of permeation of p-lactam antibiotics through 
the outer membrane was measured using a method originally 
described by Zimmerman and Rosselet [26] and modified by 
Nikaido et al. [6]. The j-lactams used in the present study 
were cephaloridine (molecular weight 415; Fig. 1 a) and 
SCE-I 29 (CGP 71 74/E) [3-(4-carbamoyl-I -pyridiniomethyl)- 
7~-(~c~-sulfophenylacetamide)ceph-3-em4carboxylate mono- 
sodium salt], also named cefsulodin [27] (molecular weight 
553; see Fig. 1 b). The rate assay was performed as described 
by Van Alphen et al. [4] with the foflowing modifications. 
The high copy number plasmid pBR322 was used to obtain 
strains with a high p-lactamase activity. To study the effect 
of phosphate and polyphosphates on the rate of permeation 
of the p-lactam antibiotics, the phosphate-buffered assay 
medium was replaced by 10 mM Hepes [4-(2-hydroxyethyl)- 
I-piperazineethanesulfonic acid] pH 7.0/5 mM MgC12. After 
one wash of the cells with assay medium, the rate of cefsulodin 
uptake was measured at a cell concentration of 9 x 10' cells/ml 
and that of cephaloridine at 3.3 x lo7 cells/ml. Only in the 
case of cephaloridine uptake by cells of strain CElllO 
(pBR322) was a cellular concentration of 0.1 x lo7 ml used. 
Cefsulodin and cephaloridine were present in final concentra- 
tions of 0.7 and 0,9 mM, respectively. These concentrations 
do not exceed half the V value for intact cells under these 
conditions. The suspensions were incubated for various times 
and further handled as described previously [4]. To test total 
p-lactamase activity, some of the cells were converted to 
spheroplasts, using a modification [281 of the method de- 
scribed by Osborn et al. [29]. Leakage of P-lactamase activity 
into the assay medium was checked after incubation of a 
portion of the cells in assay medium without antibiotic and 
subsequent determination of P-lactamase activity from the 
culture fluid obtained by filtering the suspension through a 
membrane filter (0.45 pm). 

Cell envelopes were prepared by differential centrifugation 
after disintegration of cells by ultrasonic treatment [30] and 

a cephaloridine . 
H 

c o o 0  
b cefsulodin 

Fig .  1 .  Chemical structures of the l(-lactam antibiotics cephaloridine ( a )  
and cefsoludin ( b )  

analyzed by sodium dodecyl sulphate polyacrylamide gel 
electrophoresis as described previously [30]. 

Chemicals 

Cefsulodin was a generous gift from Dr W. Zimmerman 
(Ciba Geigy AG, Basle, Switzerland). Cephaloridine was 
purchased from Glaxo BV (Hoofddorp, The Netherlands). 
Polyphosphates and glycerol 3-phosphate were purchased 
from Sigma Chemical Company (St Louis, MO, USA); ADP 
from Boehringer (Mannheim, FRG) ; adenosine, AMP, ATP, 
glucose 6-phosphate and glycerol from Merck (Darmstadt, 
FRG). 

RESULTS 

Influence of PhoE Protein on the Growth Rate 
in Minimal Medium with Polyphosphate as the only P Source 

Of the complex phosphorus-containing nutrients which 
Escherichia coli might meet in Nature, linear polyphosphates 
have the advantage of being commercially available in a rather 
well-defined form. In order to see whether these polymers 
can serve as a P source for E. coli, cells were incubated in 
minimal medium containing polyphosphate, type P35, as the 
only P source. It appeared that wild-type E. coli cells grew 
rather well in such a medium (generation time 90 min), but 
that a strain containing a mutation in phoA, the structural 
gene for alkaline phosphatase, grew very poorly (generation 
time more than 450 min). These results indicate that alkaline 
phosphatase plays an essential role in the use of polyphos- 
phate as a P source. 

In order to test the possible advantage of the presence 
of PhoE protein for the uptake of polyphosphates, two iso- 
genic OmpC protein and OmpF protein-producing strains 
were used of which one (strain CE1195) produces PhoE pro- 
tein and the other (strain CE1194) does not. The results 
(Table 1) show that the presence of PhoE protein has no 
influence on the growth rate in a medium containing KH2PO4 
as the only P source, but that the presence of PhoE protein 
results in a higher growth rate in a medium with polyphos- 
phate typeP35 as the only P source. Thus, the presence of 
PhoE protein is advantageous for cells growing in a medium 
with linear polyphosphate as the only P source. 

Permeation of P-Lactam Antibiotics through PhoE Protein 
and OmpF Protein Pores in the Absence and Presence 
of Polyphosphate 

To explain the apparent efficiency of the PhoE protein 
pore for polyphosphate (Table l), as well as the reported 
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Table 1. Influence of the presence of PhoE protein on the growth rates of 
cells growing in minimal medium containing various P s0urce.r 
Cells were grown as described in Materials and Methods in minimal 
medium containing 0.66 mM K H ~ P O L  or 0.02 mM linear polyphosphate, 
type P35. Generation times were calculated from values measured in the 
exponential growth phase of the cells after growth of the control culture 
in medium without added phosphate had ceased 

Strain Pore proteins present Generation time 
on P source 

Pi P35 
.._.~ -~ -. 

min 
-~ ~~ 

CE1194 OmpF, OmpC 95 184 
CE1195 OmpF, OmpC, PhoE 96 94 

preference of this pore for anionic solutes (unpublished ob- 
servation of R. Benz and U. Henning, cited in [21]) and for 
a negatively charged antibiotic (H. Nikaido, personal com- 
munication), we assumed that, as the diameters of the OmpF 
protein pore and the PhoE protein pore are similar in size IS], 
the latter pore might have an affinity site which facilitates 
the permeation of polyphosphate. Proof for a recognition 
site like this can be obtained from experiments which show 
competition for such a site. As the unpublished observations 
of Benz and Henning suggested that the proposed recognition 
site needed not necessarily be specific for phosphate residues 
but could have an affinity for anionic solutes in general, 
we decided to measure the effect of polyphosphate on the 
rate of permeation of the a-lactam antibiotic cefsulodin 
through PhoE protein pores. In comparison with cephalo- 
ridine (Fig. 1 a) the former antibiotic (Fig. 1 b) is closely related 
but it has an additional negative charge and a higher molec- 
ular weight. Cefsulodin has been reported to permeate 20- 
30 times more slowly through the OmpF protein pore than 
cephaloridine, an effect which has been mainly attributed to 
the additional sulphate residue in the former antibiotic [31]. 
If this explanation is correct and if PhoE protein has a 
recognition site which recognizes both the sulphate residue of 
cefsulodin and polyphosphate, it can be expected that poly- 
phosphate inhibits the rate of uptake of cefsulodin through 
PhoE protein pores, whereas polyphosphate should not 
influence the uptake of cefsulodin through OmpF protein 
pores. Moreover, if the PhoE protein pore recognizes poly- 
phosphate, also the uptake of cephaloridine through this 
pore may be inhibited, although to a lesser extent. 

Strains containing only one pore protein (CE1110 and 
CE1108), or no pore protein at all (CE1107), were trans- 
formed with plasmid pBR322 DNA. The presence of this 
plasmid results in the production of a very active periplasmic 
8-lactamase which is required to measure permeation rates 
through pores [26]. Analyses of the cell envelope protein 
patterns (Fig. 2) show that the presence of the plasmid does 
not significantly influence the outer membrane protein pattern 
and also that the relative amounts of OmpF protein in strain 
CEI 11 0 (pBR322) (slot b) and PhoE protein in strain CEI 108 
(pBR322) (slot d) are comparable. The results of the uptake 
experiment are presented in Table 2. They show that the 
presence of a pore protein is required for efficient uptake. 
Consistent with the results reported by Nikaido [31] we ob- 
served that cephaloridine permeates more than ten-times 
faster through the OmpF protein pore than does cefsulodin. 
However, cefsulodin permeates even faster through the PhoE 
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-25 

-14 

a b c d e f  

Fig. 2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis of 
rnembrune proteins. The protein patterns of cell envelope preparations 
of strains CElllO (a), CElllO(pBR322) (b), CE1108 (c), CE1108 
(pBR322) (d), CE1107 (e), CE1107 (pBR322) (f) are shown. The positions 
of the molecular weight standards are indicated at the right. Positions 
of OmpA protein, OmpF protein, PhoE protein and protein a are in- 
dicated on the left. It should be noted that PhoE protein and protein 
a have the same electrophoresis mobility [I21 and that the weak bands 
at the position of PhoE protein and protein a observed in strain 
CElllO (a), CElllO (pBR322) (b), CE1107 (e) and CE1107 (pBR322) (0 
represcnt a and not PhoE protein. Numbers on the right represent 
M ,  x 103 

Table 2. Influence of polyphosphate on the rate of permeation of the 
fi-lactam antibiotics cephaloridine and cej5ulodin through pores in the outer 
membrane 
The rate of uptake is expressed as nmol/min with lo8 cells. Control 
experiments showed that no significant leakage of 8-lactamase occurred. 
Moreover, a comparison of the rates of hydrolysis by intact cells and 
by cells converted to spheroplasts indicated that the presence of an 
intact outer membrane limited the rates of hydrolysis in all cases. The 
inhibitory effect of polyphosphate on the hydrolysis of the /-lactams by 
cells of strain CE1108 (pBR322) was not observed in spheroplast prepa- 
rations 

8-Lactam antibiotic Poly- Rate of uptake by intact cells 
.. ____ phosphate 

type P15 CElllO CE1108 CEZ107 
(0.2 mM) (pBR322) (pBR322) (pBR322) 

(OmpF (PhoE (nopore 
protein) protein) protein) 

nmol/min 
~ _ _ _ . .  ~~ 

Cephaloridine 

Cephaloridine 

Cefsulodin 

Cefsulodin 

(0.9 mM) - 141.1 3.1 5 0.3 

(0.9 mM) + 139.6 1.9 I 0.3 

(0.7 mM) - 10.6 6.5 I 0.4 

(0.7 mM) + 9.8 2.6 - < 0.4 

protein pore than cephaloridine (Table 2). Similar results 
have been obtained in Nikaido’s laboratory (H. Nikaido, per- 
sonal communication). Thus as it seems likely that the charge 
of the sulphate residue of cefsulodin is very important for the 
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0.351 permeability properties of this antibiotic [31] ; the results can 
be interpreted to indicate that the PhoE protein pore has 
some preference for negatively charged solutes, an inter- 
pretation which is consistent with the suggested role of PhoE 
protein in the uptake of polyphosphate (Table 1) and with 
the observations of Benz and Henning cited in [21]. 

The presence of 0.2 mM polyphosphate type P15 in the 
assay medium has no or hardly any effect on the rate of 
permeation of the antibiotics through OmpF protein pores 
(Table 2). However, the rate of permeation of cephaloridine 
through PhoE protein pores is reduced by about 40% and 
that of cefsulodin by as much as 60%. As polyphosphate 
had no influence on the activity of the p-lactamase in a 
crude enzyme preparation obtained after converting cells to 
spheroplasts and as the two strains are isogenic, it must be 
concluded that the inhibitory effect of polyphosphate on 
j?-lactam uptake occurs at the level of the PhoE protein. The 
observation that polyphosphate has a stronger inhibitory 
effect on the rate of uptake of cefsulodin compared to 
cephaloridine can be explained by the higher molecular weight 
of the former antibiotic and/or by the negative charge of the 
sulphate residue of cefsulodin, which is supposed to play a 
role in the relatively efficient uptake through PhoE protein 
pores. However, a prerequisite for both explanations is a site 
on the PhoE protein pore that recognizes polyphosphate. 

Kinetics of the Inhibition by Polyphosphate of the Rate 
of Cefsulodin Permeation through PhoE Protein Pores 

In order to investigate the nature of the observed inhibition 
of p-lactam antibiotics through PhoE protein pores, the 
inhibition of the rate of cefsulodin permeation by polyphos- 
phate was studied in more detail. Inhibition of the rate of 
cefsulodin permeation through phoE protein pores by poly- 
phosphate appeared to be reversible as preincubation of cells 
for 15 min with 0.2 mM polyphosphate type P15 followed by 
washing with assay medium, did not influence the rate of 
uptake of cefsulodin (details not shown). 

The kinetics of inhibition of the rate of permeation of 
cefsulodin into cells containing PhoE protein as the only 
pore was measured at two different concentrations of anti- 
biotic (0.6 mM and 0.9 mMj and various concentrations of 
polyphosphate. Presentation of the results in a so-called 
‘Dixon plot’ [32] (Fig. 3) shows that inhibition of the rate of 
cefsulodin permeation through PhoE protein pores by poly- 
phosphate is of the competitive type and an inhibition con- 
stant K i  of 34 pM could be calculated. Similar experiments 
using Pi instead of PI5 showed an inhibition constant Ki of 
2.1 mM, indicating that Pi is much less inhibitory than poly- 
phosphate. The observed competitive type of inhibition con- 
firms the presence of a recognition site for certain negatively 
charged solutes at the PhoE pore protein. 

Ejyect of Various Solutes on the Rate 
of Ctlfsulodin Permeation through the PhoE Protein Pore 

The effects of the presence of various solutes on the rate 
of permeation of cefsulodin through pores containing either 
PhoE protein or OmpF protein were compared. The results 
(Table 3) show that none of the compounds tested, except 
glycerol 3-phosphate, inhibited the rate of cefsulodin uptake 
through OmpF protein pores. In contrast, all phosphorylated 
compounds tested inhibited the rate of cefsulodin uptake 
through PhoE protein pores. Phosphate ions inhibit more 
efficiently than arsenate and sulphate ions. The importance 

5 1  a, 0.30 

I 

-Ki 0 20 40  60 80 100 

Polyphosphate P15 (1M) 

Fig. 3. Dixon plot of inhibition of the permeation of cefsulodin into cells 
of strain CEl108 by polyphosphate. The rate of permeation ( u )  of cef- 
sulodin at concentrations of 0.9 mM (-0) and 0.6 mM (M) 
into cells of strain CE1108 (pR322) was measured in the absence and 
presence of various concentrations [I] of polyphosphate type P15 as the 
inhibitor. l / u  is plotted versus [I] in a Dixon plot (see [32]) 

Table 3. Inhibition by various solutes ofthe rate ofpermeation of cefsulodin 
into intact cells through PhoE protein pores and OmpFprotein pores 
The rate of permeation of cefsulodin (0.7 mM) through PhoE protein 
pores of strain CE1108 (pBR322) and through OmpF protein pores of 
strain CElllO (pBR322) was measured in the absence and presence of 
the various solutes. To facilitate comparison of the inhibitory effects of 
these solutes, the data obtained at concentrations which inhibit con- 
siderably but not maximally have been listed. The percentage of in- 
hibition was calculated as 100 (uptake without inhibitor - uptake in the 
presence of inhibitor)/uptake without inhibitor. The maximal deviation 
of the values is 5%. The observed inhibition was not found when the 
cells were replaced by spheroplasts 

Inhibitor Concen- Percentage inhibition 
tration __ ~- 

strain strain 
CE1108 CE1130 
(pBR322) (pBR322) 
(PhoE (OmpF 
protein) protein) 

mM % 

NazHP04 
NazHAsO4 
Na2S04 
Glycerol 
Glycerol 3-phosphate 
Glucose 
Glucose 6-phosphate 
Adenosine 
Adenosine monophosphate 
Adenosine diphosphate 
Adenosine triphosphate 
Polyphosphate type P5 
Polyphosphate type P15 
Polyphosphate type P35 
Polyphosphate type P45 
Polyphosphate type P200 

2.5 
2.5 
2.5 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
2.0 
1 .o 
0.2 
0.1 
0.1 
0.1 
0.1 

40 
27 
23 

< 5  
45 

1 5  
46 

< 5  
37 
38 
43 
68 
70 
63 
60 
60 

< 5  
< 5  
< 5  
< 5  

10 
< 5  
< 5  
< 5  
< 5  
< 5  
< 5  
< 5  
< 5  
1 5  
< 5  
< 5  

of the phosphate group is emphasized by the observation that 
glucose 6-phosphate and glycerol 3-phosphate are inhibitors, 
but that glucose and glycerol do not inhibit at all. Similarly, 
adenosine did not inhibit at all whereas its phosphorylated 
derivatives are good inhibitors. Interestingly, the degree of 
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inhibition increased with increasing number of phosphate 
residues. A similar correlation between increase of the number 
of phosphate residues in a linear chain and increase in the 
inhibitory effect was also observed when several classes of 
linear polyphosphates were compared. Inhibition increased 
with chain length from P1 to P15 but longer chains (P35, 
P45 and P200) had an inhibitory effect comparable with that 
of polyphosphate type P15. 

DISCUSSION 

Several lines of evidence indicate that PhoE protein, in 
addition to having general non-specific pore properties, is 
particularly efficient in facilitating the permeation of solutes 
which contain phosphorus or other negatively charged resi- 
dues. (a) Synthesis of the pore protein is induced by phos- 
phorus-limitation [9]. (b) The pore shows a preference for 
anions as is observed in experiments with black lipid films 
in vitro (R. Benz and U. Henning, unpublished observations 
cited in 121 I). (c) The observation that cephaloridine permeates 
many times faster through the OmpF protein pore than cef- 
sulodin has been mainly attributed to the negative charge 
of an additional sulphate group present in the latter anti- 
biotic. Consistent with this interpretation is the observation 
that the two antibiotics permeate approximately equally fast 
through PhoE protein pores (Table 2 and H. Nikaido, per- 
sonal communication). (d) Comparison of rates of permeation 
of various solutes through various pores has shown that Pi 
and glucose 6-phosphate permeate considerably faster through 
the PhoE protein pore than through the other general pores 
whereas the pores differed hardly in the efficiency for glucose 
[32a]. 

Unsolved questions concerning the function of PhoE 
protein are (a) whether the protein is synthesized to facilitate 
the uptake of a specific phosphorus-containing solute or of 
a group of such solutes, and (b) what mechanism is responsible 
for the preference for negatively charged solutes. Technical 
difficulties like lack of availability, insolubility and hetero- 
geneity have so far prevented us from testing a large series 
of nutrients for the uptake of which PhoE protein could have 
been evolved. Moreover methods for measuring pore-limited 
uptake are not available for most non-radioactive compounds. 
Although growth experiments approach the question about 
preference of pores only indirectly, those presented in Table 1 
indicate that the presence of PhoE protein is advantageous 
for the uptake of polyphosphate, but suggest that these 
molecules are also able to permeate through the OmpF and/ 
or OmpC protein pore. However, it cannot be excluded that 
growth of the strains is partly due to leakage of small amounts 
of the periplasmic alkaline phosphatase into the medium and 
the subsequent generation of Pi outside the cell followed by 
uptake of Pi. In other words, the two pores may differ much 
more in efficiency for polyphosphates than the results of 
Table 1 suggest. 

The presence of a recognition site for maltose and malto- 
dextrins on the surface of the A-receptor pore has clearly 
been established [33 - 361. The presence of a recognition site 
on PhoE protein could also explain the preference of this 
protein for certain solutes. The observations that the P-lactam 
antibiotic cefsulodin permeates relatively rapidly through the 
PhoE protein pore (Table 2), presumably due to the presence 
of a sulphate residue, and that specifically the uptake of cef- 
sulodin through the PhoE protein pore, but not that through 
the OmpF protein pore, is inhibited by strongly negatively 

charged polyphosphates (Table 2), supported our assumption 
for the presence of such a recognition site on the PhoE 
protein. Dixon plots showed that the inhibition was of the 
competitive type (Fig. 3 and text). Thus polyphosphate and 
cefsulodin apparently ‘compete’ for a recognition site on the 
PhoE protein pore which is not present on the OmpF protein 
pore. 

The ability of various solutes to inhibit the rate of cef- 
sulodin permeation through PhoE protein pores was deter- 
mined. The results (Table 3) showed that the site was recog- 
nized by all tested anions and by all phosphorus-containing 
solutes, but that glucose, glycerol and adenosine were not 
significantly inhibitory. Thus it can be concluded that the 
PhoE protein pore contains a site which is recognized by Pi, 
phosphorus-containing solutes and by other (strong) anions. 
Similar recognition sites for substrates have been detected 
on the lambda-receptor protein and on the outer membrane 
receptor proteins for vitamin B12 [37] and ferrichrome [38]. 
One may therefore speculate that a recognition site for sub- 
strates could be a general feature of inducible outer membrane 
pore proteins. 

It is tempting to speculate from the data of Table 3 that 
an increasing number of phosphate residues allows a solute 
to bind more efficiently to the recognition site. However, a 
quantitative interpretation of the data may not be allowed 
since the assay to measure inhibition of p-lactam uptake is 
such that an observed inhibition can either be due to com- 
petition for the recognition site or to steric hindrance in the 
pore itself occurring after recognition of the inhibitor or by 
both phenomena. It is clear that if both recognition and steric 
hindrance can play a role, the contribution of each of these 
factors to the inhibition can differ from solute to solute. 
Therefore the relative affinities of various solutes for the 
recognition site can only be definitely determined by a direct 
binding assay, analogous to the one used for maltodextrins [34]. 

It is likely that the presence of a recognition site facilitates 
the permeation through the pore of solutes which are bound 
to this site. The mechanism behind this process is completely 
unknown but several possible explanations can be given. 
Firstly, binding can result in a favourable orientation of the 
solute relative to the channel such that its permeation becomes 
easier. Secondly, recognition can result in a conformational 
change of the pore protein itself thereby causing a faster 
permeation of the recognized solute; e.g. one can imagine 
that the channel becomes shorter or that the pore diameter 
becomes larger. Thirdly, periplasmic proteins may be involved 
in the mechanism of facilitating the permeation of recognized 
solutes through the outer membrane. At least three peri- 
plasmic proteins are co-induced with PhoE protein as a result 
of phosphate limitation, namely alkaline phosphatase, a 
phosphate-binding protein and a glycerol-3-phosphate-bind- 
ing protein [19,21]. These periplasmic proteins could, for 
example, open the pore after a substrate molecule has been 
bound by the pore or they may contain a site with a higher 
affinity for the substrate than the recognition site on the 
pore. In this respect it is noteworthy that periplasmic binding 
proteins like phosphate-binding protein and sn-glycerol-3- 
phosphate-binding protein indeed have a high and specific 
affinity for phosphate and sn-glycerol 3-phosphate, respec- 
tively [39,40]. As phoS mutants have been used in the ex- 
periments described in the present paper, a role of the phos- 
phate-binding protein must be excluded for the present data. 
Moreover, it is hard to imagine that the periplasmic proteins 
mentioned play a role in the uptake of a semi-synthetic com- 
pound like cefsulodin. The possible role of the three peri- 
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plasmic proteins can be studied as the appropriate mutants 
are available. It should be noted that in case of the lambda 
receptor evidence for a physic$ interaction between this pro- 
tein and the maltose-binding protein has recently been ob- 
tained from both genetic [41] and biochemical [42] studies. 

Recent experiments have shown that the use of the OmpF 
protein pore as a control was a very good choice. Consistent 
with the published immunological cross-reactivity between 
OmpF protein and PhoE protein [20], hybridization over 
almost the entire lengths of the cloned [22,43] genes has 
recently been observed [43]. Moreover, a comparison of the 
amino acid sequence predicted from the established nucleotide 
sequence of the phoE gene (N. Overbeeke et al., unpublished 
work) with the established amino acid sequence of OmpF 
protein [44] indicates that the primary structures of the two 
proteins are very similar. Attempts will be undertaken to 
isolate PhoE protein mutants with an altered recognition site 
in order to obtain more insight into the molecular mechanism 
of the recognition of phosphate, phosphate-containing com- 
pounds and negatively charged compounds by the PhoE 
protein. 

We are very grateful to Dr W. Zimmermann for providing us with 
cefsulodin and to Dr H. Bergmans for pBR322 plasmid DNA. The 
technical assistance of Lilian Joosen and Ria van Boxtel was greatly 
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