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The pore properties of PhoE protein channels in the outer membrane of a lipoprotein-deficient mutant and in 
a mutant with heptose-deficient lipopolysaecharide were investigated. The absence of lipoprotein neither 
affects the rate of permeation of glucose 6-phosphate or of the/~-lactam antibiotic eephsulodin through the 
PhoE pore nor the inhibition of cephsulodin permeation by polyphosphate. In contrast, heptose deficiency 
results in a 6- to 8-fold increase in the rates of permeation of glucose 6-phosphate and cephsulodin. Possible 
explanations for these data are discussed. It is argued that the lipopolysaecharide structure synthesized under 
phosphate limitation may be similar to that of the heptoseless mutant and hence that not only the structure of 
the PhoE protein pore but also the structure of the lipopolysaecharide may promote the uptake of Pi and 
Pi-containing solutes under phosphate limitation. 

Introduction 

The cell envelope of Gram-negative bacteria is 
composed of three distinct layers: the cytoplasmic 
membrane, the peptidoglycan layer and the outer 
membrane. Both membranes contain phospholipid 
and protein and in addition, the outer membrane 
contains lipopolysaccharide (for a review see Ref. 
1). 

Proteins play an important role in the permea- 
bility p roper t ies  of the outer membrane. 
Escherichia coil K-12 constitutively synthesizes two 
so-called peptidoglycan-associated proteins, OmpF 
and OmpC protein, which are involved in the 
formation of non-specific aqueous pores. It has 
been shown both in vivo and in vitro that these 
proteins facilitate the diffusion of hydrophilic so- 
lutes of a molecular weight up to approximately 
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700 daltons across the outer membrane [2-9]. 
When wild-type cells of E. coli K-12 are grown in 
a medium containing a sub-optimal phosphate 
concentration, the synthesis of another outer mem- 
brane pore protein, PhoE protein, is derepressed 
[10]. Moreover, these conditions induce the synthe- 
sis of a number of other proteins, all of which are 
involved in the transport of Pi and Pi-containing 
solutes across the cell envelope [11,12]. Constitu- 
tive synthesis of PhoE protein is observed in cells 
carrying either a phoR, phoS, phoT or pst mutation 
[12]. PhoE protein shares many properties with 
OmpF and OmpC protein. It can be isolated asso- 
ciated with the peptidoglycan layer [8,13] and it is 
immunologically related to OmpF and OmpC pro- 
tein [14], the latter being consistent with the re- 
cently observed strong homology in primary struc- 
ture between OmpC protein, OmpF protein and 
PhoE protein [15,16]. PhoE protein functions as a 
general pore like OmpF and OmpC protein 
[6,8,13,17,18]. Besides general pore properties, 
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PhoE protein has a preference for Pi and Pi-con- 
taining solutes as was shown by in vivo transport 
assays carried out at low solute concentration [19]. 
By performing the assay at low solute concentra- 
tions the rate of permeation through pores in the 
outer membrane is the rate-limiting step [4,5,20]. 
The recently discovered recognition site for phos- 
phate and also for other negatively charged solutes 
is likely to be responsible for the efficient uptake 
of inorganic and organic phosphate [21]. 

Pore proteins form trimers which interact with 
lipopolysaccharide. Their attachment to the 
peptidoglycan layer is probably mainly mediated 
by lipoprotein molecules (for a review, see Ref. 1). 
In mutants devoid of lipoprotein severe physio- 
logical and morphological alterations occur [22]. 
Mutants with heptoseless lipopolysaccharide have 
largely diminished amounts of OmpF protein 
[23-26] and PhoE protein [13]. Data of Schindler 
et al. [27] show that interaction between lipopoly- 
saccharide and OmpF protein is essential for the 
functioning of this pore protein. 

The established interactions of pore proteins 
with lipoprotein and with lipopolysaccharide 
prompted us to investigate whether the function- 
ing of the PhoE protein pore in vivo is influenced 
by the absence of lipoprotein or by a decreased 
length of the lipopolysaccharide sugar chain. Both 
the efficiency of the permeation of glucose 6-phos- 
phate and cephsulodin through the PhoE pore as 
well as the ability of the PhoE pore to recognize 
phosphate residues are examined. The present 
paper describes the results of this study. 

Materials and Methods 

Strains, phages, plasmids and growth conditions. 
All bacterial strains used in this study are deriva- 
tives of Escherichia coli K-12. Their sources and 
relevant characteristics are listed in Table I. The 
heptose-deficient strains CE1242 and CE1243 were 
selected as mutants resistant towards lipopolysac- 
charide-specific phages T 3 and T v [25]. The heptose 
content of these strains was determined as de- 
scribed [30] and expressed as nmol heptose/mg 
total cell protein. As heptose deficiency in these 
mutants does not coincide with proline require- 
ment and therefore is probably not due to a dele- 
tion mutation [25], the frequency of revertants 

producing wild-type lipopolysaccharide was ex- 
pected to be rather high. However, by starting 
from fresh single colonies the fraction of re- 
vertants, determined on yeast agar plates supple- 
mented with rifampicin in a final concentration of 
1 ~tg/ml [26], could be kept lower than 0.01%. 
Expression of PhoE protein in a heptoseless lipo- 
polysaccharide background is very poor [13] but 
could be increased to much higher levels by first 
introducing the multicopy plasmid pJP12, on which 
the structural gene for PhoE protein is located, 
into strain CE1237 by a transformation procedure 
[31] and subsequently selecting for T 3- the TT-re- 
sistant mutants. 

The lipoprotein-deficient derivatives of strain 
CE1237 were constructed as indicated in Table I. 
P~ transduction was carried out as described in 
Ref. 32. The presence or absence of lipoprotein 
was established by the gel immuno radio assay 
technique as described in Ref. 21. When the up- 
take of ]3-1actam antibiotics was to be measured, 
fl-lactamase producing strains were constructed by 
transformation of the appropriate mutant with 
plasmid pBR322. Except where noted bacterial 
strains were grown in yeast broth [33] at 37°C 
under vigorous aeration. Cells containing plasmid 
pJP12 and /o r  pBR322 were grown in the same 
medium supplemented with chloramphenicol (25 
#g /ml)  and benzylpenicillin (50 ~g/ml),  respec- 
tively. The lipopolysaccharide-specific phages P~, 
T 3 and T 7 and the PhoE protein specific phage 
TC45 were from laboratory stocks. 

Isolation and characterization of cell fractions. 
Cell envelopes were isolated by differential centri- 
fugation after ultrasonic treatment of the cells [34]. 
The cell envelope protein patterns were analyzed 
by SDS (sodium dodecyl sulphate)-polyacrylamide 
gel electrophoresis [34]. Protein was determined 
according to Lowry et al. [35]. 

In order to determine the relative amount of 
PhoE protein per cell, the proteins associated with 
the peptidoglycan layer were separated from the 
other cell envelope proteins by ultracentrifugation 
after extraction of the cell envelopes at 60°C in 
buffer containing 2% SDS [36,37]. The protein- 
peptidoglycan complexes were analyzed on a poly- 
acrylamide gel and the protein pattern on the gel 
was scanned with a Vitatron TLD100 densitome- 
ter. As the accuracy of the gel scanning is depen- 
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TABLE I 

BACTERIAL STRAINS 

Genotype descriptions follow recommendations of Bachmann and Low [28] except for phoE which represents the structural gene for 
PhoE protein [29]. 

Strain Relevant characteristics Relevant protein pattern Source, 
OmpF OmpC PhoE reference 

CE1237 F - ,  thi, pyrF, thy, iloA, his, 
lacY, argG, tonA, tsx, rpsL, 
cod, dra, otr, glpR, phoR69, 
phoA8, ompB471 

CE1238 TC45 resistant phoE, pro 
derivative of strain CE1237 

C E 1 2 3 9  SDS-resistant derivative 
of strain CE1238 

C E 1 2 4 2  heptose-deficient lipopoly- 
saccharide mutant of strain 
CE1237 

C E 1 2 4 3  heptose-deficient lipopoly- 
saccharide mutant of strain 
CE1238 

JE5513 HfrC, Ipo5508, manA, pps 
CE1244 1po5508, manA + derivative 

of strain JE5513 obtained 
by transduction with a P~ 
lysate of strain CE1237 

CE1245 EMS a induced manA, Ipo + 
derivative of strain CE1237 

CE1246 manA +, 1po5508 derivative 
of strain CE1245 obtained 
by transduction with a P1 
lysate of strain CE1244 

CE1247 TC45 resistant phoE, pro 
derivative of strain CE1246 

+ [191 

_ _ _ [191 

+ + - [191 

- - + This study 

This study 

+ + - [221 
+ + - This study 

+ This study 

+ This study 

This study 

a EMS is the abbreviation for ethyl methane sulphonate. 

den t  on the in tens i ty  of the p ro te in  band ,  amounts  
of  1 - 3 / ~ g  of  p ro te in  were app l ied  per  slot. In  this 
range  the surface area  of the PhoE pro te in  peaks  
was p ropor t iona l  wi th  the amoun t  of PhoE pro te in  
appl ied .  D a t a  for the relat ive amount s  of  PhoE 
p ro te in  per  cell were ca lcula ted  f rom the gel scans 
and  expressed a s / t g  PhoE pro te in  per  mg total  cell 
prote in .  

Transport studies. The rate of  pe rmea t ion  of 
D-[U-14C]glucose 6 -phospha te  through the PhoE 
pro te in  pore  was de te rmined  as descr ibed  [19] and  
expressed as n m o l / m i n  p e r / t g  po re  protein.  In  all 
up take  exper iments  cont ro l  samples  of  the cell 
suspensions  were used for the de t e rmina t ion  of  the 
heptose  conten t  and  the relat ive amoun t  of PhoE 
p ro te in  pe r  cell. The la t ter  value  was somewhat  

var iab le  in heptoseless  mutants .  Surpris ingly,  this 
va r i a t ion  was i n d e p e n d e n t  of  the  revers ion 
frequency.  The  cell envelope p ro te in  pa t t e rn  was 
also used to check whether  the pore  p ro te in  pa t -  
tern  of  the s t rains  was unal tered .  

Assays  for the rate  of pe rmea t ion  of cephsulo-  
d in  across the outer  m e m b r a n e  have been  de- 
scr ibed repea ted ly  [6,38,39]. In  o rder  to measure  
the rate  of up take  th rough  the PhoE pore,  we used 
the modi f ied  me thod  in t roduced  by  Overbeeke  
and  Lugtenberg  [21]. Cephsu lod in  up take  was 
measured  at cell concen t ra t ions  of 2 . 1 0  8 ceUs /ml ,  
wi th  the except ion  of  heptose-def ic ient  and  pore.  
def ic ient  mutan ts ,  for which concent ra t ions  of 5 • 
10 8 and  9 - 1 0  8 cells pe r  ml, respectively,  were 
used.  Cont ro l  cell suspensions  were ana lyzed  as 
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described in the previous section. Cephsulodin was 
present in a final concentration of 0.8 mM and the 
inhibitory effect of polyphosphate type P15 was 
tested at a concentration of 0.2 raM. Total fl- 
lactamase activity was determined after converting 
cells to spheroplasts using the method of Osborn 
et al. [40]. To check for the leakage of fl-lactamase 
activity during the assay, cells were incubated 
without antibiotic for various periods of time fol- 
lowed by the determination of the fl-lactamase 
activity in the assay fluid obtained after separating 
the fluid from the cells by membrane filtrations 
(Millipore, type HA, pore diameter 0.45 #m). 

All uptake experiments were carried out at so- 
lute concentrations equal to or lower than the 
apparent K m value for strain CE1237 in order to 
ascertain that permeation through the outer mem- 
brane is the rate-limiting step. 

Chemicals. D-[UJ4C]Glucose 6-phosphate was 
purchased from The Radiochemical Centre, 
Amersham, Bucks, U.K. Cephsulodin was a gener- 
ous gift from Dr. W. Zimmerman (Ciba Geigy 
AG, Basle, Switzerland). Polyphosphate type P15 
was purchased from Sigma Chemical Company 
(St. Louis, MO, U.S.A.). 

Results 

Strain construction and cell envelope protein pat- 
terns 

As a result of the ompB471 mutation, strain 
CE1237 lacks the pore proteins OmpF protein and 
OmpC protein. Although in wild-type cells the 
synthesis of PhoE protein is only induced by phos- 
phate limitation, strain CE1237 produces PhoE 
protein constitutively due to a phoR mutation. 
Consequently PhoE protein is the only pore pro- 
tein synthesized by strain CE1237 (Fig. la). More- 
over, due to a phoA mutation, alkaline phos- 
phatase activity is lacking in this strain which 
makes it suitable for measuring the rate of uptake 
of organic phosphate across the outer membrane 
without prior degradation of substrate due to 
leakage of small amounts of the enzyme into the 
medium [19]. 

As expected from previous results [13], strain 
CE1242, the heptose-deficient derivative of strain 
CE1237, contains strongly decreased amounts of 
PhoE protein (Fig. lb). Uptake experiments with 

_ / P h o E  p ro te in  
- - O m p T  pro te in  

...... ~ ~ ~ - - O m p A  pro te in  

a b c d e f g h 

Fig. 1. Cell envelope protein patterns obtained by SDS-poly- 
acrylamide gel electrophoresis. The cell envelopes of the strains 
were prepared from the same batches of cells as were used for 
the uptake studies of which the data are listed in Table II. The 
slots contain preparations of the following strains, (a) CE1237, 
(b) CE1242, (c) CE1237 transformed with plasmid pJP12, (d) 
CE1242 transformed with plasmid pJP12, (e) CE1238, (f) 
CE1243, (g) CE1246, (h) CE1247. Only the relevant part of the 
gel is shown. The pore proteins OmpC protein and OmpF 
protein, absent in the cell envelopes of the strains shown in this 
figure, run in positions in between OrnpT protein and OmpA 
protein. 

this strain were not successful as the amount of 
PhoE protein was too small to measure significant 
permeation of substrates across the outer mem- 
brane of the heptose-deficient strain. The amount 
of PhoE protein in the heptose-deficient back- 
ground was increased by first transforming strain 
CE1237 with the multicopy plasmid pJP12, on 
which the structural gene for PhoE protein is 
located and subsequently selecting for T 3- and 
TT-resistant mutants. Analysis of the cell envelope 
protein pattern shows that the presence of the 
multicopy plasmid results in the synthesis of high 
levels of PhoE protein in strain CE1237 (Fig. lc) 
whereas the heptose-deficient strain also contains 
considerable amounts of PhoE protein (Fig. ld). 
The pore-deficient strains CE1238 (Fig. le) and 
CE1243 (Fig. lf)  with wild-type and heptose-defi- 
cient lipopolysaccharide, respectively were con- 
structed to check whether the measured permeabil- 
ity was indeed related to the presence of PhoE 
protein in the outer membrane. 

The cell envelope protein pattern of the lipo- 
protein-deficient mutant CE1246 (Fig. lg) shows 
that the level of expression of PhoE protein is 
hardly or not at all influenced by the absence of 
lipoprotein. The pore protein deficient derivative 
of strain CE1246, strain CE1247 (Fig. lh), was 
constructed in order to relate the permeation of 
solutes in the lipoproteinless mutant to the pres- 
ence of PhoE pore protein in the outer membrane. 
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TABLE II 

INFLUENCE OF SHORTENING OF THE LIPOPOLYSACCHARIDE SUGAR CHAIN AND OF THE LACK OF LIPOPRO- 
TEIN ON CHANNEL PROPERTIES OF PhoE PROTEIN 

Strain a Phenotype Rate of uptake by intact cells c 
Pore protein Heptose b Lipo- (nmol/min/~ g pore protein) 

protein Glucose 6- Cephsulodin (0.8 raM) Type(s) /~g per 
mg total phosphate Poly-P type P15 (0.2 mM) 
cell pro- (1.0 #M) 

- + 

tein 

CE1237 PhoE 41 + + 0.11 9.1 3.2 (65) d 
CE1242/ 
pJP12 PhoE 5 - + 0.62 78 18 (77) 
CE1243 'none' < 1 - + < 0.01 < 0.1 < 0.1 (n.d.) 
CE1246 PhoE 38 + - 0.10 8.7 2.8 (n.d.) 
CE1247 'none' < 1 + - < 0.01 < 0.1 < 0.1 (n.d.) 
CE1239 OmpF 49 + + n.d. e 15.2 14.9 (2) 

OmpC 

a High/Llactamase activity necessary for measuring the uptake of cephsulodin was obtained by transforming plasmid pBR322 into 
the appropriate strains. 

b The average heptose content of the strains containing wild-type lipopolysaccharide was calculated as 0.12 /~mol/mg total cell 
protein. The amount of heptose produced in the heptose-deficient strain was always less than 5% of the amount produced by strains 
containing wild-type lipopolysaccharide. 

e The uptake data are the average of at least four experiments. 
a These data represent the percentages of inhibition by polyphosphate. The percentages were calculated as 100 × (uptake without 

inhibitor - uptake in the presence of inhibitor)/uptake without inhibitor. 
e n.d., not determined. 

Influence of the lipopolysaccharide sugar chain and 
of lipoprotein on the channel properties of PhoE 
protein 

Recent  experiments have shown that Pi and 
Pi-containing solutes preferential ly permeate  
through the PhoE protein pore [19]. In order  to 
investigate a possible change in the efficiency of  
the PhoE pore for Pi-containing solutes, the rate of 
permeat ion of  glucose 6-phosphate across the outer 
membrane  of various strains was determined. Ex- 
periments with cells containing increased amounts  
of  PhoE protein, due to the presence of  the multi- 
copy  plasrnid pJP12 revealed that the rate of per- 
meat ion of glucose 6-phosphate increases directly 
propor t ional  with the amount  of  PhoE protein 
produced (not  shown). Consequently,  permeat ion 
through PhoE pores, produced by strain CE1237 
without  plasmid pJP12, is rate-limiting. The results 
(Table II) show that the rate of permeat ion through 
the PhoE pore in the parental  strain CE1237 is 
5-to 6-fold lower than that  through the PhoE pore 
in the hept0se-deficient strain CE1232. A similar 

effect of  heptose deficiency was found for the rate 
of  permeat ion of  cephsulodin (Table II). Control  
experiments with the heptoseless, pore-deficient 
strain CE 1243 indicate that there is no  significant 
pore  activity across the outer membrane  in the 
absence of  Phol~ protein. Thus, the lack of  the 
l ipopolysaccharide core sugars makes the PhoE 
pore about  6- to 8-fold more efficient in the up- 
take of glucose 6-phosphate  and cephsulodin. In 
contrast  to heptose deficiency, the absence of  lipo- 
protein hardly influences the permeation of  the 
two solutes through the PhoE pore (Table II). 

In  order to test the influence of  heptose-defi- 
cient and lipoprotein-deficient backgrounds  on the 
ability of  PhoE protein to recogniz e phosphate  
moieties, the rate of  permeat ion of cephsulodin 
was determined in the presence of  polyphosphate  
type P15. The results in Table I I  show that ceph- 
sulodin uptake through the PhoE protein pore in 
strain CE1237 is inhibited by polyphosphate  type 
P15, whereas there is no  inhibitory effect on  the 
rate of permeation of  cephsulodin in strain CE1239 
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containing both OmpF and OmpC proteins but 
lacking the PhoE protein. This PhoE protein 
specific effect is also found for mutants deficient 
in heptose or lipoprotein. 

Discussion 

By reconstitution of OmpF protein trimers into 
planar lipid bilayers it was shown that lipopolysac- 
charide is required for pore activity in these phos- 
pholipid bilayers [27]. However, it should be noted 
that pore activity in artificial (outer) membranes 
cannot be simply compared to pore activity in the 
cell. In vivo, at least the lipid A part of lipopoly- 
saccharide together with 2-keto-3-deoxyoctonate is 
essential for growth of the cell. So, in vivo studies 
on the influence of lipopolysaccharide on the pore 
function of the pore proteins are mainly limited to 
variations in the core sugar chain of lipopolysac- 
charide. A structural role of lipoprotein for the 
assembly and /o r  integrity of the outer membrane 
has been reported [22,41] and evidence for an 
interaction between lipoprotein and pore protein 
has been presented [1,42]. 

To investigate the influence of lipoprotein and 
lipopolysaccharide on the functioning of the PhoE 
protein pore, lipoprotein-deficient and heptose-de- 
ficient mutants were constructed. The absence of 
lipoprotein does not seem to affect the expression 
of PhoE protein (Fig. 1, compare slots a and g). 
The expression of PhoE protein in the heptose-de- 
ficient background is strongly reduced, suggesting 
that the lipopolysaccharide sugar chain is involved 
in the interaction of lipopolysaccharide with PhoE 
protein. The lack of expression of PhoE protein in 
heptose-deficient strains can be overcome by the 
presence of multiple copies of the phoE gene (Fig. 
1, compare slots b and d). This observation al- 
lowed us to study the influence of the presence of 
the core sugars on the functioning of the PhoE 
pore. 

As far as the pore function of PhoE protein is 
concerned two observations indicate that in vivo 
PhoE protein, in addition to having channel prop- 
erties, has some more or less specific properties. 
Firstly, PhoE protein is especially effective in 
facilitating the diffusion of P~ and P~-containing 
solutes across the outer membrane [19]. Secondly, 
PhoE protein is able to recognize P~ and also other 
negatively charged solutes [21]. The present results 

show that, whereas the absence of lipoprotein does 
not significantly affect the rates of permeation of 
glucose 6-phosphate and cephsulodin through the 
PhoE protein pore, the lack of heptose and the 
more distal core sugars result in a 6- to 8-fold 
more efficient permeation of the mentioned solutes 
(Table II). The results also show that neither the 
lack of the lipopolysaccharide core sugars nor the 
absence of lipoprotein grossly influence the recog- 
nition of solutes as measured by inhibition of 
cephsulodin uptake by polyphosphate (Table II). 

On the molecular level at least three explana- 
tions can be given for the increased efficiency of 
the PhoE pore in strains missing such a large part 
of the lipopolysaccharide sugar chain. (i) The re- 
duced length of the lipopolysaccharide may lead to 
a conformational change of the PhoE protein and 
hence to an increased effective diameter of the 
pore. Our results show that the recognition site is 
not essentially influenced by such a proposed con- 
formation change. If the effective diameter of the 
PhoE pore was indeed increased one would predict 
that the rate of permeation of ampicillin, which 
permeates very slowly through PhoE protein pores 
in a background with wild-type lipopolysaccharide 
[6], would be considerably more increased in a 
heptoseless lipopolysaccharide background than 
that of cephsulodin. However, preliminary experi- 
ments show that this is not the case (results not 
shown). (ii) As the pores are supposed to exist in a 
dynamic equilibrium of two states, closed and 
open [9], the number of open, functional PhoE 
protein pores could be increased in the heptose-de- 
ficient mutant. In this respect it should be noted 
that Kropinski et al., [43] favour the idea that in 
Pseudomonas aeruginosa the number of open func- 
tional pores and hence the outer membrane per- 
meability is influenced by the state of the lipopoly- 
saccharide. (iii) In heptoseless mutants the pore 
could be more accessible for the solutes because of 
the absence of steric hindrance by the lipopolysac- 
charide core sugars. Moreover, the loss of heptose 
coincides with the loss of phosphate groups bound 
to this sugar [44]. The reduction of the number of 
these strongly negatively charged residues may be 
favourable for the permeation of negatively 
charged solutes as the repulsive forces between 
these phosphate residues and negatively charged 
solutes are absent. 

Phosphate limitation, the natural condition 



which induces PhoE protein,  must  be expected to 
inf luence the structure of the l ipopolysaccharide 
molecule in a way similar to the muta t ion  which 
causes heptose-deficiency. F rom the results of a 
s t u d y  on  the b i o s y n t h e s i s  of Salmonella 
typhimurium l ipopolysaccharide it was concluded 

that phosphoryla t ion of heptose is necessary for 
galactose transfer and for the in t roduct ion  of an 

e thanolamine  pyrophosphate  group into the core 

[45]. Thus it is likely that also in vivo phosphate 
l imita t ion results in the synthesis of lipopolysac- 

charide with a deficiency in phosphate  and there- 

fore with a reduced length of the core sugar chain. 
The predicted similarities between heptoseless 
l ipopolysaccharide and  the l ipopolysaccharide 

structure synthesized under  phosphate l imita t ion 

strongly suggests that the increase in efficiency in 
the funct ioning of the PhoE protein pore in 
heptoseless mutan t s  may reflect the actual situa- 
t ion under  phosphate  l imitat ion.  Thus two factors 
in the outer membrane  may favour the uptake of 
Pi and  Pi-containing solutes, namely  the replace- 
men t  of the general pore proteins by the more 
efficient [19] PhoE protein pore and, at the same 
time, the synthesis of a modified lipopolysac- 

charide structure that greatly improves the per- 

meabi l i ty  of the PhoE protein for Pi-containing 
and  other negatively charged solutes. 
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