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Pores in the Outer Membrane of Escherichia coli K12 

Involvement of Proteins b and e in the Functioning of Pores for Nucleotides 
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Summary. Mutants lacking outer membrane proteins 
were studied in order to investigate the role of these 
proteins in the functioning of aqueous pores through 
the outer membrane. Protein b is involved in the 
functioning of pores through which low concentra- 
tions of adenosine-monophosphate (AMP), guano- 
sine-monophosphate (GMP), bis(paranitrophenyl)- 
phosphate (bis-PNPP) and, although less pro- 
nounced, also cytidine-monophosphate (CMP) enter 
the cell. In the absence of the receptor protein of 
phage T6, which facilitates the permeation of various 
nucleosides (Hantke, 1976), protein b plays a major 
role in the uptake of adenosine. Proteins c and d 
and the receptor proteins of phages lambda and T6 
do not have a pore function for AMP, GMP, CMP 
and bis-PNPP. However, a newly discovered peptido- 
glycan-associated protein, protein e, can also mediate 
the permeation of the latter four components, but 
not of adenosine, through the outer membrane. 

Protein b does not play a major role in the uptake 
of higher concentrations of AMP. Obviously mainly 
other pores are used under those conditions. The re- 
sults strongly suggest that at low concentrations of 
nucleoside monophosphates (and possibly o fo t he r  
nutrients) protein b functions as a specific pore. 

Introduction 

The outer membrane of Enterobacteriaceae consists 
of protein, phospholipid and lipopolysaccharide 
(LPS) (Schnaitman, 1970; Osborn et al., 1972). Al- 
though the functions of the individual components 
are virtually unknown, permeability properties of the 
outer membrane are well characterized. The outer 
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membrane is practically not permeable for bile salts, 
detergents and several antibiotics. On the other hand 
nutrients with a molecular weight of upto about 600 
daltons can freely penetrate the outer membrane 
(Decad and Nikaido, 1976). Nikaido (1976) proposed 
distinct permeation pathways for hydrophilic and hy- 
drophobic substances. The hydrophobic pathway is 
assumed to be practically non-existent in wild type 
cells but is present in certain mutants. In an attempt 
to identify the component(s) involved in the hydro- 
philic pathway Nakae (1975, 1976a) showed by ele- 
gant in vitro studies that at least some permeability 
properties of the outer membrane can be mimicked 
by the incorporation of a fraction containing three 
major outer membrane proteins of Salmonella typhi- 
murium into phospholipid-LPS vesicles. These 
proteins correspond with the peptidoglycan-asso- 
ciated proteins (Rosenbusch, 1974; Lugtenberg et al., 
1977). Lateron it was shown that the only peptidogly- 
can-associated "matrix" protein of Escherichia coli 
B (Rosenbusch, 1974), also designated as protein b 
(Lugtenberg et al., 1975), Ia (Hindennach and Hen- 
ning, 1975), la  (Diedrich et al., 1977) or 0-9 (Yu 
and Mizushima, 1977), has the same property (Nakae, 
1976b). It was concluded that the mentioned proteins 
form aqueous or water-filled pores through the outer 
membrane and they were therefore designated as po- 
rins (Nakae, 1976b). 

The results of these in vitro studies were more 
or less confirmed in vivo by studies of Beacham et 
al. (1973, 1977) with cryptic mutants, e.g. mutants 
which, in contrast to their parent strain, are impaired 
in the ability to convert a number of substrates for 
periplasmic enzymes, although the level of these en- 
zymes in the cells is normal (Beacham et al., 1973). 
Recently it was reported that cryptic mutants are lack- 
ing a major, but so far unidentified outer membrane 
protein. The authors suggest that this protein is 
involved in the permeation through the outer mem- 
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brane of both the 3' and 5' forms of adenosine-mono- 
phosphate (AMP) and guanosine-monophosphate 
(GMP) and, to a less extent, also of cytidine-mono- 
phosphate (CMP) (Beacham et al., 1977). As such 
studies may clarify the functions of various outer 
membrane proteins we have studied in detail the rate 
of uptake of various components through the outer 
membrane of wild type cells and of many outer mem- 
brane protein mutants. 

Materials and Methods 

Bacterial Strains and Growth Conditions 

The E. coli K12 strains, their origins and relevant properties are 
listed in Table 1. Strains lacking one of the outer membrane 

proteins b, c or d were isolated as clones resistant tO the phages 
TuIa (kindly donated by U. Henning), Mel (Verhoef et al., 1977) 
and K3 (Skurray et al., 1974; Lugtenberg et al., 1976; van Alphen 
et al., 1976) respectively. Unless otherwise indicated cells were 
grown in yeast broth (Lugtenberg et al., 1976). The receptor of 
bacteriophage lambda was induced by growth in yeast broth, sup- 
plemented with 0.5% maltose. Cells were harvested in the station- 
ary growth phase, washed with 0.85% NaC1 and their crypticity 
was determined by enzyme assays on both sonicated and intact 
cells. As a control on the membrane protein pattern, membranes 
were prepared from part of the cells and analyzed on sodium 
dodecyl sulphate polyacrylamide gels as described previously (Lug- 
tenberg et al., 1975). 

Assay of  3'-Nucleotidase (Cyclic Phosphodiesterase) 

With bis(para-nitrophenyl)phosphate (bis-PNPP) as the substrate, 
the assay described by Brockman and Heppel (1968) was used, 
except that the substrate concentration was decreased in order 

Table 1. Bacterial strains 

Strain 
designation 

Parent strain, relevant characteristics, source, references Outer membrane 
proteins" 

b c d 

PC0479 
CEl122 
CEl124 
CE1129 
CE1062 
CE1107 
C E l l l 0  
CEll31 
CEll08 b 
ABl133 
P692 
P692 tsx 
P400 
P460 
CE1072 
P407 
JF568 
JF688 
PC0221 
CE1070 
JF404 
JF404-2a 
AB1859 
CE1034 
PC1349 
ABl157-1 
3-4 
3-4T 
5-70 
3-41 
3-41 R3 
3-41 R6 

T6 g, Phabagen Collection (Verhoef et al., 1977) + + + 
TuIa g derivative of PC0479 ; C. Verhoef - + + 
TuIa R derivative of PC0479 ; C. Verhoef - + + 
TuIa g derivative of PC0479 ; C. Verhoef - + + 
Mel g derivative (meol) of PC0479 (Verhoef et at., 1977) + - + 
Mel g derivative of PC0479; SDSS; C. Verhoef - - + 
Mel g derivative of PC0479; C. Verhoef + + - + 
K3 g derivative of PC0479 ; this paper ÷ + - 
SDS R derivative of CE1107; C. Verhoef - - + 
T6 s, P. Reeves (Davies and Reeves, 1975) + + + 
Colicin tolerant strain; P. Reeves (Davies and Reeves, 1975) - - + 
T6 R derivative of strain P692; C. Verhoef - - + 
ABl133; P. Reeves (Skurray et al., 1974) + + + 
K3 R derivative of P400; P. Reeves (Davies and Reeves, 1975) + + - 
K3 g derivative of P400; L. van Alphen + + - 
T6 g derivative of P400; P. Reeves (Manning and Reeves, 1976) + + + 
J. Foulds (Chai and Foulds, 1977) + + + 
tolF4 transductant of JF568; J. Foulds (Chai and Foulds, 1977) - + + 
Phabagen Collection (Lugtenberg et al., 1976) + + + 
K3 R derivative of PC0221 ; L. van Atphen + + - 
J. Foulds + + + 
tolG derivative of JF404; J. Foulds (Chai and Foulds, 1974) + + - 
B. Bachmann (Schnaitman, 1974; Lugtenberg et al., 1976) + + + 
K3 R derivative of AB1859 (van Alphen et al., 1976) + + - 
Phabagen Collection (Lugtenberg et al., 1976) + + + 
I. Beacham (Beacham et al., 1973) + + + 
Cryptic derivative of AB1157-1 ; I. Beacham (Beacham et al., 1973) - + + 
Noncryptic transductant of 3-4; I. Beacham (Beacham et al., 1977) + + + 
Cryptic mutant of AB 1157-1 ; I. Beacham (Beacham et al., 1973) - + + 
Cryptic mutant of AB1157-1 ; I. Beacham (Beacham et at., 1977) -- -- + 
Noncryptic revertant of 3-41 ; I. Beacham + + + 
Noncryptic revertant of 3-41 ; I. Beacham + _+ + 

a Nomenclature of Lugtenberg et al. (1975). A comparison with the nomenclature used by others is given 
in the same reference 
b This strain contains a new major protein with the same electrophoretic mobility as protein a. However, 
unlike protein a the new protein, which we have designated as protein e, is peptidoglycan-associated and 
probably identical to the "protein Ic"  described by Henning et al. (1977) 
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to increase the crypticity. The assay mixture for intact cells con- 
tained final concentrations of 80 m M  sodium acetate, pH 6.8, 
2 m M  COC12, 10 m M  MgCI; and cells corresponding with an 
optical density at 660 nm of 2.8 in a total volume of 1.0 ml. 
After preineubation for 5 min at 37° C  the reaction was started 
by the addition of 100 gl 3 m M  bis-PNPP. The reaction was 
stopped by chilling in ice-water and adding 0.2 m l l  N NaOH.  
After centrifugation for 10 min in a bench centrifuge the optical 
density of  the supernatant  was determined at 400 nm. The assay 
for sonicated cells was identical except that  four-fold diluted soni- 
care was used. With T - A M P  as the substrate the procedure de- 
scribed by Beacham et aI. (1973] was used, except that the final 
substrate concentrat ion in the assay mixture was 2 m M  and the 
amoun t  of  enzyme was as described above for intact cells. 

Assay of 5'-Nucleotidase (Uridine Diphosphate-Sugar Hydrolase 

The procedure (Nossal and Heppel, [966; Beacham et al., 19771 
is based on the liberation of inorganic phosphate  f rom Y-AMP. 
The assay mixture for intact cells contained final concentrations 
of 83 mM sodium acetate (pH 6.0), 5 m M  COC12, 16 m M  CaC12 
and cells corresponding with an optical density at 660 nm of 0.28. 
The final volume was 1.0 ml. After preincubation for 5 min at 
37°C  the reaction was started by the addition of 110 ~tl 20 m M  
5'-AMP. The reaction was stopped by chilling in ice-water and 
adding 120 111 0.5 N HC1. Inorganic phosphate  was determined 
as described by Ames and Dubin  (I960]. The assay for sonicated 
cells was identical except that  the desintegrated cells were preincu- 
bated for 10 min at 45 ° C to inactivate the cytoplasmic inhibitor 
of  the enzyme (Neu, 1967b). For determination of leakage of 5'- 
nucleotidase from cells, the enzyme was stabilized by bovine serum 
albumin (100 gg/ml) (Neu, 1967a) and incubated for 10 min at 
45 ° C prior to the assay. 

Uptake of Labelled Compounds 

The procedure is based on the one described by Beacham et al. 
(1977). Stationary phase cells were washed with glucose minimal  
medium (Lugtenberg et al., 1976) and resuspended in 0.9 ml of 
the same medium to an optical density at 660 n m  of 0.08. After 
preincubation for 5 min at 37 ° C 5 ' -AMP uptake was started by 
the addition of 0.1 ml 4,5 I~M [2-aH]5'-AMP (4.4 ~tCi/nmol). Sam- 
ples of  0.1 ml were removed at various times. The cells were filtered 
and washed with minimal  medium salt solution and the radioactiv- 
ity of the dried filters was determined. In a number  of  cases the 
0.1 mI [3H]5'-AMP was replaced by [5-3H]5'-CMP (4.1 g M ;  4.9 
gCi/nmol),  [8-3HI5'-GMP (7.5 IxM; 2.7 p, Ci/nmol) or [2-3Hladeno - 
sine (4.1 gM ; 4.9 gCi/ml). Only in the latter case the cell concentra- 
tion was tenfold lower. 

Chemicals and Radiochemicals 

Bis-PNPP was purchased from E.Merck, Darmstadt ,  West  
Germany.  All radioactive chemicals were f rom the Radiochemical  
Centre, Amersham,  Bucks, U.K.  

Results 

Role of Protein b in the Permeation of 5'-AMP, 
5"-GMP, 5'-CMP and bis-PNPP Through the Outer 
Membrane 

The outer membrane of E. coli K12 contains four 
major proteins in the molecular weight region be- 

tween 33,000 and 40,000 daltons. In our laboratory 
these proteins are designated as a, b, c and d (Lugten- 
berg et al., 1975). A comparison with nomenclatures 
used by other authors is given in a previous paper 
(Lugtenberg et al., 1975). Mutants are available that 
lack one or more of the proteins b, c and d (see 
Table 1). These mutants were tested for crypticity 
of 5'-nucleotidase towards 5'-AMP. Figure 1 shows 
results obtained with strain ABl133 and its b c - 
derivative strain P692. The results, which are repre- 
sentative for mutants lacking protein b, show that 
intact cells of strain P692 are considerably less effec- 
tive in hydrolyzing exogenous 5'-AMP than those of 
strain ABl133. Desintegrated cells of both strains 
have the same activity, which is slightly higher than 
the activity of intact cells of the parent strain (Figs. 
1A and 1B). Therefore strain P692 has a cryptic 5'- 
nucleotidase and it resembles in this respect the cryp- 
tic mutants described by Beacham et al. (1973, 1977). 
As the latter mutants are more cryptic when lower 
concentrations of substrate are used we adopted the 
assay described by Beacham et al. (1977) using [3H]5'- 
AMP as the substrate to investigate the effect of low 
substrate concentrations. Also we observed that the 
difference between parents and mutants increased by 
using lower 5'-AMP concentrations (Figs. 1A-1D). 
With [3H]5'-GMP or [3H]5'-CMP as the substrate 
the rate of uptake by the cells of mutant strain P692 
was also strongly decreased (Table 2). The rate of 
uptake of these two nucleotide monophosphates was 
similar to that of 5'-AMP. 

Measurements of [3H]5'-AMP uptake are more 
sensitive than assays of 5'-nucleotidase. However, a 
disadvantage of the former method is that the enzyme 
activity of sonicated cells is hard to measure with 
the low substrate concentrations used. Moreover the 
assay with [3H]5'-AMP is complex and based on four 
steps. (i) Permeation of [3H]5'-AMP through the 
outer membrane. (ii) Conversion of Y-AMP in 
[~H]adenosine and inorganic phosphate. (iii) Trans- 
port of [3H]adenosine through the cytoplasmic mem- 
brane. (iv) Incorporation of [3H]label into nucleic 
acids. The results of Beacham et al. (1977) strongly 
suggest that the first step is rate limiting. The follow- 
ing two observations show that this is indeed the 
case. (i) As the 5'-nucleotidase activity of desinte- 
grated cells is slightly higher than that of intact cells 
(Figs. 1A and 1B) the 5'-nucleotidase activity (step 
ii) is not rate limiting. (ii) When 5'-AMP is replaced 
by adenosine, which penetrates the outer membrane 
through pores in which the tsx gene product plays 
a role (Hantke, 1976), the rate of incorporated mate- 
rial is much higher (Fig. 1C). As the uptake of adeno- 
sine requires steps iii and iv but not steps i and ii, 
the former two steps are not rate limiting for the 
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Fig. 1A-F.  Permeability of the outer membrane of strain ABl133 (A, C and E) and its mutant strain P692 which lacks proteins 
b and c (B, D and F). The activities of the enzymes 5'-nucleotidase (A and B) and 3'-nucleotidase (E and F) and the uptake of 
labeled substrates (C and D) were measured as described and expressed per mg cells (dry weight). The enzyme assays with intact 
cells and desintegrated cells are indicated by open and closed circles respectively 

incorporation of Y-AMP. Consequently, the first 
step, permeation through the outer membrane, is rate 
limiting for the rate of incorporation of [3H]5'-AMP. 

Also the rate of hydrolysis of bis-PNPP, a sub- 
strate of 3'-nucleotidase, was compared for strains 
ABl133 and P692. The enzyme activity of desinte- 
grated cells was the same for parent and mutant cells 
and was about two- to six-fold higher than that of 
intact parent cells. Intact cells of the mutant had 
a significantly lower activity than those of the parental 
strain (Figs. 1E and 1F). 

The results obtained by permeability studies of 
other protein b-deficient mutants for 5'-AMP, 5'- 
GMP, 5'-CMP and bis-PNPP are given in Table 2. 
They show that all tested mutant strains lacking 
protein b, are less permeable for Y-AMP, 5'-GMP, 
5'-CMP and bis-PNPP than the cells of the corre- 
sponding parent strains. The impaired permeability 
of protein b-deficient cells is more pronounced for 
Y-AMP and 5'-GMP than for 5'-CMP, a result which 
was also observed for cryptic mutants by Beacham 
et al. (1973). The protein b-deficient mutants showed 
also reduced permeability for 3'-AMP (results not 
shown). 

The function of protein b in the permeation of 
these components is also well illustrated by strain 

CE 1110 which contains increased amounts of protein 
b and is also more permeable for 5'-AMP, 5'-GMP 
and bis-PNPP than its parent strain whereas the rate 
of 5'-CMP uptake is not significantly altered (Table 
2). 

Recent results obtained in our laboratory have 
shown that the amount of protein b decreases by 
growth in a medium with a high osmolarity. The 
decreased amount of protein b is compensated for 
by increased amounts of protein c (van Alphen et 
al., 1977). This effect was used to see whether a grad- 
ual decrease in protein b also causes a gradual de- 
crease in the rate of uptake of 5'-AMP. The result, 
shown in Figure 2, shows that an increase of the 
osmolarity of the growth medium indeed causes a 
decrease of the permeability of the outer membrane 
for 5'-AMP. Similar results were obtained for 5'- 
GMP and bis-PNPP, whereas the effect of the osmo- 
larity of the medium for 5'-CMP was less apparent. 

The permeability properties of the protein b-defi- 
cient mutants described in this paper resemble those 
of the cryptic mutants described by Beacham et al. 
(1973, 1977). Analysis of the membrane proteins of 
Beacham's cryptic mutants showed that strains 3-4 
and 5-70 lack protein b whereas strain 3 41 lacks 
proteins b plus c (Table 1). The rates of [3H]5'-AMP 
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Table 2. Relative outer membrane  permeability of mutants  with 
changed amounts  of  various outer membrane  proteins" 

Strain Permeability (percentage relative to the 
corresponding parental strain) tested as 

5'-nu- 5 ' -AMP 5 ' -GMP 5 ' -CMP 3'-nu- 
cleo- uptake uptake uptake cleo- 
tidase tidase 

b mutants  

CEl122 51 28 
CE1124 50 8 23 37 
CE1129 50 14 22 48 70 
JF688 25 l0 b 16 60 63 

b c -  mutants  

C E l l 0 7  64 4 33 50 50 
P692 47 9 11 18 53 
P692 tsx c 9 11 18 

b + + c mutant  

C E l l l 0  130 156 120 103 162 

c mutants  

CE1062 102 118 120 117 91 
CE1036 96 74 10I 149 

d-  mutants  

CEl l31  108 128 120 98 149 
P460 64 51 75 
CE1072 108 122 105 100 111 
CE1070 81 95 100 75 104 
JF404-2a 95 84 102 98 100 
CE1034 57 101 

tsx  mutant  

P407 89 103 100 

b - c  strain with induced 

lambda receptor 

CEl l07  (maltose 33 4 22 36 
grown) 

b - c -  strain containing 

protein e 

CE1108 93 34 95 72 149 

a Assays were performed as described previously. The enzyme 
activities measured for desintegrated cells of  mutants  and their 
corresponding parent strain were very similar. Therefore only 
values of  intact ceils of  the mutants  are given and expressed as 
percentages relative to the corresponding parent  strain, based on 
the same dry weight of  the cells. 
b Tested in the absence of adenine, which is required for growth 
of this strain 
° Compared  with strain AB1133, the parent  strain of  P692 

uptake of the cryptic mutants are 2-12 percent of 
that of the parent strain, whereas they hydrolyze bis- 
PNPP with a rate of 47 67 percent of that of wild 
type cells. One non-cryptic transductant (strain 3-4T) 
and two non-cryptic revertants (strains 3-41R3 and 
3-41R6) have wild type levels of protein b and also 
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Fig. 2. Permeability of  the outer membrane  of cells of  strain PC1349 
for [aH]5'-AMP as a function of the sodium chloride concentration 
of the growth medium. Cells were grown in yeast broth sup- 
plemented with sodium chloride as indicated. The rate of [3H]AMP 
uptake was determined as described previously except that the 
incubation mixture was supplemented with chloramphenicol 
(100 ~tg/ml) to prevent preferential synthesis of protein b. The rate 
of  uptake of  5 ' -AMP by cells grown in yeast broth without extra 
sodium chloride is defined as 100%. The activities were compared 
per mg cells (dry weight). The activity of  5'-nucleotidase of desinte- 
grated cells was independent of  the osmolarity of  the growth me- 
dium 

wild type permeability characteristics. Protein b-defi- 
cient mutants, obtained by three different selection 
procedures (based on the inability to take up AMP 
(Beacham et al., 1973), on tolerance for colicin 
(Davies and Reeves, 1975) and on resistance to phage 
Tula  (Table 1)), all exhibit a deficiency in the permea- 
tion of Y-AMP, T-AMP, 5 ' -GMP and bis-PNPP 
through their outer membrane. Therefore it is clear 
that this property is caused by the absence of protein 
b and not by an undetected mutation. We conclude 
that protein b is involved in the functioning of pores 
for 5'-AMP, 3'-AMP, 5 ' -GMP and bis-PNPP whereas 
substancial amounts of 5'-CMP also use the protein 
b pore. 

Role of  Other Proteins in the Permeation 
of 5'-AMP, 5'-GMP, 5'-CMP and bis-PNPP Through 
the Outer Membrane 

A variety of mutants lacking one or more outer mem- 
brane proteins was tested. The lack of protein c 
(strains CE1062, CE1036 and C E l l l 0  in Table 2) 
does not result in a decreased rate of permeation 
of the tested components through the outer mem- 
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brane. The effect of the lack of protein d on the 
permeation of various substrates (especially of 5'- 
AMP) through the outer membrane varies from strain 
to strain (Table 2). However, no clear protein d-de- 
pendent effect on the permeation of the substrates 
was observed. The lack of the receptor protein for 
bacteriophage T6 has no significant influence on the 
permeation of bis-PNPP and 5'-AMP (strain P407 
in Table 2). With respect to the observed role of 
protein b in the permeation of adenosine through 
the outer membrane of tsx mutants, discussed later 
on in this paper, it is interesting to mention that 
the residual permeation of the three nucleoside mono- 
phosphates in the protein b-deficient mutant P692 
is not influenced by an additional mutation in the 
tsx gene (compare the uptake by strains P692 and 
P692tsx in Table 2). 

The pore function of two other major outer mem- 
brane proteins, which are not present in wild type 
cells grown under standard conditions, was tested. 
The first one, the receptor protein of bacteriophage 
lambda is a major protein in cells grown in yeast 
broth supplemented with maltose (Randall-Hazel- 
bauer and Schwartz, 1973) with an apparent molecu- 
lar weight of about 50,000 daltons. This protein, the 
produkt of the l a m B  gene, mediates the permeation 
of maltose through the outer membrane (Szmelcman 
and Hofnung, 1975). The second outer membrane 
protein, which has an apparent molecular weight of 
40,000 daltons and is designated as protein e, was 
found in strain CEll08, a sodium dodecyl sulphate 
resistant revertant of strain CEl107 (see legend b of 
Table 1). Both proteins resemble protein b in that 
they are peptidoglycan-associated. The proteins b and 
c deficient strain CEl107 was compared with its par- 
ent strain after growth in yeast broth supplemented 
with 0.5% maltose. The permeation of 5'-AMP, 5'- 
GMP and bis-PNPP was not increased after growth 
in maltose-supplemented medium (Table 2), showing 
that the lambda receptor protein is unable to mediate 
the permeation of 5'-AMP, 5'-GMP and bis-PNPP 
through the outer membrane. A comparison of strains 
CEll07 and CEll08 shows that 5'-AMP, 5'-GMP, 
bis-PNPP and probably also 5'-CMP penetrate easier 
when the proteins b and c-deficient outer membrane 
contains protein e (Table 2). As leakage of periplasmic 
enzymes did not occur, the results show that protein 
e can replace protein b to a considerable extent. 

Role o f  the T6 Receptor Protein and o f  Other 
Proteins in the Uptake o f  Adenosine 

Hantke (1976) recently showed that the receptor 
protein of phage T6 is required for optimal penetra- 

Table 3. Rate of adenosine uptake by mutants with changed 
amounts of various outer membrane proteins 

Strain Relevant outer membrane 
protein abnormalities 

Rate of [3H]adenosine 
uptake 
pmol/min/mg cells 
(dry weight) 

P400 484 
P407 tsx 48 
AB1133 486 
P692 b , c- 393 
PC0479 tsx 39 
CEl122 tsx, b 17 
CE1062 tsx, c 60 
CEll31 tsx, d- 38 
CEll07 tsx, b-, c 10 
CEl107 tsx, b-, c-, ,t receptor + 2 
CEll08 tsx, b-, c-, e + 8 

tion of adenosine and some other nucleosides 
through the outer membrane. We confirmed this ob- 
servation for strain P407 (Table 3). Also the T6-resis- 
tant parent strains PC0479 and ABl157-1 had low 
but significant adenosine uptake rates, comparable 
with that of strain P407. This residual uptake could 
either be due to leaky tsx mutations or to penetration 
of adenosine through other pores. The latter explana- 
tion seems to be at least partly correct as we observed 
that the rate of residual adenosine uptake in tsx mu- 
tants is strongly decreased when also protein b is 
lacking (see Table 3, strains CEl122 and CEll07). 
The absence of proteins c or d did not cause such 
an effect (Table 3, strains CE1062 and CE1131 respec- 
tively). Therefore it is likely that in tsx mutants the 
uptake of a major part of the adenosine molecules 
is mediated by protein b. In contrary, as discussed 
previously, a decreased uptake of 5'-AMP in the 
protein b-deficient mutant P692 due to the tsx muta- 
tion does not occur (Table 2). 

The presence of the lambda receptor protein or 
of protein e does not result in an increased rate of 
adenosine uptake (Table 3). The latter result is inter- 
esting as proteins b and e have in common that they 
mediate the permeation of 5'-AMP, 5'-GMP, bis- 
PNPP and probably also of 5'-CMP. 

Discussion 

Mutants lacking up to three of the major outer mem- 
brane proteins b, c and d (Schnaitman, 1970; Henning 
and Haller, 1975) and containing wild type lipopoly- 
saccharide grow well and have hardly any functional 
defects under laboratory conditions (Henning and 
Haller, 1975; Schweizer et al., 1976; van Alphen and 
Lugtenberg, 1977). The results described in this paper 
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show that protein b can facilitate the permeation of 
various components through the outer membrane 
(Fig. 3). In wild type E. coli K12, grown in yeast 
broth, the permeation of Y-AMP through the outer 
membrane is more dependent on protein b pores at 
low concentrations (0.45 laM, Figs. 1C and 1D) than 
at a higher concentration (2 raM, Figs. 1A and 1B). 
We have even observed that the absence of protein 
b does not influence the growth rate of cells when 
Y-AMP (14 mM) is the only carbon source. A similar 
concentration-dependent preference of maltose for 
pores containing the receptor protein of phage 
lambda has been described. The latter protein is 
involved in the functioning of the preferential pore 
at 3.5 gM maltose whereas at 1 mM maltose the 
rate of uptake is independent of the lamB gene pro- 
duct as was shown by the use of nonsense mutants 
(Szmelcman and Hofnung, 1975). It can be concluded 
that Y-AMP and maltose at low concentration use 
"specific" pores whereas "specific" pores are not 
required at higher concentrations. In the latter case 
permeation through the outer membrane obviously 
occurs mainly through "non-specific" pores. The 
functions of protein b and of the receptor protein 
of phage lambda are clearly illustrated by their role 
in the uptake of certain nutrients at low concentra- 
tions. Nutrient concentrations in the colon, E. coli's 
ecological niche, are probably often low due to the 
extremely high concentration of bacteria. The pres- 
ence of appropriate pores then is a prerequisite for 
successful competition. Nucleoside monophosphates 
as well as maltose can be present in the colon as 
degradation products of food sources. Therefore we 
believe that the observed effects of these proteins in 
facilitating the uptake of nucleoside monophosphates, 
maltose and of other components (see further on) 
are real functions of these proteins. The fact that 
most laboratory media contain relatively high concen- 
trations of required nutrients considering the low cell 
densities that usually are obtained, explains why 
growth defects of protein b-deficient mutants have 
not been detected. 

It has been described for various outer membrane 
proteins that they play a role in the permeation of 
nutrients through the outer membrane. The product 
of the bfe gene is involved in the uptake of vitamin 
B12 (Di Girolamo and Bradbeer, 1971; Sabet and 
Schnaitman, 1973; Bradbeer et al., 1976), various 
proteins play a role in the uptake of complexed iron 
ions (Braun et al., 1976; Pugsley and Reeves, 1976a, 
b, c, 1977; Ichihara and Mizushima, 1977), the recep- 
tor protein of bacteriophage lambda is involved in 
the uptake of maltose and maltodextrins (Szmelcman 
and Hofnung, 1975) and the receptor protein of bac- 
teriophage T6 plays a role in the uptake of various 

nucleosides (this paper; Hantke, 1976). Now also a 
role in the uptake of nutrients is proposed for protein 
b, it is interesting to test mutants lacking one of the 
major outer membrane proteins c and d for similar 
pore functions. 

Recently Lutkenhaus (1977) showed that pores 
formed by proteins b and c are involved in the uptake 
of copper ions, glucose, methionine, leucine and histi- 
dine. We have found (results not shown) that the 
proteins b and c-deficient mutant CE1107 grew more 
slowly than the single mutants and the parental strain 
in low concentrations of glucose, fructose, the amino 
acids arginine, histidine, isoleucine and threonine and 
of the anions phosphate and sulphate. This indicates 
that proteins b and c are porins which allow a great 
variety of small hydrophilic molecules to permeate 
through the outer membrane. Although our results 
leave the possibility open that protein b is only indi- 
rectly involved in the permeation of various solutes, 
the results of the in vitro experiments of Nakae 
(1976b) make this possibility very unlikely. As 
proteins b and c are considered to be almost identical 
proteins (Schmitges and Henning, 1976) it is interest- 
ing to mention that we have shown that protein c 
has no influence on the rate of permeation of AMP, 
whereas protein b is the most important outer mem- 
brane protein for this process (Table 2). 

AMP, GMP, CMP and bis-PNPP preferentially 
use the protein b pore (Fig. 3). This probably also 
applies for chloramphenicol as tolFmutants are chlor- 
amphenicol resistant (Foulds, 1976). As these per- 
meants are chemically quite different it is unlikely 
that they are recognized by the pore like a substrate 
is recognized by an enzyme. Attempts to demonstrate 
specific binding of [3H]5'-AMP to protein b contain- 
ing outer membrane failed (unpublished observations). 
Protein b was also shown to have no or only little 
specificity in vitro as it causes the leakage of a variety 
of chemically unrelated components (uridine-5'- 
monophosphate and various sugars and amino acids) 
from phospholipid-lipopolysaccharide vesicles 
(Nakae, 1976b). Although the substrate concentra- 
tions in the in vitro experiments (1 mM for sucrose 
(Nakae, 1975)) could be too high to imitate the pore 
of preference, all results strongly suggest that 5'-AMP 
enters the cell by diffusion. Factors like size, shape 
and charge might determine the differences in rates 
of diffusion of various nutrients through a given pore. 
For the permeation of the relatively large components 
vitamin B12 and ferrienterochelin a more specific in- 
teraction between permeant and pore occurs as bind- 
ing of permeants to membrane fractions containing 
specific pore proteins has been shown (White et al., 
1973; Ichihara and Mizushima, 1977). 

Low concentrations of nutrients like AMP, adeno- 
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PERMEANT b 

5'-AMP • • • • • 

5'-GMP • • • • •  

5'-CMP • • • 

bis-PNPP • • • • • 

adenosine 

maltose 

OUTER MEMBRANE PROTEIN 
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O 0  

O 0  

O Q O 0  
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Fig. 3. Schematic illustrations of pores used by 
low concentrations of various permeants. The 
number of closed circles is a measure for "specific" 
use of the indicated protein pore. Low but 
significant permeation and undetectable permeation 
through a certain pore are indicated by a partly 
open circle and-s igns  respectively 

sine and maltose probably pass the outer membrane 
through pores by a diffusion-like process. Optimal 
rates of permeation for a given nutrient are only ob- 
tained when "specific" pores are present, whereas 
other pores cannot be used at all (Fig. 3). At least 
some nutrients, even in low concentrations, can pass 
the outer membrane through more than one type of 
pore. Two examples are given in this paper namely 
protein e, which rather efficiently facilitates the 
permeation of various components that preferentially 
use the protein b pore (Table 2 and Fig. 3), and 
protein b, which acts as the second pore of preference 
for the uptake of adenosine (Table 3 and Fig. 3). 
For a given nutrient the pores obviously differ quanti- 
tatively in the degree with which they permit its 
permeation. 
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