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1. Introduction 

Recent results have shown that several outer mem- 
brane proteins of Gram-negative bacteria play a role 
in the permeation of hydrophilic molecules through 
this membrane. In Escherichia coli uptake of com- 
plexed iron ions is mediated by various outer mem- 
brane proteins [1-3]. The products of the genes 
bfe, lamB and tsx are involved, respectively, in the 
uptake of vitamin B12 [4,5], of maltose and malto- 
dextrins [6,7] and of various nucleosides [8]. 

Wild type E. coli K12 contains two peptido- 
glycan-associated major outer membrane proteins 
[9-11 ], which we have designated b and c [12]. 
(A comparison of the nomenclature used by various 
authors is given in the latter reference.) Recently a 
new peptidoglycan-associated protein, protein Ic, was 
found in mutants ofE. coli K12, by Henning et al. 
[13], which is probably identical to protein e 
reported by us [14]. It has recently been shown, both 
in vitro [15] and in vivo [14, 16-18], that the 
peptidoglycan-associated proteins also play a role in 
the permeation of hydrophilic molecules through the 
outer membrane. All three proteins (b, c and e) 
facilitate the permeation of several amino acids, 
sugars and ions through the outer membrane [14, 16]. 
However, a certain specificity exists with respect to 
the uptake of nucleotides, as this is only mediated by 
proteins b and e, and not by protein c [14]. It has 
recently been reported thatthe rate of diffusion of 
the antibiotic cephaloridine is decreased in mutants 
of Salmonella typhimurium, which lack both the 
34K and 36K peptidoglycan-associated outer mere- 

brane proteins [ 17]. In order to obtain greater 
insight into the specificity of the pore properties of 
the three proteins (b, c and e) ofE. coli K12, we 
determined which protein(s) facilitate(s) the perme- 
ation of the antibiotics cephaloridine and ampicillin 
through the outer membrane of this organism. 

2. Materials and Methods 

2.1. Bacterial strains 

The bacterial strains listed in Table 1 are all 
derivatives of the multiple auxotrophic E. coli K12 
strain PC0479 [10]. Mutants lacking proteins b, c 
and d were isolated by selection for resistance to 
respectively, the bacteriophages Tula (a generous 
gift of Dr. U. Henning [13]), Mel [19] and K3 [20]. 
Strain CE1108, a sodium dodecyl sulphate-resistant 
derivative of strain CE1107, contains a further pep- 
tidoglycan-associated protein, designated as protein 
e, with an apparent molecular weight of 40 000 
daltons. Most of these mutants were constructed by 
P. de Graaf and C. Verhoef. The receptor of bac- 
teriophage lambda, a peptidoglycan-associated outer 
membrane protein with an apparent molecular weight 
of 50 000 daltons, was induced by supplementation 
of the growth medium with 0.5% maltose. Plasmid 
Rldrd-19 [21], coding for the periplasmic enzyme 
fl-lactamase [22] was introduced in all strains by 
conjugation and subsequent selection for resistance 
to kanamycin (50/ag/ml), or ampiciUin (100 #g/ml), 
and counter-selection for nutritional requirements of 
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TABLE 1 

Permeability of the outer membrane for cephaloridine and ampicillin 

R1 carrying Relevant outer 
strain membrane protein 

abnormalities 

Cephaloridine hydrolysis Ampicillin hydrolysis 

Rate Ratio Rate Ratio 
(nmol/min/mg cells) Cells/Spheroplasts (nmol/min/mg cells) Cells/Spheroplasts 

Cells (.103 ) 
Cells Spheroplasts 

PC0479 361 422 0.86 6.30 15.5 
CEll31 d -  a 348 392 0.89 6.49 16.6 
CE1124 b -  b 211 409 0.52 3.53 8.8 
CE1062 c -  253 413 0.61 4.41 10.9 
CEll 10 b ++ c -  415 420 0.99 7.37 18.1 
CEll07 b -  c -  c 51 405 0.13 2.46 6.2 
CE1108 b -  c -  e + 61 431 0.14 2.77 6.6 

a The protein d-deficient strain CE1070 (R1), a derivative of strain PC0221 [23] ,gave similar results. 
b Analogous results have been found for two other protein b-deficient, R1 plasmid carrying strains namely strain CE1129, 

another bacteriophage Tula-resistant mutant of strain PC0479 and the tolF mutant JF688 [30]. 
c Two other proteins b and c-deficient strains P692 [31] and 3-41 [32] gave similar results. 

the donor strain. Rldrd-19 carrying donor strains 
were kindly given to us by L. Havekes. 

2.2. The [3-1actamase assay 

Unless otherwise indicated, cells were grown in 
yeast broth [23] and harvested in the mid-exponential 
phase. Each suspension was divided into three por- 
tions. One portion of  the cells was used for the 
determination of/3-1actamase activity of  intact cells. 
These cells were washed with 10 mM sodium phos- 
phate-5 mM MgC12 (pH 7.0) buffer and resuspended 
in the same buffer, all at room temperature. A second 
portion of  cells was converted to spheroplasts (using 
a modification [24] of  the method described by 
Osborn et al. [25]), in order to determine total/~- 
lactamase activity. The third portion of  the cells was 
used for the preparation of  cell envelopes in order 
to check the membrane protein pattern [12]. 

To measure the rates o f  diffusion of  cephaloridine 
and ampicillin across the outer membrane of  intact 
cells, the rates o f  hydrolysis of  these/3-1actam anti- 
biotics was measured according to a modification of  
the procedure of  Zimmermann and Rosselet as 
described by Nikaido et al. [17]. The reaction mix- 
ture (1 ml) for the assay of/3-1actamase contained 
10 mM sodium phosphate buffer (pH 7.0), 0.8 mM 

cephaloridine or ampicillin, and enzyme (cells or 
spheroplasts). When ~-lactamase activity was assayed 
with cephaloridine, enzyme concentrations corre- 
sponding to a final concentration of  0.012 mg dry 
weight cells per ml were used. For the assay o f  the rate 
of  hydrolysis of  ampicillin, the amounts of  enzyme 
used were ten-fold higher for intact cells, and two-fold 
lower for spheroplasts. After incubation of  the 
reaction mixture for 0, 5, 10, 15 and 20 min, at 
25°C, 1 ml o f  a solution containing 1 M acetic acid, 
0.2 M sodium tungstate, 0.2% soluble starch, 0.18 
mM 12 and 7.2 mM KI was added. After a period of  
20 min at 25°C the absorbance at 623 nm wavelength 
was measured. The rate o f  the reduction of  absorbance 
was taken as a measure for the rate of  permeation of  
the antibiotic through the outer membrane. The rates 
of  hydrolysis of  the antibiotics were expressed in 
nmoles per min per mg equivalent dry weight cells. 

3. Results 

Our attempts to determine total/~-lactamase activity 
in a suspension of  ultrasonically disintegrated cells 
failed as the measured activity (i) was strongly 
dependent on the time of  the ultrasonic treatment, 
and (ii) was always lower than that o f  intact cells. 



However, reproducible results for total/~.lactamase 
activity were obtained when spheroplasted cells, 
without any further treatment, were used as the 
"enzyme". The plasmid Rl-mediated ~-lactamase had 
approximately an equal activity towards the two 
antibiotics. The results obtained with strain PC0479, 
and its derivatives, are summarized in Table 1. Where 
the appropriate strains were available, the effect of a 
certain protein on the rates of hydrolysis of 
cephaloridine and ampicillin was also tested with 
other R1 plasmid-carrying strains (see footnotes of 
Table 1). The results show that all strains had similar 
total/3-1actamase activities. Intact cells of the parent 
strain PC0479 were only slightly cryptic for 
cephaloridine, but considerably more cryptic for 
ampiciUin. An explanation for this difference could 
be that ampiciUin might have a larger hydrodynamic 
volume (despite its lower molecularweight) and/or 
a higher hydrophobicity, factors which are known to 
hamper the rate of permeation of hydrophilic 
molecules through the permeability barrier formed by 
the outer membrane [26,27]. 

Where the absence of protein d had no effect, the 
lack of one of the proteins b and c strongly decreased 
the permeability of the outer membrane for both 
antibiotics; the absence of protein b having a larger 
effect than that of protein c (Table 1). The effects 
were more pronounced for cephaloridine than for 
ampicillin. The role of protein b was again illustrated 
by strain CE1110, which lacks protein c but contains 
increased amounts of protein b; the outer membrane 
of this strain is even more permeable for the two anti- 
biotics than that of the parental strain. Protein e does 
not play a significant role in the permeation of the 
two antibiotics. No significant differences in the rates 
of hydrolysis of the antibiotics were observed between 
cells of strains CE1107 and CE1107 lamB (both 
grown in yeast broth supplemented with maltose), 
showing that the receptor protein of phage lambda 
does not facilitate the diffusion of these antibiotics. 
The receptor protein of phage T6 also lacked this 
property, as comparison of strain P400 with its tsx 
mutant P407 [28] did not show significant dif- 
ferences. 

The role of proteins b and c in the rate of permea- 
tion of both antibiotics was supported by experi- 
ments in which the ability of various strains to form 
colonies on plates containing increasing concentra- 
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tions of antibiotics was tested. The sensitivity of the 
strains to the antibiotics paralleled the degree of 
permeability of their outer membranes indicated in 
Table 1. The order, but not the degree, of sensitivity 
was independent of the presence of plasmid RI. 

4. Discussion 

Our results show that the proteins b and c, but not 
protein e, play a role in the formation of pores 
through which the two/3-1actam antibiotics can pass 
the outer mebrane. Proteins b and c resemble in this 
respect the 36K and 34K proteins of S. typhimurium 
[ 17]. Permeation of solutes through pores in which 
proteins b, c and e are involved is probably a dif- 
fusion-like process [ 14,16]. Although all three 
proteins can mediate the uptake of several sugars, 
amino acids and ions [14,16,18], some "specificity" 
exists with respect to the permeation of adenosine 
monophosphate (AMP) and/3-1actam antibiotics. 
Proteins b and e, but not  protein c, facilitate the 
permeation of AMP [14]. Proteins b and c, but not 
protein e, facilitate the permeation of cephaloridine 
and ampiciUin (Table 1). So far we have not found a 
solute whose permeation involves protein c and/or e, 
but which does not involve protein b. 

Now a role in pore formation has also been 
established for protein c; it is an intriguing question 
whether more than one of the peptidoglycan-asso- 
ciated proteins are involved in one type of pore or 
that the proteins are involved in separate pores. 
Although a definite answer cannot be given yet, several 
lines of evidence suggest that the latter possibility 
is likely to be the case. These are: (i), so far protein e 
has only been detected ill strain s deficient in both 
proteins b and c. In such a stituation protein e 
facilitates the permeation of AMP only slightly less 
efficiently than does protein b [14]. Protein e 
therefore functions well in the absence of protein b 
and c; (ii), the molar ratio in which the proteins b and 
c are present in the outer membrane is strongly 
dependent on the growth conditions [23,29]. The 
involvement of both proteins in the same type of 
pore would require this to have a very complex and 
flexible molecular architecture; (iii), the observation 
that the rates of permeation of cephaloridine and 
ampicillin through the outer membrane of the b÷÷c - 
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strain CE1110 are higher than those of  its b÷c ÷ 
parental strain (Table 1) shows that excellent pores 
for cephaloridine and ampicillin can exist in the 
absence of  protein c; (iv), if  proteins b and c are 
involved in the same pore, one would certainly expect 
that the rate of  uptake of  AMP would be influenced 

by  the absence of  either protein. The experiments 
showed that  the lack of  protein c does not diminish 
the rate o f  AMP uptake [14]; (v), the rate of  uptake 
o f  AMP is proport ional  to the amount  of  protein b, 
whereas the amount  of  protein c is not  relevant for 
this process [14]. These considerations favour the 
idea that each of  these peptidoglycan-associated 
proteins is involved in the functioning of  pores in 
which the other two proteins do not  play a role. 
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