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Growing bacteria are sensitive to various blactam derivatives due to their 
interference with peptidoglycan biosynthesis. At low concentrations, penicillin 
G (benzylpenicillin) blocks cell division without affecting mass growth rate. 
The MIC for division of Escherichia COIi Wr (H266) was found to depend on the 
growth rate, which was modified by the nutritional conditions. Our 
hypothesis, that division sensitivity is proportional to the rate of 
peptidoglycan synthesis for septum formation, as well as to cell circumference, 
was thus confirmed. 

INTRODUCTION 
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Various 8-lactam derivatives have high specific affinities 
to their target molecules, penicillin-binding proteins 
(PBPs), which are involved in bacterial peptidoglycan 
biosynthesis (Spratt, 1983; Waxman & Strominger, 1983). 
Growing cells are therefore sensitive to these drugs. At 
high concentrations, most of them cause cell lysis in 
Escherichia coli by inactivating all the PBPs (Spratt, 1975, 
1983; Waxman & Strominger, 1983). The time and rate of 
lysis are proportional, respectively, to the generation time 
(z) and its inverse, growth rate (p), determined by the 
medium composition (Boman & Eriksson, 1963 ; 
Tuomanen e t  al., 1986). 

At low concentrations, different 8-lactams exert various 
physiological effects according to their relative affinities 
for the distinct PBPs (Botta & Park, 1981; Spratt, 
1975; Wientjes & Nanninga, 1991). Blocking PBP-1, 
which is responsible for cell elongation (probably by 
priming peptidoglycan chains) results in cell lysis ; 
blocking PBP-2, which governs cell shape, results in 
ovoid cells; blocking PBP-3, which is solely required for 
septa1 murein synthesis, results in filamentation. Furazlo- 
cillin, ampicillin, cephalexin and penicillin G (benzyl- 
penicillin) at low concentrations bind preferentially to 
PBP-3, and they inhibit cell division without affecting net 
peptidoglycan synthesis, mass growth and DNA rep- 
lication (Donachie, 1993 ; Spratt, 1975). The question thus 
arises whether the MIC for division depends on the 
nutritional conditions as does the MIC for lysis. 

Abbroviation: PEP, penicillin-binding protein. 

METHODS 

E. coli B/r (H266) was cultivated in Luria-Bertani broth 
supplemented with glucose (0.4%; LBG), and in M9 minimal 
medium (Miller, 1972) supplemented with 1 % (w/v) casein 
hydrolysate and tryptophan (20 pg ml-' ; Casa) or supplemented 
with 0.4% of either glucose, glycerol or acetate as the sole 
carbon source. Doubling times of 22-25, 29-31, 45-50, 68-70 
and 120-140 min, respectively, were observed, as previously 
documented (Rosenberger et  a/., 1978; Zaritsky et  al., 1979). 
Each experiment was performed with a steady-state growing 
culture (Fishov et al., 1995), after diluting an overnight 
culture into the same medium (pre-warmed), vigorously aerated 
at 37 OC in a gyratory water-bath shaker (250 r.p.m.). Growth 
was monitored by cell number using Coulter Counter model 
ZM and by measuring OD,,, using an LKB Ultrospec I1 
spectrophotometer. Steady-state growth was maintained by 
appropriate dilutions in fresh, pre-warmed medium (below 
OD,,, - 0.4) and demonstrated by the Kolmogorov-Smirnov 
test for size distributions in successive generations (Woldringh 
e t  al., 1977). Treatment of each steady-state culture was initiated 
by dilution (to OD,,, - 0-06) into medium containing penicillin 
G (Sigma) at the indicated concentrations. The rate of mass 
growth was not affected by these penicillin concentrations. 

RESULTS AND DISCUSSION 

The division-inhibition capacity of penicillin clearly 
depends on growth rate (Fig. 1). At 20 units ml-', 
penicillin blocks division in acetate culture completely, 
and blocks approximately 90,80,35 and 20 % of division 
in glycerol-, glucose-, Casa- and LBG-grown cells, 
respectively. The corresponding penicillin concentrations 
that halve the rate of division (Pn,,) are 5.2, 10-0, 13.2, 
25.4 and 47.5 units ml-' (Fig. 2). 
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Fig. t .  Growth at different penicillin 
concentrations in steady-state cultures 
grown on minimal medium containing 
acetate, glycerol or glucose, and in 
casein hydrolysate medium with trypto- 
phan (Casa) and in LB with glucose (LBG). 
Penicillin concentrations (units ml-l): +, 
1; +, 2; 14, 5; 0, 10; ., 20; 0, 30; 
A, 40; A, 100; 0, control, without 
penici I I i n. 

Penicillin concn (units m1-l) 

Fig. 2. Inhibition of cell division by penicillin in different growth 
media. Division rates (slopes from Fig. l), normalized to 1.0 in 
each control experiment, were plotted against penicillin con- 
centration. +, LBG &= 0.975-0.010x, correlation coefficient 
R= -0.96); 0, Casa &= 1.009-0-020x, R= -0.98); 0, glucose 
&= 0.998-0-034x, R= -0.97); H, glycerol &= 1.013-0-051x, 
R= -099); A, acetate &= 1.080-0-096x, R= -0.97). 

Bacterial cell division occurs a constant time after 
termination of DNA replication over a wide range of 
growth rates (Helmstetter e t  al., 1968). Thereafter, cell 
division is no longer dependent on synthesis of macro- 
molecules other then peptidoglycan for septum formation 

(Donachie, 1993). Septation is apparently initiated by self- 
assembly of the FtsZ ring in the membrane (Bi & 
Lutkenhaus, 1991) surrounding the DNA-free gap 
formed upon disassociation between the two sister 
nucleoids (Mulder & Woldringh, 1989 ; Woldringh e t  al., 
1990). The activity of PBP-3 as an enzyme involved in 
septation is expressed after FtsZ ring formation 
(Donachie, 1993), and would be inhibited by penicillin. 
The sensitivity of division at low penicillin concentrations 
will thus depend upon the length of that ring (cell 
circumference), as well as on the rate of peptidoglycan 
synthesis for septum formation, which is presumed to be 
proportional to p. Cell circumference (274 is determined 
by cell radius (r) ,  which is known to change regularly with 
growth rate (Rosenberger e t  al., 1978; Woldringh e t  al., 
1977). At a faster p (shorter z), the cell must therefore 
produce a bigger cross-wall during a shorter time. If the 
density of PBP-3 involved in septation does not vary with 
growth rate, the penicillin concentration needed to reduce 
the rate of cell division to a certain extent will therefore be 
proportional to r x p (i.e. A x penicillin concn = r / r ) .  
This prediction is confirmed by the data (Table l), as 
shown by the relatively constant proportionality co- 
efficient ( A  = 0.00274 0-00048), and is consistent with 
the invariant duration (T period) of the process of cell 
constriction at different growth rates (Woldringh e t  al., 
1977). 

Our data support the conclusion that PBP-3 plays a major 
role in the regulation of cell division, as indicated by the 
small number of molecules a cell contains (Spratt, 1977). 
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Table 1. Effects of growth medium on penicillin division-inhibition parameters 

Growth Generation Pn,* Cell kS (pm min-')/ 
medium time T (min) (units m1-l) circumferencet (units ml-l) 

(crm) 

LBG 
Casa 
Glucose 
Glycerol 
Acetate 

23 47.5 2-90 000265 
30 25.4 2.51 000319 
48 13.2 1-95 000308 
70 10.0 1 *79 000256 

130 5.2 1-51 000223 

* Penicillin concentration that inhibits the rate of cell division by 50 % ; calculated from Fig. 2. 

t Calculated from cell radius ( r ) ;  taken from Woldringh e t  al. (1990). 

$ Penicillin activity coefficient (k) ; calculated by dividing the cell circumference by the doubling time T and 
then dividing by Pn,, (2nr/t/Pn,,). 
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