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Growth to a Receptor-Site Model 

By EDWARD R. GARRETT and OLGA K. WRIGHT 

The lag time between sulfonamide addition to a balanced growth culture of Escher- 
ichia coli B/r and the observation of action on microbial growth is 5 .5  Z!Z 0 .5  genera- 
tions. It is independent of temperature and the degree of growth inhibition by 
simultaneously added chloramphenicol. The apparent first-order growth rate con- 
stants of E. coli in the subsequent drug-affected steady state can be rigorously de- 
fined as k,,,. = ke - koKlK,S/( 1 + KIKZS) where ko is the rate constant in the absence 
of a sulfonamide concentration, S; K ,  is the steady-state equilibration of sulfon- 
amide between the nutrient medium and the biophase; Kz is the drug-receptor site 
association constant; and ko and R K z  have been defined as functions of absolute 
temperature. The death rate of completely sulfonamide-inhibited organisms is 
independent of sulfonamide concentrations. The A H  values of l /KIKz  differ for 
sulfisoxazole ( 1  5.9 KcalJmole), sulfathiazole (4.3 KcalJmole), and from the ko ( 2 4  
Kcal./mole). The techniques provide sensitive and reliable estimates of differences 
in sulfonamide activities. The derived 1 /KIKz values for sulfisoxazole are directly 
proportional to the growth rate constant in its absence but in the presence of rate- 
inhibiting chloramphenicol. This indicates that the numbers of receptor sites 
available for sulfonamide action are directly proportional to the microbial growth 
rate. The apparent first-order growth rate constant of E. coli in the presence of 
simultaneously added sulfonamide (S) and chloramphenicol ( C )  concentrations 
can be rigorously defined as k,,,, = [ko’ - k,C][1 + KlK2(S - 1 ) ] / ( 1  + KlK2S),  
where KO’ is the growth rate constant in the absence of chloramphenicol and sulfon- 
amide and k0 is the determined inhibitory constant for chloramphenicol. Varia- 
tions of sulfonamide concentrations after the lag phase demonstrate that reversi- 
bility exists and the ultimate kPp. is in accordance with the cited predictive equation. 
Dilution of organisms but mamtenance of sulfonamide concentrations maintains 
the steady-state growth rate. Addition or dilution of sulfonamide concentrations 
show a time-dependent re-equilibration. These facts are consistent with a competi- 
tive receptor site model for sulfonamide and a generation rate-dependent metabolite 
which produces modified metabolites that are stored during drug-free balanced 

growth. 

HE VARIATION of the time-course of drug 
Tdistribution in a complex organism when 
considered with the concomitant time-course of 
pharmacological activity can give insight into 
the properties and nature of the biophase in 
contact with the drug receptors. Operational 
models of the complex biological organism are 
needed to correlate drug-receptor interaction and 
availability a t  sites of action. Multicompart- 
mental models can be established to consider 
and quantitatively define the kinetics of drug 
absorption, distribution, and biological ef- 
fectiveness (1). If dosage regimens are varied, 
deduced compartmental capacities and rate- 
limiting parameters of the drug distributive 
processes that result in observed biological 
activities may functionally define the transport 
processes and the affinity constants of drug- 
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receptor interaction. Unfortunately, valid yuan- 
titative and continuous measurements of phar- 
macological activity in a complex organism are 
difficult to obtain. 

This paper describes the pharmacokinetic 
approach to the study of the action of sulfon- 
amides on microbial growth rates in a highly 
reliable and reproducible system. The kinetic 
dependencies will be defined as functions of 
sulfonamide concentrations, variations in such 
concentrations, temperatures, and numbers of 
organisms, and will be related to receptor site 
concepts. Similar studies have been given 
previously with respect to the action of the 
chloramphenicols and the tetracyclines on micro- 
bial growth rates (2-8). 

Kohn and Harris (9, 10) initiated some studies 
of a kinetic nature on sulfonamide action on 
microbial growth and made many astute ob- 
servations from technologically limited data. 
The variability of pH observed was undesirable 
since sulfonamide transport and microbial growth 
rates are claimed to be functions of pH (11, 12). 
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It is not clear from their cited evidence (9, 10) 
if the inoculum was in balanced growth (13, 14) 
so that the organisms would be statistically 
distributed among the phases of the growth cycle. 
If this were not so, it is difficult to dissociate 
sulfonamide action on microbial growth from 
accelerating rates of microbial growth in the 
transition from the induction period to  the 
logarithmic growth phase (2). A rigorous rate 
constant dependence on sulfonamide concentra- 
tion was not demonstrated (9, 10). 

Modern technological advances with the 
Coulter counter permit rigorous kinetic analyses 
of large amounts of data  of high reliability and the 
obtaining of numbers of total intact organisms, 
live and dead. These can be  compared with the 
numbers of viable organisms obtained by  colony 
count techniques. Coincidence of such numbers 
of total and viable counts during antibacterial 
action clearly defines inhibition (5-8). 
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formaldehyde to kill the organisms (5). The 
samples were appropriately diluted with properly 
filtered and sterilized 0.9% saline solution so that 
the total organism count per 50 pl. would not exceed 
35,000. The coincidence error was thus less than 
0.5y0 on the Coulter counter model B equipped with 
a 30-p orifice. The mean of 3 total counts was ob- 
tained on each sample (57). 

The Coulter counter with this orifice size is able 
to  count particles above 0.5 p in diameter without 
significant interference from background noise 
(Coulter Counter Manual, model B, 4th ed., August 
1966). There are negligible numbers of E. coli with 
a volume less than 0.5 ps (14) or a diameter less than 
1 p (16) a t  our generation rates. Operational count- 
ing of E .  coli has been clearly shown to be effective 
(5, 14) and in agreement with colony counts. This 
was also true in the many instances where only bac- 
terial growth inhibition was manifested (5-8). 

Viable Count Method-The growing culture, 0.5 
ml., was diluted appropriately with 0.9% saline so 
that 60 to 100 colonies per plate would result. One 
milliliter of this solution was pipeted onto each of 5 
replicate agar plates. The plates were incubated 
for 48 hr. a t  37.5' and the colonies were counted 
(3-5). Bacto antibiotic medium 3 (Difco Labora- 
tones, Detroit, Mich.) was used for broth cultures 
and plate counts. 

Effect of Drug Concentration on Growth Rates- 
Six 49-ml. volumes of fresh broth in the constant- 
temperature baths at 37.5' were inoculated with 1- 
ml. aliquots of appropriately diluted culture growing 
in the logarithmic growth phase. The organism 
population was l o 4  organisms/ml. The cultures 
were allowed to grow for 80 min. to a population of 
lo6 organism/ml. At 80 min., 0.5 ml. of appropri- 
ately diluted drug was added to the cultures to  pro- 
duce final concentrations of 1.0, 2.0, 3.0, 4.0, 5.0, 
and 20.0, 50.0, 75.0, and 100.0 mcg./ml. Samples 

MATERIALS AND METHODS 

The Escherichia coli B/r strain was used as the 
test organism throughout the investigation. The 
sodium sulfathiazole (Nutritional Biochemicals 
Corp., Cleveland, Ohio) and sulfisoxazole (Hoffmann- 
LaRoche Laboratories, Nutley, N. J.) were the 
drugs studied. 

Media-The culture media (15) consisted of 
7.00 Gm. K2HP04, 3.00 Gm. KHtP04, 2.0 Gm. glu- 
cose, 1.0 Gm. (NH&S04, 0.50 Gm. sodium citrate, 
0.10 Gm. MgS04.7Hz0, 10.0 Gm. vitamin-free cas- 
amino acids (Difco Laboratories, Detroit, Mich.), 
and 1 L. of distilled deionized water. This medium 
was filtered twice through a 0.45-mm. Millipore 
filter and autoclaved at 15 lb. of pressure for 20 min. 
The pH was 6.90 and did not change throughout the 
studies. This medium was optimum for the studies 
in that the time for each study was minimized and 
the pH maintained constancy throughout the 
measured growth range. When an inorganic salt- 
glucose medium was used, the rates of microbial 
growth were too slow for convenient kinetic studies. 

Growth-Replicate slants were prepared from a 
single colony of E. coli, strain B/r, that  was isolated 
from a culture on an agar plate. These slants were 
frozen and a separate one was used for each experi- 
ment. A broth culture was allowed to grow a t  
37.5" for 16 hr. A sample was then diluted tenfold 
in fresh broth and the growth was followed by the 
Coulter counter, model B, (Coulter Electronics Co., 
Hialeah, Fla.) until it  reached an organism concen- 
tration of 1 X 108 organisms/ml. in the logarithmic 
growth phase. Samples were diluted into 5 or 6 
replicate 50-ml. volumes of fresh broth in 125-1111. 
loosely-capped conical flasks to achieve the desired 
organism concentration. The replicate cultures 
were maintained a t  a constant temperature in a 50- 
gal. constant-temperature water bath equipped with 
a shaker. 

Total Count Method-Appropriate small volume 
aliquots of each culture were transferred at 40-min. 
intervals to sterilized vials containing 1 drop of 

lo./ / 

104 . .Y' A.DDtD . . . . . . . . . . . . . 
0 80 160 240 320 400 480 560 640 720 800 

TIME, rnin. 

Fig. 1-Typical generation rate curves of E. coli 
B/r at 37.5' in the presence of various concentrations 
of suljisoxazole. The  curves and mcg./ml. concentra- 
tions of sulfsoxazole were, respectively: A, 0.0; B, 
1.0; C, 2.0; D, 3.0; E, 4.0; F, 20.0. Both viable 
and total counts mere coincident except for the curves 
F where the viable counts (lower curve, F) diverged 

from the total counts (upper cuwe, F). 
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logarithmic growth, 25 ml. of this culture was trans- 
ferred to  a sterile 125-ml. conical flask containing 
enough sulfisoxazole to  increase the drug concentra- 
tion to 5 mcg./ml. (curve D). The growth of this 
new culture (curve D, Fig. 2) was followed by total 
Coulter counts every 40 min. for 960 min. 

At 280 min., when the culture of curve C (Fig. 
2) growth curve was emerging from the lag period 
and had not yet reached the new steady state of 
logarithmic growth, a 5-ml. aliquot of the culture 
was diluted with 20 ml. of fresh broth in a 125-1111, 
flask (curve E, Fig. 2). 

At 600 min. two 5-mI. aliquots of the culture 
treated with 5 mcg./ml. sulfisoxazole at 80 min. 
(curve C, Fig. 2 )  were diluted with 20 ml. of fresh 
broth. The final drug concentration of one of the 
new cultures (curve F, Fig. 2) was thus 1 mcg./ml. 
Enough drug was added to the second culture to 
maintain the 5 mcg./ml. drug concentration (curve 
G, Fig. 2). 

Effect of Temperature on Drug-Affected Growth 
Rates-The inhibitory actionsof sodium sulfathiazole 
and sulfisoxazole on the population growth of E .  
coli were studied at 24.7", 26.0", 29.3", 32.0", 
34.7", 37.5", and 39.5'. Logarithmic-phase cultures 
a t  4 concentrations of each drug of 1.0, 2.0, 3.0, and 
4.0 mcg./ml., and one culture without drug, were 
studied by the Coulter count method a t  each tem- 
perature. 

Combined Action of Sulfa Drugs and Chlor- 
amphenicol-Replicate 50-ml. E .  coli cultures in the 
logarithmic growth phase a t  37.5' were treated with 
all combinations of 3 concentrations of chlor- 
amphenicol and 4 concentrations of sulfisoxazole. 
The chloramphenicol concentrations were 0.33, 0.67, 
and 1.00 mcg./ml. The sulfisoxazole concentrations 
were 1.0, 2.0, 3.0, and 4.0 mcg./ml.. The drugs 
were added 80 min. after inoculation of the cultures 
in the logarithmic growth phase. The Coulter 
count method was used. 

were taken every 40 min. and were counted by the 
Coulter counter method as well as by the method of 
colony counts (Fig. 1). Sulfisoxazole was tested by 
both methods. Sodium sulfathiazole was tested 
only by total counts. A control culture without 
added drug was also studied to  determine the 
growth rate in the absence of drug. 

Effect of Organism Population on Drug-Aff ected 
Growth Rates-A series of experiments was con- 
ducted a t  37.5" in order to check the effect of or- 
ganism population at the time of drug addition on 
the bacteriostatic action of sodium sulfathiazole. 
For each experiment 6 replicate 49-ml. volumes of 
broth were inoculated with 1 ml. of appropriately 
diluted culture growing in its logarithmic phase. 
Experiments were run where the zero time popula- 
tions were lo*, lo3, lo4, and 5 X lo4 organisms/ml. 
At 80 min. after inoculation, sodium sulfathiazole 
(0.5 ml. of appropriately diluted master solution) 
was added to  50 ml. of the cultures t o  achieve final 
concentrations of 1.0, 2.0, 3.0, 4.0, and 5.0 mcg./ml. 
One of the 6 replicates had no drug. The organism 
populations at the time of drug addition were, lo3, 
lo4, lo6, and 5 X 106 organisms/ml. Samples were 
taken every 40 min. and the total count per milliliter 
was obtained on the Coulter counter. 

Reversibility of Drug Action-A 100-ml. volume 
of broth in a 125-ml. conical flask was inoculated 
with E. coli to a concentration of lo3 organisms/ml. 
(curve A in Fig. 2). The culture grew logarithmi- 
cally at 37.5" for 80 min. to a population of about lo4 
organisms/ml. For this and the subsequent varia- 
tions unless specified otherwise, samples were an- 
alyzed for total Coulter count every 20 min. At 80 
min. a 1.0-ml. aliquot of an appropriately diluted 
solution (in fresh broth) of sulfisoxazole was added 
to the culture to  give 1.0 mcg./ml. (curve B) and 
5.0 mcg./ml. (curve C). At 340 min., after the cul- 
ture of curve B (Fig. 2) had well-settled to  a new 
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Fig. 2 4 e n e r a t i o n  rate curves of E. coli B / r  at 37.5' 
on addition and dilution of sulfisoxazole. T h e  popula- 
tion on initMl drug addition was 1.6 X lo4 organisms/ 
ml. T h e  curves, f inal  mcg./ml. concentrations of sul- 
fisoxazole. and abbarent steadv-state erowth rate con- '. 
i tan ts ,  k,,,. in set.-', were: A, 0.0, 56.2 X B, 
1.0, 30.2 X C, 5.0, 6.29 X D, 5.0, 6.00 
x E, 1.0, 30.9 X F, 1.0, 27.6 X 
G. 5.0, 6.28 X Arrow on curve B denotes more 

drug added to total 5 mcg./ml. 

RESULTS 

Effect of Drug Concentration on Growth Rates- 
The number of organisms per ml. is plotted against 
time on semilogarithmic paper for various amounts 
of sulfa drugs. The example given in Fig. 1 is for 
sulfisoxazole. A lag period of approximately 120 min. 
existed before there was any significant effect of 
any concentration of drug on the population growth 
of E.  coli in the logarithmic growth phase at 37.5". 
The lag time was the same for both sulfisoxazole and 
sodium sulfathiazole. Subsequent to  the deviation 
of drug-affected population growth from the control 
curve, a new linearity in logarithmic growth was 
attained. At a dosage of 20.0 mcg./ml. that pro- 
duced complete inhibition of microbial population 
growth (line F, Fig. 1) and apparent death (line F, 
Fig. 1) there was an intermediate period of 40-60 
min. duration before the new steady-state drug- 
affected growth curve was established. 

At higher dosages of 50.0, 75.0, and 100.0 mcg./ 
ml. the growth curves were superimposable and 
independent of the dose. Subsequent to the lag 
period for these higher dosages, the rate of growth 
decreased, and the maximum value in the number of 
organisms was obtained 50 min. after the deviation 
from the initial growth period. A slowly accelerat- 
ing decay rate in viable organisms was then ob- 
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T A B L E  I-EFFECT O F  SODIUM SULFATHIAZOLE CONCENTRATIONS, s. ON STEADY-STATE 1'oPULATION GROWTH 
RATE CONSTANTS, k,,,. IN set.-' FOR VARIOUS POPULATION SIZES OF E .  coli., N, AT TIME 

OF ADDITION AT 37.5" 

N: 1 x 103 1.2 x 1 0 4  1 x 106 6 x 105 
S, mcg./ml. k a m .  7 

0.0 ko = 45.7 X 49.1 X 48.0 x 1 0 - 5  48.7 x 10-5 
0.5 36.1 x 10-5 

2.0 i s . o ' X  10-5 16.5 x 10-5 23.5 x 10-5 21.6 x 10-5 
3 .0  10.4 x 10-5 9.9 x 10-5 14.9 X 12.4 x 10-5 
4 .0  7 . 1  X 7.0 x 10-5 9.7 x 10-5 10.8 x 10-5 

k b / k a a  2.3 x 103 1 .9  x 103 1.7 x 103 1 .8  x 103 
I lka 3.4 x 103 3.1 x 103 3.6 x 103 3 . 4  x 103 

1 .0  2 7 . 7 . i  10-5 2 9 . 2 . x  10-5 2 9 . 3 ' 2  

5.0 4.6 X 4.4 x 10-5 6.2 X . . .  

a These values were obtained from the slope and intercept of the plot S / ( k u  - k n p p . )  versus Sin  accordance with the expres- 
sion S / ( k o  - k a p p . )  = l / k o  + ( k a / k a )  s. 

T A B L E  11-EFFECT O F  SULFISOXAZOLE CONCENTRATION, s, O N  STEADY-STATE POPULATION GROWTH RATE 
CONSTANTS, kapp ,  I N  sec. -', FOR SEVERAL TEMPERATURES~ 

Temp.: 24.7OC. 26.0"C. 29.3"C. 32.0"C. 34.7oc. 37.5oc. 39.5oc. 
S, mcg./ml. I k a p p .  - 

2 . 0  3.79 x 10-5 4.67 x 10-5 7.08 x 10-5 1.16 x 10-4 1.75 x 10-4 1.74 x 10-4 2 . 2 2  x 1 0 - 4  

4.0 1.53 x 10-5 1.38 x 10-5 2.99 x 10-5 6.40 x 10-6  9.00 x 10-5 1.08 x 10-4 1.10 x 10-4 
k b / k a b  4.23 x 103 3.71 x 103 2.97 x 103 2.27 x 103 2.04 x 103 1.73 x 103 1.39 x 103 
l /ka  2-99 x 103 3.21 x 103 3.43 x 103 3.10 x 103 3.72 x 103 3.47 x 103 3.92 x 103 
k d k 6  = a k m C  2.37 x 10-4 2.70 x 10-4 3.37 x 10-4 4.41 x 10-4 4.91 x 10-4 5.77 x 10-4 7.18 x 10-4 

0 .0  ko = 2.13 X 10-4 2.34 X 10-4 3.18 X 1 0 - 4  3.99 X lo-* 4.28 X 10-4 5.03 X 10-4 5.31 X 1 0 - 4  
1.0 8.00 X 10-5 9.02 X 10-6 1.40 X 10-4 2.09 X 10-4 2.56 X 10-4 3.12 X 10-4 3.33 X 10-4 

3.0 2.68 X 10-5 2.26 X 10-6 4.87 X 10-6 8.05 X 10-5 1.34 X 10-4 1.44 X 10-4 1.59 X 10-4 

k b  = KiKzd 1.42 1.16 0.865 0.780 0.550 0.499 0.355 

Sulfisoxazole added to  106 organisms/ml. bThese values were obtained from the slope and intercept of the plot S / ( k a  - 
Ratio k a p p . )  yeysws S in accordance with the expression S / ( k o  - k a p p . )  = l / k a  4- ( k b / k a )  S .  

of slope to  intercept of such a plot. 
Reciprocal of slope of such a plot. 

TABLE 111-EFFECT OF SODIUM SULFATHIAZOLE CONCENTRATION, S, ON STEADY-STATE POPULATION 
GROWTH RATE CONSTANTS, k,,,. IN sec. -l, FOR SEVERAL TEMPERATURES~ 

S, mcg./ml. I k a m .  7 

1.0 1.18 x 10-4 1.24 x 10-4 1.65 x 10-4 2.15 x 10-4 2.67 x 10-4 2.92 x 10-4 3.25 x 10-4 

Temp.: 24.7OC. 26.OoC. 29.3OC. 32.0°C.b 34.7OC. 37.5oc. 39.5oc. 

0 . 0  ko = 2.13 X 10-4 2.35 X 10-4 3.14 X 10-4 3.95 X 10-4 4.36 X 10-4 4.76 X 10-4 5.31 X 10-4 

2.0 6.80 X 10-5 8.54 X 10-6 1.11 X 1 0 - 4  1.49 X 1 0 - 4  2.04 X 10-4 2.35 X 10-4 2.27 X 1 0 - 4  
3.0 3.67 X 10-6 4.94 X 1 0 - 6  6.95 X 10-5 1.05 X 10-4 1.60 X 1 0 - 4  1.49 X 10-4 1.70 X 1 0 - 4  
4.0 3.15 X 10-5  2.98 X 10-5 5.47 X 1 0 - 6  8 .43 X 1 0 - 6  7.85 X 10-6 9.71 X 10-5 1 .28  X 10-4 
k b / k a  3.77 x 10s 3.41 x 103 2.85 x 103 2.21 x 103 1.90 x 103 1.66 x 103 1.50 x 103 
l /ka  5.96 x 103 5.46 x 103 5.23 x 103 4.04 x 103 4.07 x 103 3.56 x 103 3.16 x 1 0 3  

k a / k b  = p k m d  2.66 x 10-4 2.93 x 10-4 3.51 x 1 0 - 4  4.53 x 10-4 5.27 x 10-4 6.02 x 10-4 6.67 x 10-4 
kb = KiKf 0.632 0.626 0.544 0.547 0.466 0.466 0.476 

Sodium sulfathiazole added to  105 organisms/ml. k a p p .  = 6.22 X 1WS set.? a t  5.0 mcg./ml. of sodium sulfathiazole. 
These values were obtained from the slope and intercept of the plot S / ( k o  - k a p p . )  neysus S in accordance with the expression 

S/ (ko  - k a p p . )  = l / k o  + ( k b / k o )  S .  Reciprocal of slope of such a plot. Ratio of slope to  intercept of such a plot. 

TABLE TV-EFFECT OF SULFISOXAZOLE CONCENTRATION, S, ON STEADY-STATE POPULATION GROWTH RATE 
CONSTANTS, k,,,. IN sec.-l, FOR SEVERAL CHLORAMPHENICOL CONCENTRATIONS, C, AT 37.5"C.a 

C, mcg./ml. b: 0.33 0.67 1.00 
S, mcg./ml. k w p .  

0.00 
1.00 
2.00 
3.00 
4.00 

ko = 4.08 X lo-* 
2.44 x 10-4 
1.63 x 10-4 
1.02 x 10-4 
0.86 x 10-4 

3.41 x 10-4 
2.07 x 10-4 
1.45 x 10-4 
1.13 x 10-4 
0.85 x 10-4 

2.23 x 103 
4.10 x 103 
4.48 x 10-4 

2.96 x 103 
4.40 x 103 
3.38 x 10-4 

0.544 0.673 
1.84 1.49 

2.38 x 10-4 
1.22 x 10-4 
0.95 x 10-4 
0.58 x 10-4 
0.47 x 10-4 
4.22 x 103 
4.40 X 103 
2.37 x 10-4 
0.960 
1.04 

a Sulfisoxazole and chloramphenicol added to  10s organisms/ml. The k a p p .  values in sec. -1 prior to  the addition of chlor- 
amphenicol 0.33, 0.67, and 1.00 mcg./ml. were 5.10, 5.12, and 5.17 X CThese values were obtained from 
the slope and intercept of the plot S / ( k o  - k s p p . )  versus S in accordance with the expression: S / ( k a  - k a p p . )  = l/ka f ( k b / k d  
S. 

respectively. 

Reciprocal of slope of such a plot. Ratio of slope to intercept of such a plot. 
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111) were analyzed by application of Eqs. 2 and 3 
for each temperature studied, and the parameters 
ka/kb and kh were determined from the slopes and 
intercepts of the plots in accordance with these 
equations (Figs. 3 and 4 ) .  The k ,  and kb parameters 
reasonably fit the Arrhenius or Van't Hoff equation 
for the dependence of reaction rate or equilibrium 
constants upon temperature (Fig. 5 ) :  

log k = log P - (AH/2.303 22) ( 1 / T )  (Eq. 4) 
where R is 1.987 Kcal./mole and T is in degrees 
Kelvin. The apparent AH values for kb are - 15.9 
Kcal./mole for sulfisoxazole and - 4.3 Kcal./mole 
for sodium sulfathiazole. For both sulfonamide 
studies, the apparent heat of activation for the 
derived k,/kb was 24 Kcal./mole. Similar plots for 
the ko values, i.e., the population growth rate con- 
stants a t  the various temperatures in the absence of 
any sulfonamide were parallel to the plots for the 
ka/kb values and thus of the same apparent AH 
values. 

The interval from the time of addition of sulfon- 
amide to  the time when the population growth rate 

served for 120 min. Subsequently, the logarithmic 
decay of the numbers of viable organisms was con- 
stant with time for these doses with an apparent 
first-order rate constant of 9.75 X lop5 set.-'. 

The total count technique showed a decreasing 
rate of increase in total numbers over 120 min. after 
the deviation from the initial growth curve. At 
that time and for 400 subsequent min., there was a 
negligible change in the total number of organisms. 

Apparent population growth rate constants, k,,,. 
in set.?, were obtained from the slopes of these new 
linear logarithmic growth curves in accordance with 
the apparent first-order expression : 

(Eq. 1) 

where t is time and N is the number of organisms/ 
ml. The k,,,. values for various concentrations of 
sodium sulfathiazole and sulfisoxazole under varied 
conditions are given in Tables I-IV. 

When the k,,,. values are plotted against the con- 
centrations of the sulfa drugs, the curves are non- 
linear and demonstrate that the kspp. is not a linear 
function of the concentrations of the sulfa drugs. 
However, when the reciprocal of the differences be- 
tween the population growth rate constant in the 
absence of drug, ka, and the k,,,. values for popula- 
tion growth in the presence of drug are plotted 
against the reciprocal of the concentration of the 
sulfa drug, S in mcg./ml., excellent linearity is ob- 
tained (Fig. 3 for sulfisoxazole) in accordance with 
the expression: 

log N = (kapp./2.303)t + constant 

l l ( k o  - kapp.) = ( l / k a )  ( 1 / S )  + kb/ka (Eq. 2) 

where k ,  and k b  are constants. 
Similarly, when Eq. 2 is multiplied through by 

the concentration of the sulfa drug, this concentra- 
tion divided by the difference between the popula- 
tion growth rate constants in the presence and 
absence of sulfa drug is a linear function of sulfa 
drug concentration, S, as in Fig. 4 for sulfathiazole: 

(Eq. 3 )  

The intercepts, l / k a ,  and slopes, kb/k,, derived from 
such plots are also given in Tables I-IV. 

Effect of Temperature on Drug-Affected Growth 
Rates-The data for the effect of sulfonamide drugs 
on the steady-state growth of E.  coli (Tables I1 and 

Sl(ko - kspp.) = I l k a  + (kb/k,)S 

0.0 0.2 0.4 0.6 0.8 1.0 
1/S, ml./rncg. 

Fin. 3-Examples of quantitative relations between 
apparent E. coli growth rate ronsfants, k;,,,,, and 
suljisoxazole concentrations, S ,  at various tempera- 
tures. The curves are plotted in accordance with the 
expression I / ( h  - knPP.) =, ( I / k , ) ( l / . S )  + kt,/k, 
where the growth rate constant zn the absence of sulfon- 
amide, ko, and k,,,. are in set.-' and S i s  in mcg./ml. 
The curves and respectwe temperatures are: A, 
24.7'; B, 26.0'; C ,  29.3'; D, 32.0'; E, 39.5'. 

0.0 1.0 2.0 3.0 4.0 5.0 
S (mcg./ml.) 

Fig. 4-Examples of quantitative relations between 
apparent E. coli growth rate constants, k,,,., and 
sodium sulfathiazole concentrattons, S ,  at various 
temperatures. The curves are plotted in accordance 
with the expression S/(ko - kapp.) : l /ka  + (kb/k,)S 
where the growth rate constant wc the absence of sulfon- 
amide, ka, and k,,,. are in set.-' and S i s  in mcg./ml. 
The curves and respective temperatures are: A, 24.7'; 

B, 29.3'; C ,  32.0'; E, 39.5'. 

3.20 3.24 3.28 3.32 3.36 
i / r  x 103 

Fig. 5-The variation of a derived parameter, kb = 
K I K ~ ,  of sulfonamide action on E. coli microbial 
growth as a function of temperature. The curves for  
suljisoxazole (0) and sulfathiazole (0) are plotted in 
accordance with the expression: log kb = -AH/  
2.3RT + log P where T i s  the absolute tem$erature. 
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demonstrates a deviation to a drug-affected rate is 
termed the lag time (Fig. 1). This lag time is in- 
versely proportional to the growth rate constant in 
the absence of sulfonamides for all temperatures 
studied. The linearity of the plot of lag time versus 
l/ka is demonstrated in Fig. 6. At any tempera- 
ture, this lag time corresponded to 5.5 =t 0.5 genera- 
tions. 

Effect of Chloramphenicol on Sulfonamide- 
Affected Growth Rate-Chloramphenicol and sulfi- 
soxazole were added simultaneously to a growing 
culture of E. coli at 1O6/ml. The chloramphenicol 
caused an almost instantaneous change in the rate of 
growth, but the sulfonamide effect was not observed 
until after a definitive lag time. Subsequent to this 
lag time, a drug-equilibrated growth rate was ob- 
served which was an apparent function of sulfisoxa- 
zole concentration. A typical semilogarithmic plot 
of such growth curves is given in Fig. 7 for 0.666 
mcg./ml. chloramphenicol and 0.0 to 4.0 mcg./ml. 
sulfisoxazole. 

The lag time from the time of addition of both 
drugs to the time when sulfonamide action was 
demonstrated was inversely proportional to the 
growth rate constant in the absence of sulfonamide 
(Fig. 6). At  any chloramphenicol concentration 
used this lag time corresponded to 5.5 =!= 0.5 genera- 
tions. 

The data for the effect of combined sulfonamide 
and chloramphenicol drugs on the steady-state 
growth rate constants for E. coli after the lag time 
are given in Table IV. These data were consistent 
with Eqs. 2 and 3 as demonstrated in the plot given 
in Fig. 8. The ka' values chosen were those values 
in the presence of chloramphenicol but in the ab- 
sence of sulfisoxazole. The slopes and intercepts of 
the curves are also given in Table IV. 
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400 

l/ko X 10-1 (sec.) 

Fig. 6-Lag-time before sulfonamide affects E. coli 
growth as a function of the generation time, I /ko ,  at 
dhe time of sulfonamide addition. Key:  0, estimated 
lag times f o r  sulfathiazole and suljisoxazole-affected 
microbial cultures at the various cited temperatures; 
a, lag times f o r  microbial cultures simultaneously 
treated with sulfonamide and vurious concentrations of 
chloramphenicol at 37.5O. T h e  vertical lines through 
the points represent ranges of the estimated values. 
T h e  ka values are the observed growth rate constants in 

sec.-l. 
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Fig. 7-Typical generation rate curves of E. coli B l r  
at 37.5' in the presence of chloramphenicol and various 
concentrations of suljisoxazole. The  population on the 
addition of both drugs was 106 organismslml. Curve 
A i s  for  the growth rate in the absence of both drugs and 
curve B i s  for  0.666 mcg./ml. of chloramphenicol. 
The  other curves were for 0.666 mcg./ml. of chlor- 
amphenicol and the following mcg./ml. of suljisox- 

azole: B, 0.0; C, 1.0; D, 2.0; E, 3.0; F, 4.0. 

0 1.0 2.0 3.0 4.0 
S (rncg./rnl.) 

Fig. 8-Quantitative relations between apparent E. coli 
growth rate constants, k,,,., and suljisoxazole concen- 
trations, S ,  at  various chloramphenicol concentrations 
at 37.5'. The curves are plotted in accordance with 
the expression Sl(k'0 - kspp.) = Ilk, + (kb/k,)S 
where the growth rate constant in the absence of chlor- 
amphenicol and suljisoxazole, ko, i s  related to the 
growth rate constant, ka', in the presence of chlor- 
amphenicol by ko' = ko + k,C where C is the concen- 
tration of chloramphenicol in mcg./ml. and k, = 
2.68 X ml./mcg./sec. The  curves and respec- 
tive concentrations in mcg./ml. of chloramphenicol 

are: A, 1.00; B, 0.67; C, 0.33. 

Effect of Organism Population on Drug-Affected 
Growth Rates-The apparent growth rate constants 
for E.  coli, k,,,., obtained in the presence of various 
concentrations of sodium sulfathiazole a t  various 
inoculum sizes a t  time of drug addition are listed in 
Table I. The values were obtained from the slopes 
of the curves of the logarithm of the total organism 
count versus time after the steady state attributed to 
sulfa drug effects had resulted as demonstrated in 
Fig. 1. There were no large differences in the k,,,. 
values obtained for the various organism population 
sizes on addition of a given concentration of sodium 
sulfathiazole for the particular E. coli culture used 
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An implicit assumption in this postulate is that 
the number of receptor sites in a single bacterium 
are constant and independent of the mass of the cell 
or time. Possible cases where this was not assumed 
have been discussed previously (7). 

The equilibrium constant, Kz,  for the drug-site 
interaction of Eq. 5 may be defined by: 

Kz = kz/ki = (S’R)/[Rt - (S’R)] (S’)  = 

(S’R)/(S’)(R) (Eq. 7) 
where (S’R) is the number of sulfonamide-reacted 
sites, R is the number of unreacted sites, and Rt is 
the total number of sites whether reacted or un- 
reacted. The fraction 0 of sites reacted with drug 
may be obtained from rearrangement of Eq. 7: 

(Eq. 8) 0 = (S’R)/Rt = K&’/(l + KzS’) 

Thus, Eq. 6 on substitution becomes: 

d M / d t  = km - k,KzS’/(l + KzS‘) (Eq. 9) 

where k ,  is the steady-state rate of metabolism in 
the absence of sulfonamide. 

The concentration of sulfonamide, S‘, in the cell 
is related t o  the concentration, S, in the media by: 

S‘ = KLS (Eq. 10) 

It follows that the rate of metabolism in the 
steady state of a single bacterium is related to the 
sulfonamide concentration, S, in the media by: 

d M / d t  = k ,  - kmKiKZS/(l + KiKZS) (Eq. 11)  
If it is postulated that the rate of population in- 

crease of N organisms is proportional to this rate of 
metabolism and to  the number of organisms in the 
balanced growth culture, it  follows that: 

d N /d t  = p(dM/dt )  X N (Eq. 12a) 

(Table I). The variations were greatest for higher 
organism and sulfa drug concentrations. These 
facts imply that it is best to  do comparative studies 
of sulfonamide action on E. coli growth at as con- 
stant a population as is possible. For this reason, 
sulfonamide was added at about lo6 organisms/ml. 
Similar studies were also performed with different 
E. coli B/r cultures. In many of these cases, or- 
ganism population had a greater effect on drug- 
equilibrated growth rates than with the specific cul- 
ture used throughout these experiments. 

Reversibility of Drug Action-As previously 
stated, the addition of sulfonamide to an inoculum 
demonstrated no immediate effect on the microbial 
growth rate (curves A and B, Fig. 2 ) .  It takes 5.5 
generations for a drug effect on the microbial growth 
rate to be observed. At the lower concentrations 
of drug (curve B, Fig. 2) ,  the transition period to 
the new steady-state growth rate can be considered 
as small and is 20-30 min. for 1.0 mcg./ml. of sulfisox- 
azole. At the higher concentrations of drug (curve 
C, Fig. 2 ) ,  the transition period to the new steady- 
state growth rate is larger and is 140-160 min. for 
5.0-mcg./ml.-affected growth rate (curve D). The 
ultimate steady-state growth rate achieved is inde- 
pendent of whether the total sulfisoxazole is added 
to the initial culture (curve C), or added stepwise 
(curves B and D), or the drug-affected culture is 
diluted and sufficient drug is added to  maintain the 
same concentration (curves C and G). The growth 
rate constant, k,,., was the same in all these in- 
stances when steady state was attained. 

When the culture in the drug-affected growth 
period is diluted so that the sulfisoxazole concentra- 
tion is diminished, the growth rate increases (curve 
C to E and to F )  to  achieve a new steady-state rate 
of growth. The increase in rate appears to  occur 
immediately after dilution, but 100-130 min. must 
elapse before the new steady-state rate of growth is 
achieved. The ultimate growth rate is equivalent 
to that which would have been ultimately achieved 
with the same concentration of drug added to fresh 
inoculum. 

DISCUSSION 

The action of sulfonamide on drug-equilibrated 
microbial growth in the individual cell may be ex- 
plained by the simple model : 

ki - 
ka 
K2 

S’ + R ~ (S’R) (Eq. 5) s ,  
K I  

This model assumes an equilibrated partitioning 
of the sulfonamide concentration S in the media 
with the concentration S‘ in the cell which is avail- 
able to the unreacted receptor sites, R. The fact 
that the growth rate is constant for a given sulfon- 
amide in the drug-equilibrated steady state implies 
that the two equilibria characterized by Ki and KZ 
are achieved in that state. 

If  e is the fraction of receptor sites reacted with 
drug, the metabolic rate, d M / d t ,  may be propor- 
tional to the fraction, 1 - 0, o f  receptor sites that are 
unreacted with drug: 

d M / d t  = km ( 1  - 0) (Eq. 6)  

d N / d t  = [ko - k a S / ( l  + kbs)] X N (Eq. 12b) 

d N/d t  = k,,,. X N (Eq. 126) 

where ko = pk, = k,/kb, k ,  = pk,KIKz, kb = K I K Z  
and : 

k,pp = ko - k,S/(l  f kbs) (Eq. 13)  

where kspp. is the apparent first-order steady-state 
growth rate constant in the presence of a constant 
sulfonamide concentration, S. 

On integration, Eq. 12c becomes Eq. 1, and the 
k,,,. values were obtained from the slopes of semi- 
logarithmic plots of drug-equilibrated growth (Figs. 
1, 2, and 7 ;  Tables I-IV). 

The Eq. 13 can be rearranged into the forms of 
Eqs. 2 and 3,  from which by appropriate plotting 
(Figs. 3, 4, and 8) the k ,  and kb values and related 
parameters were obtained (Tables I-IV). 

The adherence of the data to Eqs. 2 and 3 demon- 
strates the validity of the model of Eq. 5 to explain 
the action of sulfonamide on microbial growth. 
The metabolic rate in the drug-affected steady state 
that results in microbial growth is proportional to 
the number of receptor sites unreacted with or un- 
bound by sulfonamide. These receptor sites may 
be enzymes that are needed in the metabolic path- 
way (17-22) or an actual and constant amount of 
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substrate needed in the metabolic sequence that is 
inactivated by the sulfonamide (23, 24). 

It has been argued (17-24) that certain sulfon- 
amide antagonists such as p-aminobenzoic acid 
(PABA) and the sulfonamide compete for such re- 
ceptor sites, and PABA reaction is necessary in the 
metabolic sequence. If this is true, the experimental 
confirmation of Eq. 5 demonstrates that a11 avail- 
able receptor sites are occupied either by sulfon- 
amide or PABA and the relative degree of occupa- 
tion is determined competitively. 

I t  is implied by the experimental verification of 
Eqs. 5-13 that total reaction of sulfonamide with 
the total number of receptor sites, Rt, is necessary 
for complete cessation of microbial growth. This 
should mean that the obtained k,/ka = qk ,  (Eqs. 
2,3 ,  12, and 13) should have the same magnitude as 
ko, the apparent growth rate constant in the absence 
of sulfonamide. This is not exactly true as is 
evidenced by the values given in Tables I1 and 111. 
For sulfisoxazole, ko = 0.90 k,/kb, and for sodium 
sulfathiazole, ko = 0.82 k,/kb, with average devia- 
tions of 0.03. These facts imply that it is only 
necessary to affect 82% or 90% of the available 
receptor sites to obtain the asymptotic cessation of 
microbial growth by these sulfonamides. The de- 
tailed analysis of this concept has been given pre- 
viously (7). 

Although the major action of sulfonamides is 
inhibitory, microorganism death is observed a t  high 
sulfonamide concentrations. Viable and total or- 
ganism counts are coincident for 0.0 to 4.0 mcg./ml. 
of sulfisoxazole and demonstrate that microbial 
growth inhibition is the effective process in this 
range (Fig. 1). However, at much higher doses of 
sulfisoxazole, which included 20.0, 50.0, 75.0, and 
100.0 mcg./ml., the constancy of the drug-equili- 
brated total microbial count with time (curve F, 
Fig. 1) implied completely inhibited growth. The 
loss of viables by a first-order process of dying must 
be assigned to the death of growth-inhibited micro- 
organisms. In studies with 50.0, 75.0, and 100.0 
mcg./ml., the viable count with time did not vary 
among these sulfisoxazole concentrations and went 
through a maximum after the lag period. The 
same ultimate, first-order kill rate was observed a t  
37.5" for all these concentrations. These observa- 
tions imply that the nongrowing, sulfonamide- 
affected microorganism does not lose its viability 
as a function of sulfonamide concentration. I t  is 
probable that the metabolic limitations placed on 
the organisms by saturation of receptor sites with 
sulfonamide results in a statistical probability of 
death demonstrated by a first-order rate of dying. 

I t  has been shown previously (7) that a plot of the 
logarithm of the microbial growth rate constant 
against the reciprocal of the absolute temperature is 
reasonably linear for drug-free E. coli cultures in the 
temperature range 25" to 39" and that AH values 
can be determined from the slopes of such plots in 
accordance with Eq. 4. This reasonable adherence 
to the Arrhenius or Van't Hoff Eq. 4 implies that 
one step, or several steps with similar temperature 
dependencies, in the metabolic processes of the 
organism may be rate limiting in this temperature 
range. The coincidence of the apparent AH values, 
24 Kcal./mole for the derived k,/kb values from the 
sulfonamide studies (Tables I1 and 111) and the 
observed K O  values in the absence of sulfonamide 
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indicate that these constants represent the same 
processes. 

The derived parameter most descriptive of the 
quantitative action of a sulfonamide on microbial 
growth is kb = KlK2 (Tables 11-IV). Unfor- 
tunately, this product cannot be kinetically dissoci- 
ated into the partition coefficient or transfer process 
for drug across the cell membrane, K1, and the 
affinity constant, K P ,  for sulfonamide reaction with 
receptor site. The product of these two equilibrium 
constants is temperature dependent (Fig. 5) and is 
reasonably in accordance with the Arrhenius or 
Van't Hoff Eq. 4 over the temperature range 
studied. The AH from this equation is not the 
same for sulfisoxazole and sulfathiazole. In terms 
of dissociation constants, 1/K2, and partition co- 
efficient for the ratio of concentrations in the media 
to that within the cell, i.e., l/K1, the AH of l /KIKt  
is 15.9 Kcal./mole for sulfisoxazole and 4.3 Kcal./ 
mole for sulfathiazole. These values are signif- 
icantly different from the AH of 24 Kcal./mole for 
microbial growth in the absence of sulfonamide, and 
are significantly different from each other. These 
facts imply that a fundamental difference exists 
between the reactivities and/or transport of these 
two sulfonamides into the cell. 

Heats of diffusion are generally small, about 2-5 
Kcal./mole. Thus, if partition or transport of the 
sulfonamide into the cell is a diffusion-controlled 
passive process, large AH values would indicate that 
definitive heats of reaction may be assigned to drug- 
receptor site interaction since: 

In KlKz = In P K ~ K ~  - AHK1K2/RT = 
In K I  + In K2 = In P K ~ P K ~  - 

( A H K ~  + AHKAIRT 0%. 14) 

so that: 

A H K ~ K ~  = m~~ + ~ H K ,  (Eq. 15) 

For example, the A H K ~ K ~  values for these two sulfon- 
amides may imply that the receptor site-drug inter- 
action or active transport processes have greater 
significance in the sulfisoxazole case than in the 
suIfathiazole case. 

Several mechanisms of sulfonamide action have 
been proposed. One that has had wide acceptance 
is that these drugs act competitively with essential 
metabolites such as p-aminobenzoic acid, PABA, in 
a process which is necessary for growth (17-24). 
This can be competition for an enzyme in a vital 
enzymatic transformation (17-22), or is actually a 
competitive chemical reaction involving a vital 
metabolite in a necessary metabolic sequence (23, 
24). To be consistent with our experimentally 
verified Eqs. 13 and 14, acceptance of these concepts 
implies that all receptor sites in Eq. 5 (whether 
enzymatic or chemical) are occupied by or reacted 
with either the sulfonamide or the available PABA 
in the drug-affected steady state. The number of 
sulfonamide-unreacted sites or substrates, i.e., R 
are really PABA-reacted sites or PABA-reacted sub- 
strates and the rate of metabolism linked to growth 
is proportional to  this R.  

The lag time is the interval from the time of 
addition of sulfonamide to the time when the 
population growth rate demonstrates a deviation 
to a drug-affected rate (9, 25). T h i s  lag time is now 
shown to be inversely proportional to the growth 
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The greater the sulfonamide concentration of the 
balanced growth culture (Fig. l ) ,  the longer the time 
to achieve the new drug-affected steady state. This 
may imply time-dependent processes either for 
equilibration of sulfonamide in the culture media 
with the biophase concentration, or for diminution 
of rates of PABA production, or for transfer of 
PABA into the biophase. 

The sulfonamide concentration was reduced by 
dilution of the culture with nutrient media or was 
increased by adding more sulfonamide (Fig. 2). 
This was done after the lag phase, both before and 
during the drug-affected steady-state growth process. 
There were gradual transitions to the new steady- 
state microbial growth rate characteristic of the new 
sulfonamide concentration. Since PABA-derived 
metabolites were already depleted, this may be 
assigned to  either one or a combination of the follow- 
ing: ( a )  a time interval is necessary to rejuvenate or 
inhibit PABA production to its new steady state; 
( b )  a finite time interval is necessary to equilibrate 
receptor sites with sulfonamide and/or PABA; (c) 
the equilibration between sulfonamide in the bio- 
phase surrounding the receptor sites and the sulfon- 
amide in the culture media is a time-dependent 
process; ( d )  the biophase compartment is removed 
from the PABA generation site and the distributive 
processes for PABA are time-dependent; ( e )  there 
is a lag in transfer of the PABA-derived metabolite 
to  or in the metabolic pathway that results in 
metabolism and growth. 

The authors have previously made the statement 
that, as first approximations, the rate of PABA pro- 
duction and/or the numbers of receptor sites (e.g., 
folic acid synthesizing enzymes) may be assumed to 
be proportional to the microbial growth rate. 
These postulates would explain the appearance of a 
new drug-affected steady state of microbial growth 
where the new rate of PABA production and the 
sulfonamide in the cell would compete for available 
receptor sites. Thus, the numbers of sulfonamide- 
unaffected sites, R in Eq. 5,  that give rise t o  metab- 
olism and growth, are PABA-reacted and would be 
direct functions of PABA production. It follows 
from Eq. 7 that the sulfonamide-receptor site dis- 
sociation constant, 1/Kz is directly proportional to 
this number of receptor sites, R, and thus should be 
directly proportional to  the microbial growth rate. 
The same reasoning results if a feedback mechanism 
is operative (27) and the numbers of folk acid syn- 
thesizing enzymes are reduced with a reduced micro- 
bial growth rate. 

Evidence in support of these statements is pro- 
vided by the studies of microbial growth on simul- 
taneous addition of chloramphenicol and sulfisoxa- 
zole (Table IV, Fig. 7). Confirmation of the 
adherence of the data to Eqs. 2, 3, 12, and 13 is 
demonstrated by the plots of Fig. 8. The derived 
parameters are listed in Table IV. It is apparent 
that the obtained K I K ~  values, all at 37.5’, vary as a 
function of the chloramphenicol concentration, C, 
as do the ko values. Consistent with previous 
studies (3-8) the data of Table I V  show that: 

ko = ko‘ - k,C (Eq. 16) 

where ko’ = 5.10 X set.-' is the first-order 
growth rate constant in the absence of chlorampheni- 
col and k ,  = 2.68 X ml./mcg./sec. is the inhibi- 
tory constant where C is in mcg./ml. 

rate constant before sulfonamide affects the growth 
rate for all temperatures studied, and when chlor- 
amphenicol was added concomitantly with the 
sulfonamide (Fig. 6 ) .  At any chloramphenicol 
concentration and for any temperature, this lag time 
corresponded to 5.5 f 0.5 generations. The 5.5 3= 
0.5 generations after sulfonamide addition and be- 
fore an observed deviation in microbial growth rate 
imply that cellular division is primarily responsible 
for the conditions necessary for sulfonamide action 
or microbial growth to be observed. This could be 
assigned to the depletion of PABA-derived metabo- 
lite [or folk acid precursor (22, 26-28)] storage in a 
single cell, in agreement with the arguments of Kohn 
and Harris (9, 10) and Rose and Fox (29). As long 
as these compounds are in excess, the metabolic 
pipeline can be maintained full and the rate of 
microbial growth dependent on a delivered quantity 
of metabolite per unit of time is invariant. The 
limiting factor in microbial growth may be the size 
of this pipeline. In more conventional terms, this 
would be equivalent to the saturation value of a 
compartment, tissue, enzyme, or process. It also 
follows that a standard excess of PABA metabolite 
and PABA is produced in the balanced growth cul- 
ture. 

Evidence for this is provided by the variation in 
the dose-response of sulfonamide action on drug- 
affected steady-state microbial growth as a function 
of inoculum size. Although this was of little signif- 
icance in the inoculum ranges with the particular 
culture used in this paper, many other cultures 
(30-32), including other strains of E. colz B/r that 
were investigated, showed this effect in varying de- 
grees. In general, for these other strains the 
greater the number of organisms on drug addition, 
the more sulfonamide was needed to give the same 
inhibition of microbial growth, or the greater the 
antagonism to sulfonamide action. If each or- 
ganism in a balanced growth culture produced an 
excess of PABA or PABA-derived metabolites which 
“leaked” into the nutrient media, the response to 
sulfonamide would obviously be a function of the 
numbers of such organisms prior to the inhibition of 
production of PABA or PABA-derived metabolite. 

Ultimately, a situation results where the amounts 
of stored PABA metabolites per unit cell are insuf- 
ficient to saturate the pipeline and a gradual decrease 
in rate of microbial growth occurs to  the new drug- 
affected steady state. This gradual change in rate 
also may be attributed in part to cellular division 
and thus to depletion of PABA metabolites in a 
single cell. The new drug-affected steady state 
then may be assigned to the competition of PABA 
from its new steady-state production and the cellular 
sulfonamide concentration. They compete for all 
available receptor sites and the production of PABA 
metabolites depends on the results of this competi- 
tion. 

An alternative or concomitant possibility is the 
diminution of available receptor sites (or enzymes) 
in the new steady state (27). Since depletion of 
stored PABA metabolites explains the lag period (9, 
10, 29), lowered rates of PABA production and/or 
decreased numbers of receptor sites due to the feed- 
back from metabolites’ inhibition by sulfonamide 
are plausible. As first approximations, the rate of 
PABA production and/or the numbers of available 
receptor sites may be assumed to be proportional to 
the microbial growth rate. 
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Fig. +The roduct ( ~ / K I K ~ )  of sulfonamide partition 
constant ( I / & )  and the sulfonamide-receptor sife 
dissociation constant (l/Kz) as a function of the 
growlh rate constant 4 in the presence of chloram- 

phenuol at 37.5”. 

The action of chloramphenicol on microbial 
growth has been assigned to the inhibition of the 
function of messenger RNA in protein synthesis by 
blocking its attachment to  ribosomes through com- 
petition for ribosomal binding sites (33). The dif- 
ferences in the kinetics in regard to lag period, 
reversibility, and concentration dependence are 
indicative that chloramphenicol and sulfonamide 
mechanisms of action differ. 

Since 1/Kz is directly proportional to R and if the 
numbers of receptor sites, R, are a function of the 
microbial growth rate, i t  follows that l /I(lKz should 
be a linear function of KO, the growth rate constant 
in the presence of chloramphenicol and in the 
absence of sulfisoxazole. Since the data (Table IV) 
are at constant temperature, the partition constant, 
K1, should be invariant. 

The plot of the data in Fig. 9 confirms this reason- 
ing since it demonstrates that a linear relation with 
an intercept of zero exists and: 

l /KJL = mko (Eq. 17) 

where nt = 0.440. 
For predictive purposes, we can describe the num- 

ber of microorganisms at any time, t ,  when chlor- 
amphenicol and sulfonamide are administered simul- 
taneously as: 

N = Nl e k a p p . ( (  - 4) (Eq. 18) 

where IVl is the number of E .  coli in balanced growth 
at time t l ,  where within the first 5.5 generations k,,,. 
is defined by ko in Eq. 16. When the new sulfon- 
amide-affected steady state is achieved, kspD, is de- 
fined from consideration of Eqs. 12, 13, and 16 as: 

where ko, k,, K1, and KZ have been shown in this 
paper and others (7,8) to conform to the Arrhenius- 
Van’t Hoff relation over a considerable temperature 
range: 

k = P, - AH/RT (Eq. 20) 

For a given temperature where m in Eq. 17 is 

(Eq. 21) 

known, Eq. 19 can be written as: 

k,,,. = ko - l / (m  + S/ko)  
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