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Microbial Kinetics of Drug Action against
Gram-Positive and Gram-Negative Organisms II:
Effect of Clindamycin on Staphylococcus aureus and

Escherichia coli

SAMUEL M. HEMAN-ACKAH

Abstract 0 Clindamycin-affected Staphylococcus aureus cultures
show biphasic steady-state generation curves. An initial (phase I)
generation of the clindamycin-affected Staph. aureus is followed
by an ultimate (phase II) generation at the same dose level. The
phase I apparent generation rate constant is greater than the
phase II apparent generation rate constant and suggests the devel-
opment of resistant Staph. aureus mutants to clindamycin action
after a finite period of drug-bacteria contact at any subcompletely
inhibitory concentration level. It is rationalized that the increased
resistance to drug action in mutant strains is due to a comparative-
ly reduced ribosomal binding affinity for clindamycin. In contrast,
clindamycin-affected Escherichia coli cultures show monophasic
steady-state generation curves at all concentration levels; E. coli
cultures do not develop resistance to clindamycin action. The de-
pendence of the apparent generation rate constant on drug con-
centration yields a sigmoidal curve, which is coincident by a poten-
cy factor for the phase I and phase II generations of clindamycin-
affected Staph. aureus and suggests a common mechanism of ac-
tion for both generation phases. That of clindamycin-affected E.
coli yields an asymptote curve, which indicates a different mecha-

nism of action. Clindamycin possesses both a bacteriostatic and a
bactericidal action on initial and mutant resistant strains of
Staph. aureus, whereas its action on E. coli is only bacteriostatic.
Consequently, clindamycin has a minimum inhibitory concentra-
tion (MIC) against E. coli that is about 1000 times the MIC value
against Staph. aureus at 37.5°. The effect of pH changes in broth
media on generation inhibition of both Staph. aureus and E. coli
by clindamycin action indicates that the unprotonated fraction of
drug concentration contributes to the activity, possibly because of
its ready penetration through cell membranes.

Keyphrases O Microbial kinetics—drug action on Gram-positive
and Gram-negative organisms, comparison of clindamycin action
on Staphylococcus aureus and Escherichia coli O Clindamycin—
comparison of effects on Staphylococcus aureus and Escherichia
coli, microbial kinetics O Staphylococcus aureus—effects of clin-
damycin, compared to Escherichia coli O Escherichia coli—ef-
fects of clindamycin, compared to Staphylococcus aureus O Anti-
microbial activity—comparison of clindamyein on Staphylococcus
aureus and Escherichia coli

Clindamycin is one of the 7(S)-chloro analogs of
lincomyecin (1, 2) that is claimed to be more than four
times as active as the parent antibiotic against a vari-
ety of Gram-positive and Gram-negative organisms
(3). Like lincomyecin, it interferes with ribosomal
functioning in the synthesis of cell proteins (4, 5) to
inhibit microbial growth and generation.

Comparative studies on the action of lincomycin
and its 7(S)-chloro analogs against Escherichia coli
by microbial kinetics (6) confirmed the enhanced po-
tency of clindamycin action relative to that of lin-
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comycin. These studies also revealed that clindamy-
cin has only one of two mechanisms of lincomycin ac-
tion against E. coli. Recently, it was shown (7) that
lincomycin also possesses one mechanism of action
against Staphylococcus aureus. However, Staph. au-
reus cultures, unlike E. coli. cultures, develop resist-
ence to lincomycin after a finite period of organism
contact with subcompletely inhibitory concentrations
of the drug. :

It was of interest to study the kinetics and depen-
dencies related to modes of clindamyein action



against Staph. aureus and to compare the data with
those obtained for E. coli. The results of such studies
are presented in this paper.

EXPERIMENTAL

Materials and Methods—Staph. aureus (ATCC 6538) and E.
coli (ATCC 12407) were used in all of the experiments. They were
cultivated in broth medium® and used for determining antibiotic—
bacteria reaction in the same manner as previously described (7).
The antibiotic was an assayed sample of clindamycin hydrochlo-
ride? (860 ug base equivalent/mg). A particle-size counter® and the
poured plate method, using sandwiched agar plates, were em-
ployed in the determination of total and viable counts, respective-
ly, on drug-free and drug-affected Staph. aureus cultures as pre-
viously described (7).

Effect of Antibiotic Concentrations on Generation Rates—
Aliquots (0.5 ml) of aqueous solutions of clindamycin were asepti-
cally added to replicate 50-ml samples of cultures to yield the de-
sired antibiotic concentrations. The solutions were added to the
cultures in an exponential phase of generation at 37.5°. The cell
concentration at the time of drug addition was 2.0 X 108/ml. Cul-
ture samples were withdrawn every 30 min, and the organism pop-
ulation was determined by the appropriate method.

Generation curves were obtained by the total count method for
Staph. aureus and E. coli cultures affected with a range of clinda-
mycin concentrations (0-0.1 and 0-120 ug/ml, respectively). Gen-
eration curves for Staph. aureus cultures affected with selected
clindamycin concentrations (0, 0.04, 0.05, 0.07, 0.08, 0.16, and 0.32
ug/ml) and for E. coli cultures affected with selected clindamycin
concentrations (0, 25, 50, 100, and 200 ug/ml) were also obtained
by both total and viable count methods.

Effect of Broth Composition on Drug-Affected Generation
Rates—Three different types of broth, containing half, single, and
double concentrations of the ingredients as specified by the manu-
facturer, were prepared and adjusted to pH 7.05 + 0.05 where nec-
essary. They were used for determining the generation curves at
37.5° of replicate Staph. aureus cultures affected with clindamy-

-cin concentrations of 0, 0.03, 0.05, 0.07, and 0.09 ug/ml. The orga- -

nism concentration at the time of drug addition was 2 X 10¢ cells/
ml. Total counts were obtained on samples withdrawn every 30
min.

Effect of Organism Population on Drug-Affected Genera-
tion Rates—Three sets of single strength broth were prepared and
used for determining the generation curves of replicate Staph. au-
reus cultures affected with clindamycin concentrations of 0, 0.03,
0.05, 0.07, and 0.09 ug/m). The organism concentrations at the time
of drug addition were 5.0 X 10%, 2.0 X 10%, and 2.0 X 107 cells/ml in
the respective sets of broth. Total counts were obtained on sam-
ples withdrawn every 30 min.

Reversibility of Drug Action—An aliquot (0.5 ml) of an aque-
ous solution of clindamycin was aseptically added to a 50-ml sam-
ple of Staph. aureus culture in the exponential phase of genera-
tion at 37.5° to yield a final concentration of 0.03 ug/ml of clinda-
mycin. The cell concentration at the time of drug addition was 2.0
X 108 cells/ml. When the drug-affected culture settled to a steady-
state generation phase I, an aliquot (0.5 ml) was added to 49.5 ml
of fresh broth so that both the organism and drug concentrations
were diluted 100-fold. At the same time, an aliquot (0.5 ml) of the
culture was diluted 100-fold in broth containing enough clindamy-
cin so that the drug concentration was restored to 0.03 ug/ml.

A drug-free culture was likewise diluted 100-fold as a control.
When the sample of the drug-affected culture, which was diluted
in fresh broth, emerged from a lag phase into steady-state genera-
tion, an aliquot (0.5 ml) of clindamycin solution was added to its
replicate culture to reestablish the drug concentration at 0.03 ug/
ml.

The entire dilution steps were repeated on the initial drug-af-
fected culture when it entered into a steady-state generation phase
II. Total counts were obtained on samples withdrawn every 30
min.

The experiment then was performed on another 50-ml sample of

! Antibiotic Medium 3, Difco Laboratories, Detroit, Mich.
2 Courtesy of Dr. J. B. Whitfield, Jr., The Upjohn Co., Kalamazoo, Mich.
3 Model ZB1, Coulter Electronics Co., Hialeah, Fla.

-
o
3

10’

STAPH. AUREUS PER MILLILITER

108 | oruc aooeo ‘e ~ -,
~ Sso
~ .o
\\ S
AN N
N
~
AN
~
10° . sl -
100 200 300 400
MINUTES

Figure 1—Generation curves of Staph. aureus at pH 7.05 and
37.5° in the absence and presence of clindamycin obtained by
total (——) and viable (- - -) counts. The curves and respective
drug concentrations (micrograms per milliliter) are: A and A,,
0.0; B and B,, 0.04; C and C,, 0.05; D and D1, 0.07; E and E,, 0.08;
Fand F;, 0.16; and G and G, 0.32.

Staph. aureus culture affected with a higher concentration of the
drug, i.e., 0.06 ug/ml of clindamyecin.

Effect of pH on Drug-Affected Generation Rates—Suffi-
cient amounts of 2.0 N HC] and 2.0 N NaOH were added to the
broth media to obtain pH values of 5.9, 6.3, 6.5, 7.0, 7.3, 7.6, 7.8,
and 8.2. Six replicate 50-m] volumes of each broth, inoculated with
Staph. aureus, were maintained at 37.5° until the organism popu-
lation reached 2.0 X 108 cells/ml. Aliquots (0.5 ml) of clindamycin
solutions were added to five replicates to achieve the desired con-
centrations of antibiotic. The sixth replicate in each set contained
no drug. Total counts were obtained from samples withdrawn
every 30 min.

" RESULTS

Shape of Generation Curves for Drug-Affected Cultures—
Semilogarithmic plots of total and viable counts versus time are
shown in Fig. 1 for the action of selected clindamycin concentra-
tions of 0, 0.04, 0.05, 0.07, 0.08, 0.16, and 0.32 ug/ml on Staph. au-
reus. Figure 2 shows these plots for the action of clindamycin con-
centrations of 0, 25, 50, 100, and 200 ug/ml on E. coli. The addition
of graded concentrations of clindamycin to balanced cultures of
Staph. aureus (Fig. 1) and E. coli. (Fig. 2) in the exponential
phase of generation at 37.5° and pH 7.05 decreased the generation
rates after a lag period approximating 20 min. With the Staph. au-
reus cultures, a newly established steady-state phase of generation
(phase 1) was followed after one to two generations by an ultimate
steady-state phase of generation (phase II). Clindamycin-affected
E. coli cultures exhibited one steady-state phase of generation.

Apparent generation rate constants of the drug-affected cultures
are obtained from the slopes of the linear portions of semilogarith-
mic plots of the counts versus time in accordance with the expres-
sion:

In N =1In No + Eappt (Eq. 1)

where N is the number of organisms per unit volume of broth me-
dium of any time, t; Ny is the number of organisms per unit vol-
ume of broth medium at some initial time, 0, in the generation
phase; and kapp (in seconds™) is the apparent generation rate con-
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Figure 2—Generation curves of E. coli at pH 7.05 and 37.5° in
the absence and presence of clindamycin obtained by total (——)
and viable (- - -) counts. The curves and respective drug concen-
trations (micrograms per milliliter) are: A and A,, 0.0; B and By,
25.0; C and C,, 50.0; D and D,, 100.0; and E and E1, 200.0.

stant. In the absence of drug, ka.pp = ko, which is the generation
rate constant for the drug-free or control culture.

The kapp for phase I and phase II generations of clindamycin-
affected Staph. aureus is designated kapp; and kappy;, respectively.
The kqpp; value is less than the kappy value for the action of sub-
completely inhibitory concentrations of clindamycin determined
by the total count method.

Generation Curves of Drug-Affected Cultures Determined
by Total and Viable Count Methods—Parallel generation curves
are obtained from plots of the total and viable counts for Staph.
aureus cultures (Fig. 1) affected with clindamycin in the 0-0.04-
ug/ml concentration range. The total count was 50% of the viable
count at each concentration level (curves A;, A and B,, B).
The cultures affected with 0.05-0.08 ug/ml of clindamycin showed

60
50 |
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w
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CLINDAMYCIN CONCENTRATION, ug/mi X n

Figure 3—Functional dependency of apparent generation rate
constants, Kapp in seconds™}, for drug-affected Staph. aureus and
drug-affected E. coli on concentrations of clindamycin (micro-
grams per milliliter) at pH 7.05 and 37.5°. Actual concentrations
are multiplied by a factor, n, where n = 100 in curve A for Staph.
aureus phase I generation (X), n = 80 in coincident curve for
Staph. aureus phase II generation (A), and n = 0.1 in curve B for
E.coli(0).
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complete generation inhibition for 200 min when the total count
also remained 80-90% of the viable count. Thereafter, there was a
drop in the viable count whereas there was a progressively small
increase in the total count with time (curves C,, C, D4, D, and E,,
E).

Cultures affected with concentrations of clindamycin greater
than 0.08 ug/ml showed coincidence of plots for the total counts,
which remained constant for the entire experiment (curves F and
G). The corresponding plots for the viables showed a rapid drop of
the count with time as a function of the drug concentration (curves
F, and Gi). This finding clearly indicates that a bactericidal or
lytic phenomenon is superimposed on generation inhibition by the
action of clindamyein at concentrations of 0.04 ug/ml.

Parallel generation curves are obtained from plots of the total
and viable counts for E. coli cultures (Fig. 2) affected with clinda-
mycin in the subcompletely inhibitory concentration range (curves
Ay, A, By, B, Cy, C, and Dy, D) and also above the bacteriostatic
concentration (curves E, and E). The total count was 50-80% of
the viable count at each concentration level. There was no evi-
dence of a bactericidal or lytic phenomenon superimposed on gen-
eration inhibition by the action of clindamycin in the concentra-
tion range studied.

Functional Dependency of Generation Rates on Drug Con-
centrations—Figure 3 shows the plot of kepp versus clindamycin
concentration for Staph. aureus-affected cultures (curve A) and
for E. coli-affected cultures (curve B). Coincidence of plots was ob-
tained when the actual concentrations for the phase I and phase II
clindamyein action on Staph. aureus were multiplied by a factor
of 1.0 and 0.80, respectively (curve A). The extent of generation in-
hibition was directly proportional to the clindamycin concentra-
tion, C, in the 0-0.04-ug/ml range for the phase I action and in the
0-0.05-ug/ml range for the phase II action on Staph. aureus or in
the 0-10.0-ug/ml range for the action on E. coli, in accordance with
the expression:

kapp = ko — k.C (Eq. 2)

where k. is the specific inhibitory rate constant.

At higher drug concentrations, the kapp was not a linear function
of increasing drug concentrations, but it asymptotically ap-
proached zero. There was a striking difference between the kapp
dependency on drug concentration for Staph. aureus cultures af-
fected with clindamycin at concentrations greater than 0.04 ug/ml
and that for E. coli cultures affected with clindamycin at concen-
trations greater than 10.0 ug/ml. The rate of decrease of kapp with
an increage in drug concentration was greater than would be ob-
tained by extrapolation of the initial linear portion of the regres-
sion for the Staph. aureus cultures (curve A) but was less than
would be predicted by such an extrapolation for E. coli cultures
(curve B). Consequently, sigmoidal curves were obtained from
plots of the data for Staph. aureus cultures. This finding may in-
dicate that there is a change in the bioavailability or binding affin-
ity of the clindamycin for bioreceptors which permits enhanced in-
hibition and/or kill of the Staph. aureus cultures but reduces the
extent of generation inhibition of E. coli cultures.

Applicability of Saturation Kinetics to Action of Clindamy-
cin on Staph. aureus and E. coli—The plot of C/(ko — kapp) ver-
sus C is given in Fig. 4. The plot is in accordance with a previously
(8) derived, saturable receptor site model:

C/(ko — kapp) = Clho/kg) + 1/kg (Eq. 3)

where ky = K1K, and k, = gK K5 The term K| is the drug parti-
tion constant through cell membranes, K is the drug affinity con-
stant for bioreceptors, and ¢ is a constant of proportionality relat-
ed to the metabolic activity of the microbial cell.

Adherence to Eq. 3 is observed from linear plots obtained for
concentrations of clindamycin greater than 0.04 ug/ml in phase I
action (curve A) and greater than 0.05 ug/ml in phase II action
(curve B) against Staph. aureus or greater than 10.00 ug/ml (curve
C) against E. coli. Deviations from linearity of the plot occurred at
concentrations of clindamyecin less than 10.00 ug/ml against E. coli
or less than 0.04 ug/ml in phase I and less than 0.05 ug/ml in phase
11 against Staph. aureus. These findings demonstrate a nonadher-
ence to a saturable process at the lower concentration ranges. Ad-
ditionally, the plots for Staph. aureus show a complete break and
displacement of the saturable from the nonsaturable level, which
may indicate a change in drug partitioning and/or binding proper-
ties in the biophase.



Table —Kinetic Parameters of Clindamycin Action
on Staph. aureus and E. coli

Staph. aureus

Kinetic Parameter4 Phase I Phase II E. coli
105 k., ml/ug secd 416.67 322.50 2.56
10% k,, ml/ug sec¢ 1333.33 1111.11 3.70
10° k, /Ry, sec™'c 54.17 54.17 70.00
(kalkp )k o€ 1.36 1.35 1.11
10% kp, ml/uge 2461.53 2051.27 5.28
MIC, ug/mld 0.11 0.14 113.20

@Derived from data of Fig. 3. 9 Calculated from the slope of the
plot of kapy, versus concentration from 0 to 0.04 ug/ml of clinda-
mycin in phase I action and from 0 to 0.25 ug/ml of clindamycin in
phase II action on Staph. aureus or from 0 to 10 ug/ml of clinda-
mycin action on E. coli, in accordance with Eq. 2. €The kg, k,/kp,
(kaglkp)lky, and ky values are estimated from the slopes and inter-
cepts of plots of C (k, — kapp) versus C from Eq. 3 for clindamycin
concentrations greater than 0.04 ug/ml in phase I action and greater
than 0.05 ug/ml in phase II action on Staph. aureus or greater than
10 ug/ml on E. coli, d Calculated from Eq. 4, where clindamycin is
at the MIC.

The values of k, and k; calculated from the slopes and inter-
cepts of such plots are given in Table 1. The minimum inhibitory
concentration (MIC) of clindamycin in Table I is calculated from
the expression (7):

Cn = kof(ka — koks) (Eq. 4

where C, is the MIC. It is estimated that clindamycin has an MIC
value against E. coli that is about 1000 times the MIC value
against Staph. aureus.

Effect of Broth Media of Different Compositions—Table II
gives the apparent generation rate constants of drug-free and
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Figure 4—Applicability of saturation kinetics to the action of
clindamycin on Staph. aureus and E. coli at pH 7.05 and 37.5°.
Curve A is for clindamycin-affected Staph. aureus in phase I gen-
eration (X), curve B is for clindamycin-affected Staph. aureus in
phase II (A), and curve C is for clindamycin-affected E. coli (©).
Curves are plotted in accordance with Eq. 3. Actual values of
C/(ko — kqpp) are multiplied by a factor, f, where f = 1000 for
curves A and B and f = 5 for curve C. Actual clindamycin concen-
trations are also multiplied by a factor, n, where n = 100 for
curves A and B and n = 0.1 for curve C.
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Figure 5—Semilogarithmic plots of reversibility studies of
Staph. aureus with time of addition of clindamycin and dilution
of the cultures with broth. Curve O is without drug. Curve A is
after addition of clindamycin to the culture of curve O to a final
concentration of 0.03 ug/ml; curve O is for the drug-free culture
of curve O diluted 100-fold with broth. Curves B and E are for the
drug-affected culture of curve A diluted 100-fold with broth dur-
ing phase I and phase Il generations, respectively, so that the
final clindamycin concentration is reduced to 0.0003 ug/ml.
Curves C and F are for the drug-affected culture of curve A dilut-
ed 100-fold with broth containing a sufficient amount of clinda-
mycin during phase I and phase II generations, respectively, so
that the final clindamycin concentration is reestablished at 0.03
ug/ml. Curve D is for the diluted culture of curve B that has
emerged from lag phase and clindamycin has been added to re-
store the concentration to 0.03 ug/ml. Curve G is for the diluted
culture of curve E that has similarly emerged from lag phase and
clindamycin has been added to restore the concentration to 0.03
ug/mil.

drug-affected Staph. aureus cultures in three broth media of dif-
ferent compositions. Variations in generation rate constants
among the different media at each concentration level of clinda-
mycin were not significantly different from those observed in the
daily variations observed in organism generation rates, as pre-
viously was found for E. coli (6).

Effect of Inoculum Size at Time of Drug Addition—The ap-
parent generation rate constants of drug-free and drug-affected
Staph. aureus cultures, which varied in organism population at
the time of drug addition, are also given in Table II.

There were no significant variations among the generation rate
constants for the different organism populations at each concen-
tration level of the clindamycin studied, as previously was found
for E. coli (6).

Reversibility of Clindamycin Action—The results obtained
for reversibility of clindamycin action on Staph. aureus at concen-
tration levels of 0.03 and 0.06 ug/ml are shown in Figs. 5 and 6, re-
spectively.

The equilibration of clindamycin between the broth medium
and the biophase in Staph. aureus was readily achieved. It took
20~25 min after drug addition for cultures affected with 0.03 ug/ml
(curve A in Fig. 5) and 0.06 ug/ml (curve A in Fig. 6) to attain a
new steady-state phase of generation.

The steady-state generation of drug-free culture (curve O in
Figs. 5 and 6), when diluted 100-fold, reverted to a new steady
state with a predictable rate constant (curve O, in Figs. 5 and 6).
The diluted culture showed an apparent initial lag phase period of
5-10 min before reverting to the new steady state. This lag may be
attributed to a possible need for cell rejuvenation before rees-
tablishment of the new steady state or to a consequence of the
shock of dilution.

Vol. 64, No. 10, October 1975 / 1615



Table II—Effect of Variations in Broth Composition and Inoculum Sizeion Phase I and Phase II

Generation Rates of Clindamycin-Affected Staph. aureus

kapp X 107° sec™

Clinda-

mycin

Concen- Phase | Phase II Phase 1 Phase II

tration,

ug/ml B,a B,b B,c B, B, B, I,d Le Lf I, I, I,
0 37.96 41.00 42.90 — — — 41.98 40.13 38.50 — —_ —
0.03 28.94 27.64 25.90 28.67 31.33 29.03 28.44 27.53 27.08 30.17 30.40 29.61
0.05 8.60 8.26 7.52 14.98 12.67 15.75 7.07 8.78 8.79 18.21 14.73 12.35
0.07 3.20 3.49 2.76 6.66 7.45 7.96 3.40 3.61 2.97 6.70 6.68 7.77
0.09 0 0 0 2.30 2.24 3.62 0 0 0 2.89 2.65 3.18

@ Half strength broth (B,). P Normal strength broth (B,). ¢ Double strength broth (B,). 9Inoculum size of 5.0 X 10% cells/ml (Z,). €Inoculum
size of 2,0 X 10° cells/ml (I, ). fInoculum size of 2.0 X 107 cells/m] (I,).

The generation pattern of drug-affected Staph. aureus, when
diluted 100-fold, depended on the concentration level of the clin-
damycin employed. For the culture affected with the 0.03-xg/ml
clindamycin concentration, dilution of the culture in phase I
(curve B in Fig. 5) or phase II (curve E in Fig. 5) generation re-
sulted in a short lag phase of approximately 20-25 min. Thereaf-
ter, a new steady generation was established at a rate similar to
that of the control culture (curve O in Fig. 5). This finding shows
that the drug action is nullified by high dilution in broth. It also
indicates that the rate of dissociation of the drug-receptor com-
plex in the biophase is the same as the rate of formation of com-
plex and/or the rate of diffusion of drug from the broth medium
into the biophase through cell membranes.

108

107

106 p st Drug Addition

STAPH. AUREUS PER MILLILITER

Tt

The addition of clindamycin to the diluted cultures of curves B
and E (Fig. 5), which had emerged from the lag phase, to restore
the concentration to 0.03 ug/ml resulted in a short period of equili-
bration, i.e., 5-10 min, followed by a new steady-state generation
(curves D and G, respectively) with predictable rate constants.
Likewise, a 1:100 dilution of the drug-affected culture of curve A
(Fig. 5) during phase I (curve C in Fig. 5) or phase II (curve F in
Fig. 5) so as to reestablish the concentration to 0.03 ug/ml resulted
in a new steady-state generation with predictable rate constants.
The new steady-state generations were preceded by a short lag pe-
riod of 20-25 min. These observations indicate that clindamyecin
action on Staph. aureus at a concentration level of 0.03 ug/ml is
rapidly reversible and is similar to that reported (6) for E. coli at a

105 L .
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Figure 6—Semilogarithmic plots of reversibility studies of Staph. aureus with time of addition of clindamycin and dilution of the cul-
tures with broth. Curve O is without drug. Curve A is after addition of clindamycin to the culture of curve O to a final concentration of
0.06 ug/ml; curve O1 is for the drug-free culture of curve O diluted 100-fold with broth. Curves B and E are for the drug-affected culture
of curve A diluted 100-fold with broth during phase I and phase II generations, respectively, so that the final clindamycin concentration
is reduced to 0.0006 ug/ml. Curves C and F are for the drug-affected culture of curve A diluted 100-fold with broth containing a sufficient
amount of clindamycin during phase I and phase II generations, respectively, so that the final clindamycin concentration is reestab-
lished at 0.06 ug/ml. Curve D is for the diluted culture of curve B that has emerged from lag phase and clindamycin has been added to
restore the concentration to 0.06 ug/ml. Curve G is for the diluted culture of curve E that has similarly emerged from lag phase and clin-

damycin has been added to restore the concentration to 0.06 pg/ml.
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Figure 7—Dependence of apparent generation rate constant, kapp in seconds™1, of clindamycin-affected Staph. aureus cultures in
phase I generation on the pH of the broth medium. Curves are labeled with the pH values.

concentration level of 33.34 ug/ml (6). )

On the other hand, a 1:100 dilution of the culture affected with
clindamycin at a concentration of 0.06 ug/ml during phase I (curve
B in Fig. 6) or phase II (curve E in Fig. 6) generation resulted in a
prolonged lag period of approximately 150-200 min. Subsequently,
a new steady-state generation was established at a rate similar to
that of the control culture (curve O in Fig. 6). This finding indi-
cates that the drug action is nullified by the high dilution of the
culture. However, even if the time for rejuvenation of the cells or
the consequence of shock on dilution is considered, the prolonged
lag period observed for the diluted culture to attain a new steady-
state generation suggests that the rate of dissociation of the drug-
receptor complex in the biophase is less than the rate of drug dif-
fusion from the broth medium into the biophase through cell
membranes. Alternatively, it may suggest that there is a kill of the
greater proportion of cells by a bactericidal or lytic phenomenon,
which leaves relatively few survivors whose lag phase becomes
unduly prolonged.

The addition of clindamycin to the diluted cultures of curves B
and E (Fig. 6), which had emerged from the lag phase, to restore
the concentration to 0.06 ug/ml resulted in a short period of equili-
bration, i.e., 20-25 min. Subsequently, a new steady-state genera-

The calculated values of k., obtained from slopes of plots of
kapp; versus clindamycin concentration, C, in accordance with Eq.
2, are plotted as a function of pH (curve C) in Fig. 8. The calculat-
ed values k,, obtained from intercepts of plots of C/(ko — kapp,)
versus C in accordance with Eq. 3, are also plotted as a function of
pH (curve B in Fig. 8). The values for k. and k, increased about
10-fold per unit increase in pH over the 5.9-7.0 range, but the
slopes of the plots tended to lessen, in both cases, as the pH ap-
proached the pKa value of clindamycin. The plots of k, versus pH
obtained from the data (6) of clindamycin action on E. coli (curve
A in Fig. 8) show similar evidence.

DISCUSSION

The suitability of a particle-size counter for monitoring the or-
ganism population in an estimate of apparent generation rate con-
stants of drug-affected E. coli cultures has been well established
(8). Its applicability for similar determinations on drug-affected
Staph. aureus cultures recently was reported (7). The present
work also confirms that the method is applicable for determining

A
tion was established with predictable rate constants (curves D and 4
G in Fig. 6). However, a 1:100 dilution of the drug-affected culture
of curve A (Fig. 6) during phase I (curve C in Fig. 6) or phase II
(curve F in Fig. 6) generation to reestablish the concentration of
clindamyecin in the broth to 0.06 ug/ml produced an initial phase . _ T
of erratic generation curves followed by a stationary phase. This S:ﬁ‘:’;‘z plsot s‘ief'::z;i?'-
finding may indicate a type of generation inhibition in which an ent inhibitory rate
increase in the number of survivor cells is offset by a decrease in 10} constant, k (in millili-
the number of cells killed by a bactericidal or lytic phenomenon. L ters e’r microgram
Since the dilution did not result in changes in thermal or osmotic a secon d;s) ), for the ac-
conditions of the environment, it is concluded that lysis of the cells < L tion of czin damvein on
could occur from permanent damage or injury of cell membranes x L E. coli (curve % ) and
and/or cell walls resulting in leakage of cell contents or as a conse- 8 u Sia h. aureus (curves
quence of autolysis of cells killed by bactericidal action of clinda- o B a‘; d C). In curves A
mycin at a concentration level of 0.06 ug/ml. :’“ - nd B k 'a lues are the
The action of clindamycin at the high concentration level (0.06 € i value su d el:iu ed from
ug/ml) clearly was not as readily and rapidly reversible as at the x ¢ ;:e intercepts of plots
low concentration level (0.03 pg/ml). Furthermore, a bactericidal 0.10 | of C/(ko — kapp) Versus
or lytic phenomenon could be superimposed on normal generation - C in accor d‘::n ce with
inhibition at the high concentration level. 1 Eq. 3 k values in curve
Effect of pH on Drug-Affected Generation Rates—Appar- - Cq&re, the k. values de-
ent generation rate constants obtained for Staph. aureus in broth H ) rived from the slopes
at pH 5.9-8.2, in the absence and presence of graded concentra- [ /) of plots of ka vergus
tions of clindamycin, are plotted in Fig. 7. The generation rate con- / c fn accor dam e with
stants for drug-free cultures were invariant with pH, but those for o/ Ea. 2
drug-affected cultures were significantly decreased as the pH was /’ 9=
increased at the same clindamycin concentration. The sigmoidal /
shape of the curve obtained from plots of the generation rate con- 0.01 - - !
stant versus drug concentration at pH 7.05 (Fig. 3) was reproduced 5.0 6.0 7.0 8.0

at all other pH values studied.
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the generation rates of Staph. aureus and E. coli cultures affected
with subcompletely inhibitory concentrations of clindamycin.

At the low clindamycin concentration level (0-0.04 ug/ml), the
total count on Staph. aureus-affected cultures was 50% of the via-
ble count (Fig. 1). This finding is attributed (7) to the dissociation
of cell aggregates by the high dilution steps and/or subsequent
generation of the culture samples withdrawn for the viable count
procedure, which result in relatively high colony counts. However,
the generation curves obtained from the total count remained par-
allel to those of the viable count. Reversibility studies (Fig. 5)
demonstrated a rapidly reversible action of the clindamycin on
Staph. aureus cells. The conclusion is that there is no kill or death
of the organisms superimposed on normal generation inhibition by
the action of clindamycin in this low concentration range.

At the high clindamycin concentration level (> 0.04 < 0.1 ug/
ml), the total count on the drug-affected Staph. aureus in phase 1
generation was increased to 80-90% of the viable count (Fig. 1).
This finding suggests a condition of “dynamic bacteriostasis” (9),
in which the rate of kill of the organisms is balanced by the rate of
generation of survivor cells in the culture. Consequently, the total
count remains virtually the same as the viable count. During the
phase II generation of the cultures, however, there was an appar-
ent increase in the rate of generation obtained by the total count.
This result may be attributed to an increased rate of generation of
mutant-resistant survivor cells that are counted indiscriminately
with dead cells by the particle counter. The corresponding viable
counts, on the other hand, showed that the rate of generation was:
(a) increased to a relatively less extent than the increase obtained
by total count for the culture affected with a subcompletely in-
hibitory clindamycin concentration of 0.05 ug/ml, (b) unchanged
for the culture affected with an inhibitory clindamycin concentra-
tion of 0.07 ug/ml, or (c) slightly decreased for the culture affected
with the clindamycin concentration of 0.08 ug/ml.

These observations indicate that there is a kill and/or poor re-
covery of a large percentage of cells damaged or injured by a bacte-
ricidal or lytic phenomenon as a function of drug concentration
and drug-bacteria contact time. Furthermore, the clindamycin ac-
tion in this subcompletely inhibitory concentration range is not
readily and rapidly reversible (Fig. 6). The inference is that a bac-
tericidal or lytic phenomenon may be superimposed on generation
inhibition of the Staph. aureus cultures by the action of clindamy-
cin. At very high clindamycin concentrations (> 0.1 ug/ml), there
was a rapid drop in the viable count with time as a function of drug
concentration whereas the total count remained constant with
time and was invariant with drug concentration.

These findings demonstrate unequivocally that clindamycin ex-
erts a bactericidal effect on the cultures in this concentration
range. In contrast, the viable count of clindamycin-affected E. coli
was 50-80% of the total count (Fig. 2), and the generation curves
obtained from the viable count remained parallel to those obtained
from the tota] count at any concentration level. There was no evi-
dence of a bactericidal or lytic phenomenon superimposed on gen-
eration inhibition by the action of clindamycin on E. coli in the
subcompletely inhibitory concentration range of 0-100 ug/ml or
above the inhibitory concentration levels, e.g., 200 ug/ml. It is,
therefore, quite evident that clindamycin exerts a “true” bacter-
iostatic action (9) on E. coli.

Staph. aureus cultures affected with subcompletely inhibitory
concentrations of clindamycin exhibited biphasic steady-state gen-
eration curves (Fig. 1). The apparent generation rate constant
(kappp of the initial (phase I) generation was less than the appar-
ent generation rate constant (kapp;) of the subsequent (phase II)
generation of the clindamycin-affected Staph. aureus, suggesting
organism adaptation or development of resistance to drug action
after a finite period of drug-bacteria contact. On the other hand,
E. coli cultures affected with subcompletely inhibitory concentra-
tions of clindamycin exhibited monophasic steady-state generation
curves (Fig. 2). There was no evidence of organism adaptation or
development of resistance to drug action.

The functional dependency of the apparent generation rate con-
stant, kgpp, on drug concentration for clindamycin-affected Staph.
aureus in phase I was the same as that of the phase II generation
(Fig. 3), suggesting a common mechanism of action in both genera-
tion phases. Therefore, the plots of kap, versus drug concentration
for phase I and phase II generations are superimposable by a po-
tency factor of 0.80 over the entire concentration range studied.
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This finding indicates that only 80% of the available drug concen-
tration in broth is effective against the resistant mutants of Staph.
aureus in phase II generation.

The curve for the dependence of the kqpp on drug concentration
for the clindamycin-affected Staph. aureus has a sigmoidal shape
similar to that recently reported for the action of fusidate sodium
(10) and quinacrine (11) on E. coli. It has been shown from theo-
retical considerations (10) that this shape can be attributed to ei-
ther: (a) a saturable enzymatic degradation of the drug in the bio-
phase of the microorganism or (b) drug binding to saturable bind-
ing sites in the medium. Table II shows no evidence of interference
in clindamycin action on Staph. aureus to suggest that degrada-
tion of the drug occurs from microbial metabolic activities as a
function of organism numbers or that a depletion of free or un-
bound drug in the broth medium is produced by binding, absorp-
tion, or inactivation processes as a result of variations in broth
composition. On the other hand, there is demonstrated evidence of
a bactericidal phenomenon which operates concurrently with gen-
eration inhibition at subcompletely inhibitory concentrations of
clindamycin (>0.04 ug/ml). It is possible, therefore, that perturba-
tions in the kinetics of the drug inhibitory action produced by the

_onset of a bactericidal action may account for the sigmoidal shape

of the curve for the dependence of kapp 0n drug.concentration.
A model consistent with the dual mechanism of clindamycin ac-
tion on Staph. aureus is shown in Scheme I.

R
h
(C,R) S
de v
C= C + E == (B
+ k "k_‘
B (sp
lk,.
P
Scheme I

In this model, C is the clindamycin concentration in the broth me-
dium, which is in equilibrium with Cj, the clindamycin concentra-
tion within the cell or biophase that reversibly binds with enzyme,
E, to form the drug-enzyme complex, C,1E; S is the normal sub-
strate (or metabolite) synthesized by the enzyme into the protein
product, P, from the substrate—enzyme complex, SE, and is uti-
lized in cell development and generation. The clindamycin concen-
tration in the biophase also reacts irreversibly with a “target” site
(or vital structure), R, to form a damaged (or injured) site or a
toxic product, Ry, from a reaction complex, CiR. The target site
may be a sensitive compound of the cytoplasmic membrane, proto-
plasmic or nuclear material, or a metabolic or transport agent,
which is essential for organism survival (12-16). The following
equations apply if it is postulated that:

1. The rate of increase in microbial numbers, dN/dt, is propor-
tional to the net rate of microbial generation, dG/dt, above micro-
bial death, dD/dt, and to the number, N, of organisms present.

2. The rate of microbial generation, dG/dt, is proportional to
the net rate of protein synthesis, dPi/dt, above a certain mini-
mum, Ap, required for life-sustaining processes and to the num-
ber, N, of organisms present.

3. The rate of microbial death, dD/dt, is proportional to the rate
of formation of the damaged (or injured) site or the toxic product
and to the number, N, of organisms present.

The equations are:

dN/dt = kn(dG/dt — dD/dt)N = kappN (Eq. 5)

where k, is a constant of proportionality and k,p;, is the apparent
generation rate constant of the drug-affected culture, and:

dG/dt = kg(dPy/dt)N = ky(dP/dt — Ap)N (Eq. 6)
where k; is a constant of proportionality and dP/dt is the overall



rate of protein synthesis. Moreover:

dD/dt = kq(dR,/dt)N (Eq.7)
Combination of Eqs. 5-7 yields:
kapp = kn‘kg(dp/dt — Ap) — kq(dR,/dt)} (Eq. 8)

On the basis of Scheme I, it can be stated that:

dP/dt = (kpka/kp + k—g)(S)(E) = kp'E = kpl(1 — )E,
(Eq.9)

where ky! = (kpki/kp + k-4)S, S is assumed invariant, and 0 =
C.E/Er is a fraction of total enzyme, E;, bound to the drug.

The value of 8 is explicitly defined by a previously derived equa-
tion (1, 6) as follows: :

8= K|K:C/(1 + K:K5C) (Eq. 10)

where K is the drug partition constant through cell membranes
and K3 is the drug affinity constant for the enzyme, E.
Combination of Eqgs. 9 and 10 yields:

dP/dt = kn{l — [K1K2C/(1 + K, K2C)]} (Eq-11)
where km = kplE,.
Also, under steady-state conditions:
dR\/dt = (kk3/k, + k-3)(C1H(R) (Eq.12)
and:
C;=K,C (Eq. 13)
where K is as defined in Eq. 10.
Combination of Eqs. 12 and 13 yields:
dR,/dt = (kyka/k, + k_3)(K)(C)(R) (Eq. 14a)
dR,/dt = k.C (Eq. 14b)

where k. = (kka/k, + k—_3)(K)(R), and R is assumed to be com-
prised of an infinitely large number of molecules (12) so that the
rate of formation of R; becomes only dependent on drug concen-
tration. Substitution of Eq. 14b into Eq. 7 yields:

dD/dt = (kgkcC)N = (k,C)N = —dN/dt (Eq. 15)

where k, = kgk. is the death rate constant, and —dN/dt is the rate
of decrease in microbial numbers. Equation 15 is the typical equa-
tion of the “mechanistic theory” that attempts to explain the bac-
tericidal process of many compounds (12-20).

Combining Eqgs. 8, 11, and 14b and simplifying give:

Eapp = knkg(km — AD) —
(knkgkmK1KC/(1 + K1K2C) + kek.C] (Eq. 16a)

kapp = ko — {[ka,C/(1 + ksC)] + kuC} (Eq. 16b)

where kg is the generation rate constant of the drug-free culture,
ky = K1Ko, kqy = knkehmK 1Ko, and k, is as defined in Eq. 15.
Therefore:

kalky = kukghm > ko (Eq. 17)

Equation 16b describes the functional dependencies of kapp on
the drug concentrations for clindamycin-affected Staph. aureus in
phase I and phase II generations (Fig. 8). At low clindamycin con-
centrations in phase I action (0-0.04 ug/ml) or in phase II action
(0-0.05 ug/ml), when the death rate is exceedingly small so that
k,C — 0 and when few enZyme sites are possibly interacted with
drug to inhibit protein synthesis so that £,C « 1, Eq. 16 simplifies
to Eq. 2, which is the expression for the observed linear depen-
t(i‘(;nce of kapp on drug concentration in these concentration ranges

ig. 3).

At high drug concentrations, it is possible that the extent of gen-
eration inhibition is decreased with an increase in drug concentra-
tion because of the saturation of enzyme sites by the drug, i.e., ksC
> 1. Under such conditions, the kapp should decrease asymptoti-
cally to zero with an increase in drug concentration similar to that
observed for lincomycin action on Staph. aureus (7). However, an
onset of a bactericidal action, when k,C >» 0 < 1, causes a reduc-
tion in the numbers of viable cells in the active phase of multipli-

cation to alter the functional dependency of the kapp. The overall
interaction of bacterial death from a bactericidal action, with gen-
eration inhibition as a consequence of decreased rate of protein
synthesis by the clindamycin action, results ultimately in a sig-
moidal shape of the curve for the dependence of k,pp on drug con-
centrations, which is described by Eq. 16b.

Transformation of Eq. 16b yields:

C/(ko = kapp) = Cko/[(Ra, + ku) + ksk,C] +
1/[(ka, + ky) + Rk, C] (Eq. 18)

If k,.ksC values are extremely small compared to exceedingly large
kg, + k, values, then Eq. 18 simplifies to Eq. 3 as follows:

C/(kO - knpp) = kbc/(kul + ku) + ll(kal + ku) = kbc/ku + l/ka
(Eq. 19)
where kg = kay + ki,

Equation 19 is adhered to by the data of Fig. 3 from linear plots
of C/(ko — kapp) versus C for clindamycin concentrations greater
than 0.04 ug/ml in phase I action (curve A in Fig. 4) or greater than
0.05 ug/ml in phase II action (curve B in Fig. 4) and may indicate a
saturable mechanism of the clindamycin action at high concentra-
tion levels. The plots are, however, completely displaced from
those of clindamycin action in the low concentration range, i.e.,
0-0.04 ug/ml in phase I or 0-0.05 ug/ml in phase II action, which
do not adhere to the saturable receptor site model. This finding
confirms that a different mechanism of action (i.e., the bacterici-
dal action) is superimposed on generation inhibition at the satura-
ble level.

Table II shows kinetic parameters derived from, plots of the data
of Fig. 3 in accordance with Eqs. 12 and 19. The k,/k; value for
Staph. aureus is 1.35 times the ko value, which is in agreement
with theoretical predictions of Eq. 17. The calculated value of k; in
Eq. 19 for the phase I generation is 1.20 times the value for the
phase II generation. Since k; is derived from K, and K as defined
in Eq. 10, it can be rationalized for clindamycin-Staph. aureus in-
teractions, as in the case of lincomycin-Staph. aureus interactions
(7), that K is decreased in the phase II generation of the drug-af-
fected cultures. The resistant mutant strains in the phase II gener-
ation may have ribosomal components whose binding affinity for
clindamyecin is less than that of the initial strains in the phase I
generation. Therefore, the observation that 80% of the total drug
concentration in broth is kinetically active against the drug-af-
fected organism in phase II generation is attributed to this phe-
nomenon.

The dependence of the generation rate constant, kapp, on drug
concentration, C, for clindamycin-affected E. coli is linear at low
drug concentrations (0-10 gg/ml) but is curvilinear at high drug
concentrations (>10 ug/ml) when it also decreases asymptotically
to zero with an increase in drug concentration (Fig. 3). An opera-
tive kinetic model (6), which defined the action of lincomycin and
its 7(S)-chloro analogs, is applicable. Clindamyecin action on E. coli
is explained as competitive binding of a saturable receptor site,
which is also the binding locus for a metabolite normally utilized
by the receptor site in the synthesis of protein for microbial gener-
ation. The functional dependency of kapp on clindamycin (curve B
in Fig. 3) is explicitly defined by the equation:

kapp = ko — kC/(1 + RpC) (Eq. 20)

where kg, k4, and k;p are as defined in Eq. 10. Adherence to a satu-
rable receptor site model is observed from linear plots of C/(ko —
kapp) versus C (Fig. 4), obtained from the data of Fig. 3 in accor-
dance with the expression in Eq. 3 for clindamycin concentrations
greater than 10 ug/ml. Deviations occur at low concentrations
(0-10 ug/ml), when only few receptors can possibly be interacted
with drug.

The calculated value of k; (Table II) for clindamycin-affected E.
coli is 0.21% of the value for clindamycin-affected Staph. aureus
in phase I or 0.25% of the value for clindamycin-affected Staph.
aureus in phase II generation. Since k, = KK as defined in Eq.
10, it is inferred that clindamycin is far more readily partitioned
through cell membranes into the biophase and/or has exceedingly
higher affinity for receptors in Staph. aureus than in E. coli, due
possibly to differences in gross morphology and physiology of the
organisms.

At the MIC, C,,,, when k,p, = 0, Eq. 3 simplifies to Eq. 7 and the
calculated values of C,, (Table II) for clindamycin action against
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Figure 9—Linearity of plots for 1/k (micrograms per milliliter
second) versus [H*] in accordance with Eq. 22 for the action of
clindamycin on E. coli (curve A) and Staph. aureus (curves B and
C). In curves A and B, k values are the k, values derived from the
intercepts of plots of C/(kg — kapp) versus C in accordance with
Eq. 3; k values in curve C are the k. values derived from the
slopes of plots of kqpp versus C in accordance with Eq. 2.

E. coli are 1000 times that against Staph. aureus, which is attrib-
uted to differences in the modes of clindamycin action and the na-
ture of the respective organisms.

The pH of the broth medium influences the activity of clinda-
mycin on Staph. aureus (Fig. 7) in a manner similar to what was
observed for its action on E. coli (6). The kapp values of drug-af-
fected cultures decrease with an increase in the pH at any speci-
fied concentration. Therefore, progressively larger quantities of
the drug are needed to produce the same generation inhibition as
the pH is decreased. The sigmoidal shape of curve for the kqpp de-
pendence on drug concentration is observed at all other pH values
studied. The constant k. (milliliters per microgram second), as de-
fined in Eq. 2, and the constant k, (milliliters per microgram sec-
ond), as defined in Eq. 3, for various pH values from the data of
drug-affected Staph. aureus in Fig. 7, or the constant k, (millili-
ters per microgram second), as defined in Eq. 3, for various pH
values obtained from previous data (6) of drug-affected E. coli ad-
here to the expression:

k = k*fK./(K, + [H*]) (Eq. 21)
where k is either k. or kg, k* is the intrinsic value of k for the un-
protonated drug molecule, f is the fraction of the unprotonated
drug, K, is the dissociation constant of the unprotonated base, and
[H*] is the hydrogen-ion concentration. The plots of log k versus
pH (Fig. 8) approach a slope of unity when [H*] > K, but have a
null slope when K, > [H*], suggesting that the unprotonated drug
molecule is the active species. The linear plots of 1/k versus [H*]
in Fig. 9 are obtained from the data of Fig. 8 in accordance with an
expression derived from Eq. 21:

Vk = [H*]/(k*Ka) + 1/k* (Eq. 22)

The pKa and k* values of clindamyecin, derived from the slopes
and intercepts of the plots for drug-affected Staph. aureus (curves
B and C in Fig. 9) and E. coli (curve A in Fig. 9) are given in Table
III. The kinetically derived pKa values are in reasonably good
agreement with the 7.0 value (6) obtained by potentiometric titra-
tion. It is concluded that Eq. 21 holds and that the unprotonated
form of the clindamycin molecule contributes to activity because
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Table III—Values of pKa and Intrinsic Inhibitory Rate
Constants (k*) for Clindamycin Action on
Staph. aureus and E. coli

Poten-
Kinet- tiomet-
icallyc ricallyd
Deter- Deter-
mined mined
Organism 10%k *a 10%,*D pKa pKa
Staph. — 3333.34 7.2 7.0
aureus
Staph. 1666.67 — 7.4 7.0
aureus
E. coli — 6.67 6.9 7.0

@As determined from the intercept of the plot of 1/k, versus
[H*] in accordance with Eq. 22, where k. is obtained from the
data of Fig. 7 and in accordance with Eq. 2. ? As determined from
the intercept of the plot of 1/k, versus [H*] in accordance with
Eq. 22, where k, is obtained from the data of Fig. 7 for Staph.
aureus or from the data of Ref. 6 for E. coli and in accordance with
Eq. 3. ¢Calculated from the quotient of the slope and intercept of
the plots in Footnote a or b, whichever is applicable. d Reference 6.

of its ready penetrability through cell membranes of Gram-posi-
tive and Gram-negative organisms.
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