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CHAPTER I
INTRODUCTION

The group of antibiotics known as the actinomycins were first
isolated by Waksman and Woodruff in 1940 from a culture of Actino-

myces {Streptomyces) antibioticus (Waksman, 1954). They found that

actinomycin A is characterized as a crystalline, brick-red colored
compound which melts at approximately 250 C and absorbs strongly at
230, 250, and 450 mu. It is very toxic to experimental animals, be-
ing fatal in doses of 0.5 to 1 mg per kilogram body weight.

Waksman, Katz, and Pugh (1956) characterized the various forms
of actinomycin as A, B, €. D, I, J, and X. The antibiotic contains
a chromophoric quinonoid moiety {(an azanthraquinone) which is linked
to polypeptides containing the amino acids sarcosine, D-valine, L-
proline; L-threonine, and N-methylvaline (Figure 1). The forms of
the antibiotic differ in the relative proportion of the amino acids;
thus they are not chromatographically homogeneous but they are simi-
lar in their antimicrobial activities.,

The various forms of actinomycin are extracted from different

species of Streptomyces. Actinomycin D is extracted from S. parvMlus.

Actinomycin is highly active against Gram-positive bacteria but less
active against the Gram=negative bacteria. It is both bacteriostatic

and bacterieidal and also demonstrates cytostatic and anti-tumor



Figure 1.
Actinomycin D. Pentapeptide model. The functional groups of
the actinomycin molecule are the free chromophore amino group, the

unreduced quinoidal ring system; and the lactone rings.
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activity.

Kersten, Kersten, and Rauen (1960) found that the growth inhib-

by deoxyribonucleic acid (DNA), oligonucleotides of DNA, and to a
much lesser extent with ribonucleic acid (RNA). They suggested that
actinomycin reacts directlyrwith thgse compounds in the cell and that
the reversal of growth inhibition was due to displacement of actino-
mycin from its site of actiop in the living cell,

When actinomycin Dris added to an exponentially-growing culture

of Staphylococcus aureus there is an immediate inhibition in the syn-

thesis of RNA followed rapidly by an inhibition of protein synthesis
(Kirk, 1960). Goldberg and Rabinovitz (1962) used an RNA-synthesizing
system from Hela cells and found that small amounts of actinomycin D
inhibited the incorporation of»32P~1abeled uridine triphosphate into
RNA. Furthermore, they could re&erse this effect by the addition of
DNA isolated from calf thymus or Hela cells. This offered further
support that actinomycin D interferes with DNA-dependent RNA sym-
thesis.

Hurwitz et al. (1962) used_various DNA primers (human bone mar-

row, heated thymus, bacteriophage C X174, and Micrococcus lysodeikti~

cus) for the RNA polymerase and found that actinomycin D reduced RNA
synthesis directed by these primers indicating that the DNA-linked

RNA polymerase was being inhibited. Additional work with an in vivo

system using Bacillus subtilis showed that actinomycin D (0.2 pM)
completely blocked growth, inhibited RNA synthesis about 90-95 per

cent, protein synthesis 50-75 per cent, and DNA synthesis only



approximately 25 per cent.

Investigations by Goldberg, Rabinovitz, and Reich {1962) 1led to
the following conclusions: (1) guanine must be present in a polyde-
oxyribonucleotide for actinomycin D to bind to DNA and for the inhi-
bition of RNA synthesis, (2) optimal binding is also favored by the
native helical DNA @onfomatiom (3) optimal binding is most likely
influenced by the nucleotide sequences in the immediate vicinity of
the guanine residues (possibly in the contralateral strands), and (4)
the synthesis of polyribonucleotides from both strands is inhibited
even though actinomycin D is bound to only one strand.

By using sedimentation analysis and radioisotope techniques it.
was found that messenger-RNA (m-RNA) decays in the presence of actino-
mycin D and that the m-ENA of B. gubtilis has a lifemfime of about
two minutes before it breaks down to acid soluble, low molecular
weight material (Levinthal, Keynan, and Higa, 1962). It was also
found that amino acid incorporation decreased and lhcmura@il in-
corporated into the RNA characteristic of ribosomal and soluble RNA
during prolonged preincubation remainsd stable upon further incuba-
tion in the presence of actinomycin D,

Jata collected by Aecs, Reich, and Valanju (1963) led them to be-
lieve that the breakdown of RNA in the presence of actinomycin D was
not due merely to the inhibition of RNA synthesis but that actino-
mycin actually induced the breakdown of the normally stable RNA.
Levinthal et gla {1963) suggested that the decay of RNA in the pres-
ence of actinomycin D was due only to the inhibition of synthesis.

It is now fairly well established that actinomycin D inhibits



DNA--dependent RNA synthesis, thus decreasing the uptake of labeled
uracil into the m-RNA fraction and labeled amino acids into protein.
The formation of alkaline phosphatase and = -amylase was strong-
ly inhibited by actinomycin D (0.5 ng/ml) in B. subtilis but ribo-
nuclease formation was not affected_by the anfibiotic; furthermore,
the incorporation of 32P into RNA and labeled amino acids intq pro-
tein was inhibited by acpinomycin D (Kadoyaki, Hosoda, and Maruo,
1965). Pollock (1963) showed that agﬂinomycin D at a concentration
of 0.05 ng/ml only slightly inhibited x —glucosidase formation in
both constitubtive and inducible strains of B. cereus, but the forma-
tion of the enzyme was decreased by 40 per cent at an actinomycin
concentration of 0.1 ng/ml. Induced cultures of B. gggggg formed
penicillinase in the presence of actinomycin until 40 minutes after
addition of the antibiotic, ap which time an inhibition was observed.
However, penicillinase was inhibited immediately when actinomycin was
added simultaneously with penicillin to noninduced cells. For the
constitutive(strain there was no inhibition of penicillinase forma-
tion at an actinomycin concentration of 0.0S,pg/ml but when the anti-
biotic concentration was increasedqthey observed an inhibition of
penicillinase formation. In B. Subtilié, 0.05 pg/ml of actinomycin D
almost completely suppressed °<-glucosidase formation, slightly stim-
ulated penicillinase production, and inhibited B-galactosidase and
o< -amylase to about the same extent as growth was inhibited. This
differential effect might be due to an unusually stable m-RNA or a
difference in the affinity of DNA sites to bind actinomycin. Pro-

duction of gramicidin S in B. brevis was not affected by actinomycin D



even though normal RNA synthesis and protein‘synthesis were inhibited.
These results suggeste@ that gramicidin S synthesis was independent
~of RNA synthesis or that a very stable form of m;RNA was involved in
the synthesis (Eikhom‘and Laland, 1964).

| Kennell (1964) prepared extracts from E.“megaterium cells treated
with actinomycin D, and isolated RNA_that ceuld stimulate peptide syn-
thesis even though there was an inhibition of polypeptide synthesis

in the intact cell. Yudkin and Davis (1965) found that the m-RNA as-
sociated with the membranes of B. megaterium was unusually stable in
the presence of actinomycin D, Investigation of tne amino acid in;
corporation in B. megaterium cells treated with actinomycin D. led
Yudkin (1965) to suggest that the longniived m-RNA of the cell mem-
brane synthesizes non-repressible preteins whereas the short-lived
m-RNA synthesizes repressible proteins. )

increasing amounts of guanine in the DNA and is greatest when DNA is
in the native helical B eonformation (Hamilton, Fuller, and Reilch,
1963; Reich, 196k; Gellert et al., 1965). Cavalieri and Nemchin
(1964) found two binding sites for actinomycin D on the DNA molecule:
one strong binding site and one weak binding site.

While RNA synthesis is inhibited by actinomycin D, DNA synthesis
is only slightly affected; thus, it is possible that actinomycin lies
in the minor groove of the helical DNA where RNA synthesis takes place
and DNA synthesis proceeds in the major groove of DNA (Reich, 1964).

Hamilton, Fullier, and Reich (1963) proposed a model for actino-

mycin D bonding to DNA (Figure 2). Their work was augmented by



) Figure 2.

Proposed model‘fqr the bonding of actinomycin D to DNA
(Hamilton,“Fuller, and Reich,‘l963). The actinomycin chromo-
phore group binds to guanine via three hydrogen bonds. The
long axis of the actinqmycin ghromophore is perpendicular
to the helix axis of the DNA and its plane is inclined ap-
proximately 70 degrees to the DNA helix axis. The actino-
mycin molecule may also be stabilized by the bonding of the
phosphatg oxygen atoms of the DNA to the two peptide amino

groups in each chain of the actinomycin molecule.
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Gellert et al. (1965) who suggested that the binding site either in-
volved more than_one base pair, one of which was»guanine—cytosine.
(G-C), or else actinomycin D was bqund only to the G-C pairs but all
of the G-C sites were not bound because of steric interference be-
tween the actinomycin D molecules.

Actinomycin D does not affect thehthermal dissociation of nu-
cleic acids having the A-helix conformation. Haselkorn (1964) found
that the thermal dissociation of a DNA~RNA hybrid was not affected by
actinomyein D; therefore, the hybrid was probably in the A-helix con-
formation. Jacoli and Zbarsky (1965) treated E. subtilis cells with
actinomycin D and detected the accumulation of guanine nucleotides
in the acid;soluble fraction. _This coqld be explained by the degra-
dation of a guanine-rich RNA (not m-RNA) whose resynthesis was block-
ed by actinomyein, or secondly, an inhibition of the incorporation of
the nucleotides in the acid~soluble pools into RNA. Jurkowitz (1965)
has evidence to indicate that actinomycin D binds to only one half
of the DNA site in nucleoprotein. This could mean that the protein
in nucleoprotein is selectively blocking all the sites on one of the
DNA strands.

Escherichia coli is normally insensitive to actinomycin D. Leive

(1965b) sensitized E. ggli cells to actinomyecin D by treating the
cells with ethylenediaminetetraacetic acid (EDTA). The addition of
actinomycin D to the sensitized cells inhibited m;ﬁNA synthesis for
2.5 minutes but after this time the antibiotic had no effect on m-ENA
synthesis. It was concluded that it takes 2.5 minutes after addition

of the inducer for synthesis of non-DNA bound m-RNA for B-galactosi-
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dase. Ingzyme production occurred‘during another 1.5 minutes. Studies
with actinomycin D resistant strains of E. subtilis indicate that re-
sistance might be due to a modification in the permeability of the
cell wall (Polsinelli et al., 1964). - |

Revel, Hiat, and Revel (l96h)‘9bserved that actinomycin D de-
creased the protein_synthesiéing éapacity of rat liver homogeﬁates by
a mechanism independent of its agtion on RNA synthesis. There was a
decrease in amino acid incorporation‘and polyribosome content for
liver homogenates, but there was no decrease in amino acid incorpo-
ration and polyribosome coptept for”liver s}ices. This indicated to
them that the bulk of m—RNA in liver is a stable RNA.

Honig and Rabinovitz (1965) observed that addition of glucose to
the incubation ﬁedium prevented the inhibition of protein synthesis
by actinomycin D in sarcoma-37 cells. A complete recévery from the
inhibition of protein synthesis was observed when the addition of
glucose was delayed until the end of the incubation period. This
suggested that the inhibition was not due to the breakdown of m-RNA.
This was substantiated by the observation that uridine and adenine
were incorporéted into RNA in the presence of actinomycin D at about
the same rate as the control.

laszlo et al. (l966)vobserved a significant inhibition of glyco-
lysis and respiration in.the presence of actinomycin D in human leu-
kemic cells; The cells also showed decreased levels of adenosine tri-
phosphate (ATP), and these authors speculated fhat agtinomycin‘D may
also cause an impairmgnt of energy metabolism resulting in a decrease

of ATP available for the formation of active amino acyl transfer-RNA.
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 Studies in this laboratory have established that the symthesis of

protocatechuate oxygenase Pseudomonas fluorescens is not affected by
actinomyein D. This investigation was conducted as an attempt to ex-
plain the apparent resistance of the synthesis of protocatechuate

oxygenase to actinomyein D in P. fluorescens.



CHAPTER IT

MATERTALS AND METHODS

Test organism.

The microorganism used in this ipygspigation was a laboratory

strain of Pseudomonas. It is a Gram;negative, motile rod which forms
.smooth, raised, colonies on nutrientmagar. The organism gave a neg-
ative reaction for hydrogen sulfide production, indole production,
nitrate reduction, and gas production in glucose; however, an acid
reactior was observed in glucose. Litmus milk was peptonized within
four days. This organism developed the pigmentation characteristic
of both fluorescein and pyocyanin when grown on Bacto-Pseudomonas agar
F and Bacto-Pseudomonas agar P, respectively. The organism has been

tentatively identified as Pseudomonas fluorescens.

Stock cultures were maintaineq on nutrient agar slants and succi-
nate-salts agar slants which were stored at 4 C.
Media.

The synthetic salts medium used in this study had the following
composition: 0.42 per cent K2HPOh; 0,32 per cent KH2POh; 0.2 per
cent NHh01; 0.2 per cent NaCl; and 0.2 pervcent of the desired carbon
source except for certain cases in which the concentration of the car-

bon source was varied as indicated in the text.

13



The pH of the medium was adjusted to 7.0. Agar (Difco) was added
to give a final concentration of 2.0 per cent when a solid medium was
desired. Sterilization waé accomplished by autoclaving at 121 C for
15 minutes. The synthetic medium was cooled to 50 C and 0.1 ml of a
sterile mineral salts solution was added to each 100 ml of medium.

The mineral salts solution was composed of 5.0 g MgSOh-7H20, 0.1 g
MnSOh, 1.0 g FeClB, and 0.5 g Ca012 in 100 ml of distilled water.

Glucose was sterilized by filtration through a Millipore membrane

filter (47 mm diameter; 0.45 n pore size).

Preparation of substrates and inhibitor.

Succinic acid, protocatechuic acid, and glucose were prepared
fresh for each experiment. The compounds were dissolved in 0.01 M
2~amino-2-(hydroxymethyl)~1l,3~propanediol buffer (Tris) and the pH
adjusted to 7.0, Actinomycin D was dissolved in distilled water (4 C)
and stored at 4 C.

Preparation of cell suspensions.

The cell suspensions used in manometric, radioisotopic, and growth
studies were prepared as follows: nutrient agar or succinate agar
slants were inoculated from the stock culture and incubated for ié-iS
hours at 37 C. The cells were suspended in sterile 0,01 M Tris buffer
and 0.5 ml of the suspension was spread over the surface of the appro;
priate agar plates with a sterile glass rod. The plates were incubat-
ed at 37 C for 16-18 hours, the cells harvested, washed twice, and
suspended in sterile 0.01 M Tris buffer (pH 7.0) so that a 1:10 dilu-
tion gave the desired absorbancy reading at 540 mp using a Bausch and

Lomb "Spectronic 20" spectrophotometer. All absorbancy readings were
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made using 18 mm diameter tubes.

Liquid scintillation counting fluid.

The counting fluid for'uracil;anhC incorporation into RNA and
leucine~21hC incorporation into protein was prepared by adding 42 ml
Liquifluor (50 g of 2,5-diphenyloxazole and 0.625 g of p-Bis [5-( 5
phenyloxazolyll7 ~benzene in 500 ml toluene) to one liter of toluene
(sulfur-free).

The counting fluid for actinomycin D-th incorporation was pre-—
pared by adding 42 ml Liquifluor (Nuclear-Chicago) to 400 ml ethanol
(absolute) and 600 ml toluene. The ethanol-toluene mixture was used
instead of toluene to eliminate precipitation of the digested cell
material,

Growth studies.

Growth studies were conducted to determine the effect of various
concentrations of actinomycin D on growth and the influence of select-
ed substrates on the inhibition of growth by actinomycin D. In these
experiments a total volume of either 6 or 8 ml was used in the Spec~
tronic tubes (150 mm x 18 mm) and the contents were incubated at 37 C
on a feciprocal shaker. Constituents are described in the text. Ab-
sorbancy was measured at 540 mp.

Experiments requiring the withdrawal of samples at various times
were performed in 250 ml Erlemeyer flask with side-arms. The flask
contained a total liquid volume of 4O ml., Constituents are described
in the text. The flask contents were incubated at 37 C on a recipro-

cal shaker and the absorbancy was read at 540 mpu.
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Manometric studies.

Engzymic activity was measured by following oxygen uptake in the
Warburg apparatus at 37 C with air as the gas phase. The carbon di;
oxide liberated during the reaction was absorbed by adding 0.2 ml of
20 per cent KOH and a strip of fluted filter paper to the center well
of the Warburg flask.

The cell suspension was placed in the main chamber of the Warburg
flask and the substrates and inhibitors were placed in the side arms.
The total liquid volume was adjusted to 2.4 ml by adding 0.01 M Tris
buffer (pH 7.0). Approximately 10-15 minutes weré allowed for tem-
perature equilibration following which the manometers were closed and
readings were taken at indicated time intervals.

Radioactive isotope procedures.

The procedure for measuring uracil;2—lhc incorporation into the
RNA of P. fluorescens varied according to the type of experiment be-~
ing conducted.

The incorporation of uracil-2-lAC was performed in conjunction
with the manometric investigations. Uracil-2-lhc (OfOAB nC/ml final
concentration) was placed in the sidearm of the Warburg flask and ad-
ded to the cells simultaneously with the substrate. At 45, 90, and
135 minutes, the appropriate flasks were removed from the Warburg ap-
paratus and the contents poured into test tubes. A one ml sample was
then pipetted into a thick walled centrifuge tube and the sample was
frogen in an acetone-dry ice bath to prevent further uptake of uracil-
2-1AC by the cells. Four ml of cold 5.0 per cent trichlorocacetic acid

(TCA) were added to each frozen sample. The samples were allowed to
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thaw at 4 C and centrifuged at 12,100 x g for 15 minutes at 4 C to re-
move the cells. The supernatant solutions from the first cold TCA ex-
traction were poured into counting vials, The cell pellets were then
suspended in 5 ml of cold 5.0 per cent TCA and permitted to stand for
10 minutes at 4 C. The samples were centrifuged and the supernatant
zolutions from the second cold TCA extraction were poured into differ-
ent vials. The pellets were suspended in 5 ml of 5.0 per cent TCA

and the samples were heated in a 90 C water bath for 30 minuteso The
samples were cooled, centrifuged at 12,000 x g for 15 mirmtes, and

the supernatant solution was poured into counting vials. The contents
of the vials were dried at 55 C under vacuum in a desicecator contain-
ing anhydrous Ca012 until about 0.1 ml of fluid remained in the vials.
Ten ml of liquid scintillation counting fluidrwere added to each vial
and the samples were counted in a Nuclear Chicago liquid scintillation

gpectrometer.

Uptake of actinomyein D= C.

The uptake of actinomy@in Dmth by succinate-grown P. fluores-
cens cells was measured in the presence of succinate, protocatechuic
acid, and glucose to determine if these substrates influenced the up-
take of the inhibitor.

Sucecinate-grown cells were suspended so that a 1:10 dilution
gave an absorbancy reading of 1.0 at 540 mu. Substrates for the ex-
periment were: 0.2 ml succinate (0.2 per cent), 0.2 ml protocatechuic
acid (0.2 per cent), 0.2 ml glucose (0.5 per cent), 0.2 ml succinate
(0.2 per cent) plus 0.05 ml protocatechuic acid (0.8 pmoles/ml final

concentration), 0.2 ml protocatechuic acid (6.8 pmoles/ml). Fach
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tube also contained 0.1 ml of actinbmycin D (2.5 x lO7 cpm/pmole),
0.065 ml of actinomycin Dh(36 pg/ml), and 0.01 M Tris buffer to bring
the total liquid volume to 0.5 ml.

The cell suspension (0.15 ml) was added to the substrates in a
Servall thick-walled centrifuge tube (100 mm x 15 mm), incubated at
37 C for 75 seconds, and frozen in a éellosolve-dry ice bath., Five
ml of cold Tris buffer were added to eaéh tube, the pellet thawed at
4L C, and centrifuged at 12,100 x g for 15 minutes. The cell pellets
were washed twice by centrifugation. Five-tenths ml of NCS Reagent
(Nuclear-Chicago) was added to each tube and digestion of the cell
pellets was carried out overnight at room.temperature. The digested
material was poured into a counting vial and the tube was rinsed with
9.5 ml counting fluid and placed into the counting vial. Vials were
‘then placed in the liquid scintillation counter to determine the a-
mount of actinomycin D-th uptake.

Incorporation of radioactive amino acid.

One ml of leucine-2-14C (161,310 cpm/ml) was added to a 250 ml
Erlenmeyer side-arm flask which contained 0,2 per cent succinate, 0.8
pmoles/ml protocatechuic acid, and/or 30 pg/ml of actinomycin D as
indicated in the text.

Each flask was inoculated with 1.0 ml of a succinate-grown cell
suspension which had been previously adjusted to give an absorbancy
reading of 1.5 at 540 mu. At the desired time, absorbancy readings
were taken at 540 mp and 3 ml samples were removed and frozen in a
cellosolve~dry ice bath. Two ml of pold 10 per cent TCA were added,

the samples thawed at 4 C, centrifuged for 10 minutes at 12,100 x g,



19

and the supernatant solution was discarded, »The pellets were suspend-
ed in 5 ml of 5.0 per cent cold TCA, incubated at 4 C for 15 minutes,
centrifuged at 12,100 x g for 15‘minutes, and the supernatant solution
was poured into counting vials. The cells were susbended in 5 ml of
distilled water and centrifuged aﬁ 12,100 x g for 10 minutes. The
supernatant solution was discarded, the cell pellets were suspended
in 5 ml of 95 per cent ethyl alcohol, and incubated at room tempera-
ture for 15 minutes. The samples were centrifuged for 20 minutes at
27,000 x g, the ethyl alcohol was discarded, and the cells washed one
time with distilled water. The pellets were suspended in 5.0 per cent
TCA and heated at 90 C for 30 minutes. The samples were cooled, cen-
trifuged at 12,100 x g for 15 minutes, and the supernatant solution
was placed in counting vials and dried as previously described. Ten
ml counting fluid was added to each vial and then they were placed in
the liquid scintillation counter to determine the radiocactivity. The

counting efficiency for th was approximately 40 per cent.



CHAPTER III
RESULTS AND DISCUSSION

The effect of actinomyein D on growth of P. fluorescens in different
media. ‘

_ Experiments were conducted to determine if actinomycin D influ-
enced the growth of P, fluorescens in nutrient broth or synthetic-
salts media with different carbon and energy sources. AThe concentra-
tions of actinomycin D used in nutrient broth and L;asparaginemsalts
medium were 0, 4, 8, 15, and 25 ug/ml.

Each tube contained 5 ml of medium plus the appropriate amount
of inhibitor, and buffer was added to give a total liquid volume of
6 ml. One~tenth ml of a nutrient agar grown cell suspension, diluted
S0 ppat a 1:10 dilution had an absorbancy of‘OTB at 500 mu, was added
to each tube., Growth was followed by measuring absorbancy at the in-
dicated time intervals,

The growth of P. fluorescens in nutrient broth was not signifi;
cantly influenced by any of the concentrations of éétinpmycin D used
in the experiment (Figure 3). Waksman et al, (1956) reported that P.
aeruginosa was not inhibited by 100 ug/ml of actinomyein D when the
cells were growing on nutrient agar plates; therefore, the data per-
sented here are consistent with these results. Growth of the organism

in 0.2 per cent l-asparagine-salts medium was inhibiﬁed by actinomycin

20



Figure 3.
The influence of actinomycin D on P. fluorescens cells growing in
nutrient broth. O, control; @, actinomycin D (A pg/ml);[l , ac-
tinomycin D (8 ng/ml): A, actinomycin D (15 pg/ml); and [J, ac-

tinomycin D (25 ug/ml).
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D and the inhibition increased with an increase in inhibitor concen-
tration (Figure 4). Fifteen and twenty-five ug/ml of actinomycin D
produced good inhibition of growth after approximately four hours.
The absorbancy values of cells growing in the présence of actinomycin
D was approximately the same as the control during the first 2-4
hours of growth indicating that actinomycin D may not readily pene-

trate the permeability barrier of the cell, When actinomygin D is

added to a Gram-positive organism (Staphylococcus aureus) growth is
fapidly inhibited (Kirk, 1960). The apparent difference in sensiti-
vity to actinomycin D in a Gramwpbsitive and a Gram=-negative organ-
ism may be due to thé difference in cell wall structure and compo-
sition. Four ug/ml only slightly decreased the rate of growth and

8 ug/ml inhibits by about one-half that of 25 ug/ml.

Actinomycin D also inhibited growth in succinate (0.2 per cent).
Two-tenths ml of éuccinatemgrown cells, having an absorbancy of 0.8
ét 540 mu was inoculated into each tube containing 7 ml medium plus
buffer and inhibitor to give a total liquid volume of 8 ml.

The results for cells growing in a succinate-salts medium
showed that an increase in actinomycin D concentration increased
the amount of growth inhibition (Figure 5). Thirty ug/ml of actino-
mycin D gave almost complete inhiﬁition, Five and ten ug/ml of
actinomycin D decreased the rate of growth as compared to the con-
trol and the cell population never reached that of the control.

Growth in a protocatechuate-salts medium was very different

from that observed in a succinate-salts medium (Figure 6). Actino-



Figure 4.
The influence of actinomycin D on P. fluorescens cells grow-
ing in a L-asparagine-salts medium, O, control; @, actinomycin
D (4 pg/ml); /\, actinomycin D (8 ng/ml); & , actinomycin D

(15 ng/ml); and <:>, actinomycin D (25 ng/ml).
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Figure 5.
The influence of actinomycin D on succinate-grown I,
fluorescens cells growing in a succinate—‘salts medium. O, con-
trol; @, actinomycin D (5 ng/ml); 2\, actinomycin D (10 ng/ml);

A , actinomycin D (30 pg/ml).
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Figure 6
The influence of actinomycin D on succinate-grown P. fluo-
rescens cells growing in a protocatechuate-salts medium. O,
control; @, actinomycin D (5 ng/ml); /\, actinomycin D (10

pg/ml); and A, actinomycin D (30 npg/ml).
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mycin D in the concentrations used in this experiment did not in-
hibit growth of the cells in protocatechuate-salts medium indicating
that actinomyecin D apparently did not effect induced enzyme synthe-
sis for protocatechuic acid.

The effect of actinomycin D on protocatechuic acid-induced cells
growing in a succinate and protocatechuate-salts medium.

An experiment identical to the one previously described was con-
ducted using protocatechuic acid-induced cells instead of the non-
induced cells. Induced cells growing in a succinate-salts medium in
the presence of actinomycin D (Figure 7) were inhibited to the same
extent as the non-induced ceilé: The absorbancy values for the
cells in the presence of actinomycin D increased during the first
four hours. This again illustrates the possibility of a permeability
barrief. Cells induced to protocatechuic acid and grown in a pro-
tocatechuate-salts medium showed no inhibition of growth with actino-
mycin D (Figure 8).

Thus, cells using succinate as a sole source of carbon and
energy are inhibited from growing by actinomycin D (30 pg/ml). In-
hibition in succinate occurred even when the cells had been induced
to protocatechuic acid. If actinomycin D, at the concentrations used
in the experiment, had no£ caused growth inhibition, then it would
be possible to say that this was entirely due to some type of cell
permeability barrier; however, this was not the case. Protocate-
chuic acid-induced and non-induced cells did grow in the presence of
actinomycin D when protocatechuic acid was the sole source of carbon

and energy. This is in opposition to cells growing in the presence



Figure 7.
The influence of actinomyciﬁ D on P, fluorescens cells induced
to protocatechuic acid growing in a succinate-salts medium. O,
control; @, actinomycin D (5 ng/ml); £\, actinomycin D (10 pg/

ml); and , actinomycin D (30 pg/ml).
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Figure 8.
The influence of actinomycin D on protocatechuic acid-induced
P. fluorescens cells growing in a protocatechuate-salts medium.
O, control; &, actinomycin D (5 pg/ml); A\, actinomycin D (10 ng/

ml); and &, actinomycin D (30 pg/ml).
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of succinate.

The effect of actinomycin D on growth in a glucose~salts medium.

Glucose was used as the sole source of carbon and energy to de-
termine if actinomycin D inhibits growth of cells in this substrate.
| A synthetic salts solution was prepared, autoclaved, and glu-
cose, sterilized by filtration, was added aseptically. Glucose was
used in concentrations of 0.2 per cent and 0.5 per cent. Seven ml
of media were added to each tube and actinomycin D and buffer were

added to give a total liquid volume of 8 ml. Two=-tenths ml of a
glucose-induced cell suspension, having an absorbancy of 0.5 at 540
mp, were added to each tube. Absorbancy readings at 540 mu were
taken every hour.

Results (Figure 9) indicated that 5 and 10 pg/ml of actinomy-
¢in D did not show a very pronounced inhibition when 0.2 per cent
glucose was used as the substrate. However, no inhibition was ob-
served for 5 and 10 pg/ml of actinomycin D when 0.5 per cent glucose
was used as the substrate (Figure 10). Thirty pg/ml of actinomycin
D did produce inhibition inhboth conéentfations of glucose but only
from the standpoint that the rate of‘growth was reduced. This high
concentration of inhibitor did not produce a growth inhibition
curve which reached the stationary phase as was typical for actino-
mycin D inhibited cells growing in succinate, at least not in the
time allowed for this experiment.

Influence of selected compounds on the actinomycin D inhibition of
non-induced cells growing in a succinateesalts medium.

Since cells using protocatechuic acid and glucose as the sole



Figure 9.
The influence of actinomycin D on P. fluorescens cells grow-
ing in a glucose-salts medium (0.2 per cent glucose). (&, control;
®, actinomyein D (5 pg/ml); £\, actinomycin D (10 pg/ml); and 4 ,

actinomycin D (30 pg/ml).
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Figure 10.
The influence of actinomycin D on P. fluorescens cells
growing in a glucose;wsalts medium (0.5 per cent glucose). O,
control; @, actinomycin D (5 pg/ml); A\, actinomyein D (10

pg/ml); and &, actinomycin D (30 pg/ml).



Absorbancy (540 mpu)

39

1.2

1.0k /‘@_

2
i /

/ *
0.4 ju

I
P/
//

! 1 i
10 12 14

Time (hours)



L0

source of carbon énd energy for growth apparently were not as sensi-
tive to acbinomyeln D, an experiment was conducted tordetermine if
these compounds would reverse the inhibition of cell growth when
succinate was used as the primary carbon and energy source. Fructose
and bengzoic acid were also used to determine if they would reverse
the inhibition by actinomycin D. Rauen and Hess {1959) have re-
ported on the reversal of actinomycin C inhibition with p-amino-
berizoic acid, tyrosine, and phenylalanine in some bacterial systems.
Previous experiments indicate that 30 ug/ml of actinomycin D
gave almost complete inhibition of growth of cells growing in succi-
nate; therefore, this concentration of antibiotic was used in these
studies. The procedure for studying reversal of the inhibition by
protocatechuic acid was as follows: seven ml of a_succinatewsalts
medium were added aseptically to each of six tubes; three tubes con-
tained 30 ug/ml of actinomycin D and three tubes were the controls.
Two=tenths ml of succinate-grown cells, diluted so that a 1:10 dilu=-
tion had an absorbancy reading of 0.8 at 540 mu, were inoculated into
each tube. After 3.5 hours of incubation, protocatechuic acid (0.8
pmoles/ml final concentration) was added to one tube containing ac-
tinomycin D and to a control tube. One-tenth ml of protocatechuic
acid (0.4 wmoles/ml final concentration) was added to a second tube
gontaining actinomycin D and to a tube for the appropriate control.
The results {Figure 11) indicated that protocatechuic acid reverses
the inhibition of growth caused by actinomycin D, and the rate of
growth of the cells was the same as the controls. The addition

of protocatechuic acid to the controls did not effect the



Figure 1l.

Protocatechuic acid (PA) reversal of actinomycin D in-

hi‘bition of succin_ate-n.grown P, fluorescens cells growing in

a succinate-nsalbts medium. Protocatechuic acid was added to

the cells at 3.5 hours. O, control; A, actinomycin D (30

pg/ml); /\, actinomycin D (30 pg/ml) + PA (0.8 pmoles/ml);
.? actinomycin D (30 pg/ml + PA (0.4 pmoles/ml); (J, PA

(0.8 ymoles/ml); and M, PA (0.4 pmoles/ml).



L2

10

6

]
L

A.QE O.va hoﬂmﬂhomﬂ<

Time (hours)



43

growth of the cells in the control tubes. All subsequent experiments
contain protocatechuic acid in a final concentration of 0.8 ymoles/ml
when used as a peversing compound.

Also investigated was the effect of adding protocatechuic acid
and glucose simultaneously for reversing inhibition. If protocate-
chuic acid and gluéose reversal is additive, then it wéuld suggest
that they reverse by acting on the same site; however, if they are
not additive, then it would indicate that they act on different sites
to cause reversal. Succinate-grown cells, protocatechuic acid-grown
cells, and glucose-grown cells were used as the inocula for these
growth studies. The cell suspensions were adjusted to have an ab-
sorbancy reading of 1.0 at 540 mp and 0.2 ml of the suspension was
inoculéted into the appropriate tubes. At the end of 4 hours the fol-
lowing compounds were added to the tubes containing actinomycin D and
to the control: 0.8 pmoles/ml of protocatechuic acid; 0.8 pmoles/ml
of protocatechuic acid plus 0.8 pmoles/ml of gluéose; 0.8 ymoles/ml
of glucose.

The results (Figure 12, 13, and 14) suggested that protocatechuic
acid reverses the inhibition of growth but glucose in the concentra-
tion used in this study did not reverse this inhibition. The simul-
taneous addition of both protocatechuic acid and glucose did not pro-
duce a more rapid rate (an additive effect) of reversal and this is
to be expected since glucose alone did not reverse actinomycin D inhi-
bition. Growth occurred at approximately the same rate in all the
controls. It did not make any difference whether the cells were pre-

viously grown on succinate, protocatechuic acid, or glucose.



Figure 12,

The influence of protocatechuic acid and glucose on actino-
mycin D inhibition of succinate-grown P. fluorescens cells grow-
ing in a succinate-salts medium. Protocatechuic acid and glu-
cose were added to the cells at 4 hours. Q, control; @, actino-
mycin D (30 Mg/ml); [\, actinomycin D (30 pg/ml) + PA (0.8
pmoles/ml) Ak, éctinomycin D (30 ng/ﬁi) +'g1ucbse (0.8 pmoles
/ml); []; actinomyecin D (30 ﬁg/ml)4*PA (0.8 pmoles/ml) + glu-
cose (0.8 pmoles/m1) ; iﬁgPA (0.8 pﬁoles/ﬁl) + glucose (0.8
pmoleé/ml); O, PA (0.8 pmoles/ml) and @, glucose (0.8

pmoles/ml) .,
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Figure 13.

The influence of protocatechuic acid and glucose on actino-
mycin D inhibitidn of protocatechuic acid-induced P. fluorescens
cells growing in a succinate;.salts medium. Protocatechuic acid
and glucose were added to the cells at 4 hours. O, control; @,
actinomycin D (30 pg/ml_); A\, actinomycin D (30 pg/ml) + PA
(0.8 pmoles/ml); 4, actinomyein D .(30 pg/ml) + glucose (0.8
pmoles/ml); [J, actinomycin D (30 pg/ml) + PA (0.8 pmoles/ml)
+ glucose (0.8 pmoles/ml); W, PA (0.8 pmoles.ml) + glucose
(0.8 mmoles/ml); (O, PA (0.8 xmoles/ml); and @, glucose (0.8
jmoles/ml) .
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Figure 14.

The influence of protocatechuic acid and glucose on actino-
mycin D inhibition of glucose-grown P. fluorescens cells growing
in_ a spccinateasalts medium. Protocatechuic acid and glucose
were added to the cells at 4 hours. O, control; @, actinomycin
D (30 pg/ml); A\, actinomycin D (30 pg/ml) + PA (0.8 pmoles/
ml); M, actinomycin D (30 pg/mi) + glucose (0.8 pmoles/ml) ;

D actinomyein D (30 pg/ml) + PA (0.8 pmoles/ml) + glucose
(0.8 pmoles/ml), K ,PA (0.8 pmoles/ml) + glucose (O 8 pmoles/

ml) O,PA (0.8 pmoles/ml); and &, glucose (0.8 pmoles/ml).
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Fructose, benzoic acid, and another concentration of glucose were
used to determine if they would reverse actinomycin D inhibition. The
results (Figure 15) indicated that glucose (27 pmoles/ml; 2.7 pmoles/
ml) did not act as a reversing compound. The results from Figure 16
and 17 indicated that fructose (27 pmoles/ﬁl; 2.7 pmoles/mlj and ben-
zoic acid (1.0 pmoles/ml; 0.5 pmoles/ml) did not act as reversing com-
pounds.

Effect of actinomycin D and protocatechuic acid on cell viability.

An experiment was conducted to determine the cell viability of
actinomycin D inhibited cells. The effect of protocatechuic acid on
cell viability was also included in the experiment. If actinomycin
D actually causes death of the cells, then there should be a large de-
crease in the viable cell count during the incubation period. Second-
ly, if protocatechuic acid does cause reversal of inhibition, then an
increase in the number of viable cells should be observed. These find-
ings should substantiate the results observed for the corresponding
absorbancy readings.

Nutrient agar-grown cells were suspended in Tris buffer so that
a 1:10 dilution had an absorbancy reading of 1.5 to 2.0 at 540 mp.

One ml of this suspension was added to a 250 ml Erlernmeyer side-arm
flask. The flask contents were the same as for the amino acidnth
incorporation experiment except for the deletion of the amino acid.

At the indicated times, absorbancy readings (Figure 18) were taken

at 540 mp and a 1 ml sample was withdrawn from each flask for serial
dilution and plating. The pour plate procedure was used and the cells

were mixed with nutrient agar that had been cooled to 50 C. The



Figure 15.

The influence of glucose on actinomycin D inhibition of suc~
cinate~grown P. fluorescens cells growing in a succinate;salts
medium. Glucose was added to the cells at 6.5 hours°7C), control;
®, actinomycin D (30 pg/ml); 2\, actinomyein D (30 pg/ml) + glu-

cose (27 pmoles/ml); M, glucose (27 ymoles/ml); [, actino-

mycin D (30 pg/ml) + glucose (2.7 pmoles/ml); and , glucose

(2.7 pmolés/ml).
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Figure 16.

The influence of fructose on actinomycin D inhibition of
succinate-grown P. fluorescens cells growing in a succinate-
salts medium. Fructose was added to the cells at 6.5 hours.
(D,-control;éﬁ, actinomycin D (30 pg/ml); A\, actinomycin D
(30 pg/ml) + fructose (27 pﬁoies/ml); A , fructose (27 pmoles
/ml); []; actinomycinwD (30 pg/ml)r+'fructose (2.7 pmoles/

ml); and HM, fructose (2;7 ;unoles/ml)e



Absorbancy 540 mpu)

1.5

1.0

0.6

0.4

0.2

0.1

.08

.06

Ol

.02

Add fructose

Sl

) 1

L 6

Time (hours)

10



Figure 17.

The influence of benzoic acid on actinomycin D inhibition of
succinate~grown P. fluorescens cells growing in a succinate-salts
medium. Benzoic acid was added to the cells at 6.5 hours. O,
control; ®, actinomycin D (30 ug/ml); VA actinomycin D (30 pg
/ml) + benzoic acid (1.0 pmoles/ml) ; A, benzoic acid (1.0
ymoles); [J, actinomycin D (30 pg/ml) + benzoic acid (0.5
pmoles/ml) + benzoic acid (0.5 ymoles/ml); and H , benzoic

acid (0.5 pmoles/ml).
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Figure 18.

The influence of protocatechuic acid on ecell growth in the
presence of actinomycin D. The cells were growing in a suc-
cinate-salts medium. The absorbancy readings were taken con-
currently with the data presented in Table I. O, control; @,
actinomyein D (30 ng/ml); £, actinomyein D (30 pg/ml) + PA
(0.8 pmoles/rﬁl) added at zero time; A\, acﬁiﬁomycin D (30 ng/
ml) + PA (0.8 ;;moles/ml) added at 3 hours; and [J, PA (0.8

pméles /ml).
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plates were incubated at 37 C for 24 hours and the colonies were
counted using a Quebec Colony Counter,

Cell viability counts (Table I)show a steady decrease after ap-
proximately two hours in actinomycin D-=inhibited cultures. This is
good evidernce that actinomycin Dris actually killing_go fluorescens
cells growing in a succinate;éaits medium. Microscopic examination
indicated that the cells in the presence of actinomycin D increased
in siie, This would explain the observation of an increase in ab-
sorbancy reading, although the viable cell count declined after ap-
proximately two hours of incubation in actinomycin D. Hurwitz et al.
(1962) observed an increase in cell size of B. subtilis cells growing
in the presence of actinomyein D, He stated that this was due to un-
balanced growth resulting from ﬁhe breferential inhibition of RNA
synthesis. Cell counts for cells growing when actinomycin D and pro-
tocatechuic acid were added simultaneously at time O show that the
cells grow out to about the same extent as the control. This would
suggest that protocatechuic acid prevents actinomycin D from inhibit-
ing qel;_growth, When protocatechuic acid was added to actinomycin D
inhibited cells at 3 hours, inhibition ceased at 6 hours and viable
cell counts began to increase. The small number of viable cells at
7 hours could be due to the fact that most of the cells were already
killed from the action of the antibiotic when protocatechuic acid was
» added. The controls show a reasonable increase in cell numbers.,

The influence of actinomycin D on uracilm2mth incorporation corre-
lated with protocatechuate oxygenase synthesis.

Growth studies suggest that actinomycin D does not inhibit growth



Table I. Viable cell count of cells growing in a succinate-salts
medium in the presence and absence of actinomycin D and
protocatechuic acld.

6
Viable cells X 10

Time Succinate Succinate Succinate  Succinate Succinate
(hours) Act. D * Act, D Act. D PA#%
’ . . PAME. . . PAMSE.
0 266 291 245 : 288 - "290
2 348 28, 269 278 297
3 790 152 790 157 810
b 1980 17.2 1430 29.9 1720
6 2680 4.9 1660 16 2720
7 2560 2.3 1460 21 1980

*Actinomycin D (Act. D) 30 pg/ml.
#tProtocatechuic acid (PA) 0.8 ymoles/ml (added at zero time).

#¥*Protocatechuic acid (PA) 0.8 ymoles/ml (added at 3 hburs);

e 4 § N
The initisl incculum contained. approximately 161 X LOE cells/

ml and was diluted 1:40 in the test medis.



of cells ubtilizing protocatechuic acid as the sole source of carbon
and energy. Therefore, it should be possible to obserwve protocate-
chuate oxygenase gynthesis manometrically and uracilu2a1h0 incorpo-
ration into RNA. 1If actinomycin D is actually inhibiting protocate-
chuate oxygenase, then oxygen uptake would not occur in the Warburg
arparabus and uracilm2mlhc should not be incorporated into the acid
insoluble TCA fraction.

Nutrient agar-grown cells were harvested, washed twice with Tris
buffer and suspended so that a 1:10 dilution gave an absorbancy read-
ing of 1.0 at 540 mu. The cell suspension was placed into the main
chamber of the Warburg flask and the substrate, inhibitor, and uracil-
2m1h0 were placed in the side arms.

Manometric results show that oxygen uptake occurs at approximat-
ely the same rate in the control and in the flask containing 18 ug/
ml of actinomyecin D. (Figure 19). The cells used were nutrient
agar-grown; therefore, if actinomycin D had inhibited DNA dependent
m-8NA for protocatechuate oxygenase it would have occurred within the
time it takes for inducible enzyme synthesis by the control cells un-
less more time is required for actinomycin D uptake. This possi-
bility is discussed later on in the text (p. 66)5 Uracil»Q»th in-
corporation samples from these flasks show that uracilmQQIAC was
incorporated into the RNA of cells incubated in the presence and ab-
sence of actinomycin D at approximately the same rate (Figure 20).
These findings suggest that actinomycin D does not affect the in-
ducible enzyme synthesis of protocatechuate oxygenase. Isotope dats

from cold TCA extracts were inconclusive. Regardless, the uracil-

61



Figure 19.

- The influence of actinomycin D on protocatechuate oxygenase
synthesis of P. fluorescens cells. Samples for ura.cil—-».?-lb’c iNe
corporation were removed at L5, 90, and 135 munutes (indicated
by arrows). The concen*bra’(;ion of protocatechuic aeid was 4.2
pmoles/ml per flask. O, control; @, actinomycin D (18 pg/
ml); A, cells with actinomycin D (18 pg/ml) but laéking PA;

A, cells lacking both actinomyc:"".n”D and PA; and [1, endog-

€enous.
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Figure 20.

The influence of actinomycin D on uracilm2mlhc incorpora-
tion into P. fluorescens cells with protocatechuic acid as the
substrate. The concentration of protocatechuic acid was 4.2
pmoles/ml, per flask. O, control; @, actinomyecin D (18 pg/ml);

A, cells with actinomycin D (18 pg/ml) but lacking PA; A\,

cells lacking actinomycin D e;nd PA.
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2~th incorporation is significant.

An experiment. was conducted to determine if preincubation in
actinomycin D prior to protocatechuic acid addition would affect pro-
tocatechuate oxygenase synthesis. The cell suspension was prepared
as described earlier. Actinomycin D was added to the cells and in-
cubated for 60 minutes before the substrate was added. The results
(Figure 21) indicated that protocatechuate oxygenase synthesis oc~
curred in the presence of actinomycin D and was independent of prior
incubation in the inhibitor. This would suggest that actinomycin D
does not require a long period for uptake into the cells. This was
further substantiated by a similar experiment in which the cells were
incubated for 160 minutes before the addition of the inducer. Again,
protocatechuate oxygenase synthesis occurred in the presence of actino-
myein D. Thus, enough time was ailowed for actinomycin D uptake and
inhibition of protocatechuate oxygenase synthesis; however, the syn-
thééis of protocatechuate oxygenase is apparently resistant to the
inhibitor. |

Treatment of P. fluorescens cells with disodium ethylenediaminetetra-
acetate.

Leive (1965a) has shown that treatment of E, ggli cells with EDTA
(lOnBM) permits the uptake of actinomycin D with a subsequent inhibi-
tion of B-galactosidase synthesis. Previous results have indicated
that actinomycin D enters P. fluorescens cells but did not inhibit
the synthesis of protocatechuate oxygenase. This was further investi-
gated by treating the cells with EDTA in the presence of actinomycin

D and observing the synthesis of protocatechuate oxygenase. If



Figure 21.

The influence of preincubation of P. fluorescens cells with
actinomycin D on protocatechuate oxygenase synthesis., Each flask
contains 4.2 pmoles/ml of protocatechuic acid. O, control; @,
actinomycin D (30 pg/ml); /\, actinomycin D (30 ng/ml) in the
presence of the cells 60 minutes before substrate addition; and

é&, endogenous .,
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actinomycin D was not getting into the cells due to a permeability bar-
rier, then EDTA treatment should eliminate this barrier and the true ef-
fect of actinomycin D on the synthesis of protocatechuate oxygenase
should be observed.

Nutrient agar-grown cells were suspended so that a 1:10 dilution
gave an absorbancy reading of 1.0 at 540 mpu. Twenty ml of the cell sus-
pension were added to a 250 ml Erlenmeyer flask and one ml of EDTA (1 X

10““

M final concentration) or Tris buffer was added to the flask.
Higher EDTA concentrations were not used because they caused cell lysis.
The contents were incubated for 30 minutes at 37 C on a reciprocal shak-
er. The cells were centrifuged, washed one time with Tris buffer, and 2
ml of cells were withdrawn for adding to the Warburg flask. Actinomycin
D, EDTA, protocatechuic acid, and/or Tris buffer were added to the ap~
propriate Warburg flask.

Manometric results (Figure 22) indicated that protocatechuate oxy-
genase synthesis occurred in the presence of actinomycin D in EDTA~
treated P. fluorescens cells, The presence of EDTA appeared to increase
the amount of oxygen uptake. Therefore, the conclusions drawn from
these results are consistent with the earlier interpretations that the
inducible enzyme synthesis of protocatechuate oxygenase is resistant to

actinomycin D.

Uptake of actinomycin DnlAC into P. fluorescens cells.

By observing the uptake of actinomycin D»IAC into the cells (Table

II), further proof could be obtained to indicate that actinomycin D is
actually entering this Gram-negative organism,

Three controls were used in the first experiment. The first con-

trol contained all the constituents except the substrate. Actinomycin
D uptake occurred in these cells, The second control contained all



Figure 22.

The influence of EDTA on the protocatechuate oxygenase syn-
thesis by P. fluorescens cells in the presence of actinomycin D.
Each flask contained 1.3 pmoles/ml of protocatechuic acid., O,
control; @, actinomycin D (30 pg/ml); N, actinemycin D (30
pg/ml) + EDTA (1 x ZLO-I“Z‘M)~ N ¥ actinomycin D (30 pg/ml),
cells preincubated in EDTA (1 x 107) for 30 mimues; CI,
control + EDTA (1 x 10;”%); B, control, cells preincubated

in EDTA (1 x j_o;z*M) for 30 minutes; and (O, endogenous.
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TABLE IT. Uptake of radiocactive actinomycin D by . P.,. fluorescens.

Constituents Exp. 1 Exp. 2
(CPM)  (Per cent)#* (CPM) - (Per cent)*

Succinate
Actinomyein D 277 33.7 148 18

PA
Actinomycin D 198 2L.1 111 13.5

Glucose : .
Actinomyecin D 277 33.7 124 15.1

No substrate
Actinomycin D 287 34.9 Not tested
(control)

Succinate
PA (0.8 ymoles/ml) 265 32.2 122 14.8
Actinomyein D ‘

Sucecinate

No labeled

Actinomycin D 0 0 Not tested
(control)

PA (6.8 pmoles/ml) 111 13.5
Actinomycin D Not tested

No cells

Succinate

Actinomyein D 0 0 Not tested
(control)

#Per cent_uptake based upon the total count rate for 0.1 ml of
actinomycin D~4C (821 CPM).



the constituents except actinomycin D=1AC, and the third control con-
tained all the constituents except the 0¢1lso Az was expected, the
last two controls showed no radiocactivity. Actinomycin D uptake oc=
curred in the presence of all the substrates used in the experiment;
however, there was a slight decrease in actinomycin D uptake in the
presence of proﬁocatechuié acid as compared to succinate, but it was
not enough to state that it caused interference of actinomyein D up-
take.

These studies suggest that none of the substrates are competing
with or otherwise influencing the uptake of actinomycin D by the
cells., Therefore, the growth of the cells in actinomyecin D with
protocatechuic acid as the substrate is not readily explained by the
substrate competing with the inhibitor for uptake.

2

Incorporation of amino acidmlhc into protein of actinomyecin D in-
hibited cells.

It is known that amino acid incorporation into protein is de-
creased in the presence of actinomycin D (Goldberg et al., 1962;
Levinthal et al., 1962). An experiment was designed to determine if
amino acid incorporation into proteins of cells growing in a succin-
ate-salts medium was influenced by the presence of actinomycin D.

Since protocatechuic acid reversed the inhibition of growth, the in-
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corporation of amino acids into proteins was measured in the presence

and absence of actinomycin D and protocatechuic acid.
Thirty=six ml of succinate-salts medium was added to a 250 ml Er-
lermeyer side arm flask. One ml of leucine—m2=140 was added to the

flask. While no information was available on the actual amount of
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leucine present in the leucinem2mluC, definite conclusions can be ob-
tained if the isotope is incorporated into cell protein. Three flasks
were prepared each containing 1 ml actinomyein D (30 ug/ml). Five-
tenths ml of protocatechuic acid (0.8 pmoles/ml) was added to one
flask containing actinomycin D and.to another flask containing no in-
hibitor. After 150 minutes of incubation 0.5 ml of protocatechuic acid
(0.8 pmoles/ml) was added to the other flask containing actinomycin D.
Succinate~grown cells were suspended so that a 1:10 dilution had an
adsorbancy reading of 1.5 at 540 mu, and 1 ml of this suspension was
inoculated into each flask. Tris buffer was added to bring the total
volume to 40 ml. A 3 ml sample was withdrawn from each flask at the
same time that eachvabsorbancy reading was taken.

Absorbancy readings (Figure 23) show that growth was inhibited in
the presence of actinomyciﬁ D, No inhibition was observed in the pres-
ence of actinomycin D when pfotocatechuic acid was added at zero time.
If protocatechuic acid was added after inhibition had begun, then
this inhibition could be reversed with a resulting increase in growth.
Leucinea2~lhc incorporation (Table III) into protein indicates that
the presence of actinomycin D decreased the amount of incorporation
as compared to the control. When protocatechuic acid was added
simultaneously with actinomycin D at zero time, the rate of amino
acid incorporation into protein was slightly inhibited for 2.5 hours.
However, by 4 hours it began to approach the rate of amino aecid in-
corporation of the controls. The data suggest that actinomyein D
does not inhibit formation of protein in the presence of protocate-

chuic acid. Amino acidmlhc incorporation increased upon the addition



Figure 23.
The influence of protocatechuic acid on cell growth in the

presence of actinomycin D. The cells were growing in a suc-

cinate-salts medium. Thé abéorbancy readings were taken con-
currently with the data presented in Table III. O, control;
@, actinomyein D (30 pg/ml); 4, actinomycin D (30 pg/ml) +
PA (0.8 pmole§/ﬁlj added af ZET0 time; Zl, actinomycin D (30

ng/ml) + PA (0.8 ymoles) added at 150 mirutes; and [, PA
(0.8 ymoles/ml). |
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Table ITI. Incorporation of leucine w2mlhc into protein of P.
fluorescens cells growing in the presence and absence of
actinomyein D and protocatechuic acid,

Counts per minute corrected for background

Time Succinate Succinate  Succinate Succinate  Succinate

(hours) Act. D¥* Act. D Act. D PAs¢
PA3¢ PACSt

0 0 0 0 0 0

0.5 5 8 7 10 1

1 2L 23 13 18 11

1.5 42 31 40 27 47

2.5 132 40 55 36 82

3.5 191 36 72 L5 111

4 199 Ly 147 104 205

*Actinomycin D (Act. D) 30 pg/ml.
#*Protocatechuic acid (PA) 0.8 pumoles/ml (added at zero time).

#¥*Protocatechuic acid (PA) 0.8 pmoles/ml (added at 2.5 hours).



78

of protocatechuic acid to actinomycin D inhibited cells. Apparently,
protocatechuic acid released the actinomycin D inhibition and the
cells were thus able to synthesis protein. While isotope data on
cold TCA extracts were again inconclusive, the data showing incor;

poration of leucinem2m1hc are significant.



SUMMARY AND CONCLUSIONS

Actinomycin D is a known inhibitor of DNA-dependent RNA syn-
thesis. The antibiotic produces a rapid and pronounced growth in-
hibition in Gram-positive organisms but its effectiveness varies in
Gram-negative organisms.

This investigation has shown that growth of P. fluorescens was
inhibited by actinomycin D when L-asparagine or succinate was used
as the sole source of carbon and energy. Growth was not inhibited
by the concentrations of actinomyein D used in the experiment when
the cells were growing in nutrient broth. This could be due to the
many nutrients present, some of which are probably utilized by con-
stitutive enzymes that are long-lived or by the more stable m-RNA
enzymes .

The results show that an increase in the inhibitor concentra-
tion produces an increase in the extent of inhibition. Growth studies
revealed an increase in the absorbancy readings of actinomycin D-
treated cells during the first 2-4 hours similar to the control sys-
tem. While microscopic examination showed an increase in cell
size, viable cell counts indicated that an increase in cell numbers
was not occurring during this time. Therefore, actinomycin D was in-
hibiting the organism but the inhibition was not readily apparent

using absorbancy measurements.

79
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Actinomyein D did not produce a pronoun¢ed growth inhibition
when glucose was used as the sole source of carbon and energy. This
might possibly be due to the many metabolic pathways (long-lived en-
zymes) in which glucose could enter without encountering enzymes sen=
sitive to actinomycin D. End-products of glucose metabolism may also
he responsible for inaétivation of actinomyecin D. However, glucose,
fructose, and benzoic acid failed to reverse the actinomycin D in-
hibition. Honig and Rabinovitz (1966) found that the inhibition of
protein synthesis by actinomycin.D in sarcoma 37 ascites cells could
be relieved by the addition of glﬁcose° These authors speculated that
actinomycin D inhibits protein synthesis by interfering with a product
of oxidative‘metabolism and this effect can be overcome under condi-
tions of glycolysis.

Actinomyein D did not inhibit growth of the cells when proto-
catechuic acid was used as the sole source of carbon and energy.
Protocatechuic acid induces the synthesis of protocatechuate oxy-
genase; therefore, this offers an example of an inducible enzyme
that does not appear to be sensitive to actinomycin D. Results from
manometric and growth experiments have confirmed the apparent re-
sistance of protocatechuate oxygenase synthesis to actinomycin D ine
hibition,

Protocatechuic acid,; in extremely low concentrations, could re-
verse the actinomycin D»inhibition of growth when it was added after
the inhibition became apparent but before the viable cell count had
sharply declined., When protocatechuic acid and actinomycin D were
added simultaneously with the inqculum, an inhibition did not occcur.

Actinomyein D inhibited the incorporation of a radiocactive amino acid
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into protein, but the incorporation of the amino acid was resumed, at
least in part, when protocatechuic acid was added to the inhibited
cells. Thus, the actinomycin D inhibition of protein synthesis was
apparently reversed by the preéence of protocatechuic acid.

This investigation has established that neither protocatechuate
oxygenase synthesis nor growth is sensitive to actinomycin D when
protocatechuic acid is present.

Guanine must be present in order for actinomycin D to bind to
DNA (Goldberg et al., 1962). If guanine-cytosine bases were not pre-
sent in the loci coding the maRNA for protocatechuate oxygenase, then
actinomyein D would not be able to bind to the specific loci and en-
zyme synthesis would occur. During the catabolism of protocatechuic
acid to acetyl-CoA and succinate, succinate metabolism would be in-
hibited but acetyl-CoA might enter into a lipid pathway and other
cell components without being inhibited by the antibiotic. This of-
fers a plausible explanation for growth in a protocatechuate-salts
medium when actinomyecin D is present.

It is possible that actinomycin D binds to the regulator gene
which codes for the repressor for protocatechuate oxygenase. This
would mean that the regulator gene contains guanine-cytosine and
other appropriately arranged bases in the immediate vicinity which
would allow for binding of the antibiotiec. Since actinomyecin D does
not inhibit protocatechuate oxygenase synthesis, the unaffected
structural genes may contain guanine-cytosine bases but due to their
arrangement in the genome or to the presence and sequences of other

bases in the immediate vicinity may preclude binding of actinomycin
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D. If actinomyein D acts on the repressor regulating locus, then the
repressor may not be formed and the operator gene would permit the
synthesis of protocatechuate oxygenase. Secondly, actinomycin D
could possibly combine with the repressor ( instead of with the regu-
lator gene) which would also permit protocatechuate oxygenase syn-
thesis.,

Another possible explanation would be that actinomyecin D does
not readily penetrate the cell permeability barrier. For example,
protocatechuic acld and actinomycin D might compete for a common up-
take mechanism of the cell or the inhibitor simply may not readily
penetrate the permeability barrier. However, this does not appear
to be the cass since (1) the incorporation of an amino acid into
protein is inhibited in the presence of actinomyecin D, (2) proto-
catechuic acid will reverse the inhibition by actinomyein D, and
(3) the uptake of actinomyecin D by the cells occurs in the presence
of protocatechuic acid., These findings suggest that permeability is
not a factor involved in the inhibition. Reversal of a pronounced
inhibition would suggest the possibility of an inactivation of the
inhibitor by some cell component. Leive (1965a) found that the in-
hibition of B-glactosidase by actinomycin D ceased after approxi-
mately 50 minutes.

It is possible that actinomycin D and protocatechuic acid form
a complex inside the cell or protocatechuic acid may otherwise func-
tion to inactivate the antibiotic. If this is true, then it would
indicate that actinomycin D may form a reversible complex with DNA

and when the inhibitor detaches from the DNA it may then complex with
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or otherwise be inactivated by protocatechuic acid. This would also
offer an explanation for the reversal of actinomycin D inhibition.
A possibility exists, though i£ is not very likely, that protocate~
chuate oxygenase could be coded from a long-lived RNA, thus being
resistant to actinomycin D inhibition.

Further investigation is necessary before the exact mechanism
or mechanisms are known for the resistance of protocatechuate oxy-
genase to actinomycin D and the cause for reversal of actinomycin D

inhibition by protocatechuic acid.
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