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Quinacrine (0.15 mad7), when added to the postirradiation incubation
medium of E. coli K-12 rect cells, markedly potentiated the killing induced
by x-irradiation. Alkaline sucrose gradient studies showed that quin-
acrine was a potent inhibitor of the repair of DNA single-chain breaks in
rect cells and that this inhibition was largely irreversible. The recA13
mutant (deficient in the slow repair of x-ray induced single-chain breaks in
DNA) did not show radiation sensitization by quinacrine. The possible
use of quinacrine as a radiation potentiator in humans is discussed.,

INTRODUCTION

Recent investigations of x-ray-induced damage in bacteria have elucidated the
role of DNA single-chain breaks in the radivsensitivity of £. coli (1).2 While double-
strand breaks in DNA appear to cause irreversible lethal damage (3), single-strand
breaks can readily be repaired by many wild-{ype, radioresistant strains of E. coli
(1-5). Mutants of £ coli that are deficient in genetic recombination (rec) are also
deficient. in one mechanism for the repair of single-chain breaks (1, 5). For these
repair deficient mutants, DNA single-strand breaks are probably lethal (7, 3).

* This work was supported by U.S. Public Health Service research grant CA-06437, research
program project grant CA-10372 and research career development award CA-03709 (to K.C.8.)
from the National Cancer Institute.

? Recently it has been shown that there is a system in E. coli for the fast repair of x-ray-
induced single-chain breaks in DNA (2). This system requires DNA polymerase (pol) and
repairs about 859 of the chain breaks in a few minutes in buffer. The recombinational (rec)
repair system repairs the remaining single-chain breaks in about 40 minutes in growth medium
(1). The x-ray sensitivities of rec and pol mutants are about the same (f, 2). In the present,
work, DNA polymerase dependent repair was largely complete before the quinacrine was
added. Therefore, we are only concerned here with the effect of quinacrine on the ree repair
system.
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The discovery of genetically controlled mechanisms for the repair of radiation
damage has suggested a new class of radiosensitizers—chemicals that. can be added
after irradiation and which prevent the repair of DNA and thus convert potentially
repairable damage into lethal lesions. Numerous chemicals have been shown to
potentiate the killing of x-irradiated eells: actinomyecin D (6-8), acriflavine (8)%,
ethidium bromide (8), caffeine (8-70), Lucanthone (71), chloroquine (10), hydroxy-
urea (72) and an unidentified impurity present in certain commercial prepara-
tions of hydroxyurea (/3). The suggestion has frequently been made that these
agents may sensitize by virture of inhibiting repair but except for the case of the
“hydroxyurea contaminant” (13) and acriflavine? the prevention of DNA single-
strand break repair was not proven direetly.

Quinacrine (Atabrin), well known for its wide use in the therapy of malaria,
belongs to a group of intercalating agents known as amino acridines which readily
bind to DNA (14-16). In this report we describe the inhibitory etfect of quinacrine
ont the rec gene controlled repair of single-strand breaks in DNA and its effect on the
radiosensitivity of certain strains of K. coli.

MATIERIALS AND MIEETHODS

The bacterial strains employed were AB2497 (rect) and AB2457 (recA13) which
are thymine requiring multiple auxotrophs of K. coli X-12. The mutant recA13 is
deficient in genetic recombination and is x-ray sensitive (7, 77). Growth media con-
sisted of liquid supplemented minimal medium (SMM) and supplemented minimal
medium-agar (SMM-agar) as deseribed previously (7, 18). Aqueous solutions of
quinacrine hydrochloride (Sigma Chemical, Ine.) were made up just prior to their
use.

Overnight stationary-phase cultures were diluted 1:50 in fresh SMNM and grown
at 37°C in a Gyrotory water bath (New Brunswick Seientific) to exponential growth
phase (5 X 107 cells/ml). Bacteria were then harvested by centrifugation in a Sorvall
centrifuge (Model 88-1) for 5 minutes at 3000 rpm at room temperature and re-
suspended in nonsupplemented salts medium. Two-milliliter samples were placed in
sterile plastic Petri dishes (35 mm diameter), exposed to air, and were irradiated at
room temperature using the twin-tube beryllium window x-ray unit (50 kV, 50 and
48 mA, 0.3 mm Al filtration) developed by Loevinger and Huisman (19). The dose
rate was 9.8 krads/min. Tmmediately after irradiation, the medium was supple-
mented with glucose, amino acids, thymine, thiamine, and when indicated, with
quinacrine. Unless otherwise stated, they were then reincubated at 37°C in the
Gyrotory water bath for an additional 60 minutes,

Survival was measured by the ability of single bacteria to form colonies. I'or this
purpose, cells were diluted in double distilled water and plated on SMM-agar.
Colonies were counted after 48-72 hours of incubation at 37°C.

# D. 8. Kapp, Production and repair of x-ray-induced strand breaks in DNA: in »itro and
in vivo studies. Thesis, Stanford University (1970).
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The ability of the cells to repair x-ray-induced single-strand breaks was studied by
a modification of the McGrath and Williams (4) method for sedimenting DNA in
alkaline sucrose gradients. An overnight culture of AB2497 (rect) was diluted to
3 X 107 cells/ml and thymine—methyl-*H [L.ot No. 560-023, New Iingland Nuclear,
13.6 Ci/mmole] was added to a concentration of 0.34 ug/ml (40 xCi/ml) (total thy-
mine, 2.34 ug/ml). The culture was grown {o ~1.1 X 103 cells/ml, filtered, washed,
and resuspended in complete growth medium (nonradioactive). The cells at 3.2 X
108 cells/ml were irradiated at room temperature in air with o dose of 20 krads. A
control and irradiated sample were stored in ice. One irradiated sample was incu-
bated for 60 minutes at 37°C and then stored in ice. Quinacrine was added to a final
concentration of 75 ug/ml (0.15 mM) 1o two other irradiated samples in complete
growth medium. At the end of 60 minutes at 37°C one sample was stored in ice and
the other sample was fillered and washed and resuspended in normal growth medium
(without quinacrine) and incubated for 60 minutes at 37°C. All the samples were
then centrifuged, resuspended in cold 0.05 A7 Tris buffer at pH S8.1. The cells were
adjusted by dilution to give 3.4 X 10 cells/ml and converted to spheroplasts (7).
Twenty microliters of the spheroplasts (equivalent to ~4 X 10°cells) was added to
a 0.1-ml layer of 0.2 % Sarkosyl NT.30(Geigy) in 0.5 N NaOH (20) on top of 1 4.8-ml
gradient of 5-20 % sucrose in 0.1 .\ NaOH. The samples were spun at 30,000 rpm for
105 minutes at 20°C, collected, and assayed as deseribed previously (7).

RESULTS
Effect on Viabiity of Postirradiation Treatment with Quinacrine

The addition of quinacrine 1o the postirradiation incubation mixture of rect cells
caused & marked enbancement of the x-irradiation killing effeet (I'ig. 1).

This potentiation of killing may be conveniently deseribed in terms of the Survival
Reduction Factor (SRIY which, is the decrease in colony-forming units obtained as
a result of treating the irradiated cells with the drug. This value, corrected for drug
toxicity to the unirradiated controls, was computed as:

. OCD/C
SRE = "7
ID/I’

where C is the number of colony-forming units at zero-time in the unirradiated con-
trols; CD is the number of colony-forming units in unirradiated controls treafed for
a given time with the drug; I i the number of colony-forming units immediately
after irradiation, and 7D is the number of colony-forming units after incubation of
irradiated cells with the drug for a given time.

An SRY of about 4 was obtained with nontoxie concentrations of quinacrine but
this value rose quickly as toxieily was reached in the unirradiated cells (1'ig. 1).
Nearly maximal potentiation of x-ray killing was achieved with 0.15 mad/ quinacrine;
more concenirated quinacrine solutions did not add very much to the potentiation
effect. but increased the toxieity to the unirradiated controls. Therefore, in sub-
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Fra. 1. Postirradiation treatment of E. coli K-12 rect (AB2497) with guinacrine. Cells in
exponential growth were x-irradiated (20 krads) and were incubated thereafter with different
coneentrations of quinacrine for 60 minutes at 37°C: Unirradiated controls treated with
quinaerine, O; irradiated cells treated with quinaerine, A; Survival Reduetion Factor (SRF)
caleulated from above data (sce text), X.

sequent experiments 0.15 mM quinacrine was used, a concentration that killed about
50% of the control cells and gave an SRI value of about 100 for x-irradiated rect
bacteria killed to a survival level of 1072

FFigure 2 presents the Kineties of the development of the potentiation of x-ray
induced killing of K. coli K-12 rect by 0.15 ml/ quinacrine. Nearly maximal values
of SRI" were obtained after 60 minutes of postirradiation incubation. Incubation for
longer than 60 minutes resulted in little increase in SRI values, but during this
period the killing of 1he unirradiated controls by the drug doubled. A standard time
of 60 minutes was therefore used for further experiments.

The toxie effect. of quinaerine on x-irradiated eells was dependent on the tempera-
ture of the postirradiation incubation mixture. Table 1 shows that incubating the
cells at 0°C prevented the toxic manifestations of quinacrine on unirradiated cells as
well as on rradiated eells.

The timing of the addition of quinaerine after x-irradiation was eritically impor-
tant in eliciting the potentiation of the radiation effect (Fig. 3). A 10-min delay at
37°C in the addition of quinacrine after x-irradiation resulted in the loss of about
095 % of its potentiation effect, (SRI value reduced from 82 to 6). If quinaerine was
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Tra. 2. The kineties of the potentiation of x-ray-induced killing by guinacrine. E. coli K-12
rect (AB2497) cells in exponential growth phase were x-irradiated (20 krads), and quinacrine
was added to final concentration of 0.15 mM. The cultures were incubated at 37°C and samples
were taken for colony counts at various times: Unirradiated control, O; unirradiated control
incubated with quinacrine, @; 20 krads irradiated control, A; 20 krads irradiated and incu-
bated postirradiation with quinacrine, J; Survival Reduetion Factor caleulated from the
above data, X.

TABLE 1
ErrreT oF POSTIRRADIATION INCUBATION TEMPRRATURE ON QUINACRINE POTENTIATION

oF X-Ray Kmnuing oF E. coli K-12 rect (A132497)

Temperature (°C) of

bost irradiation Number of colony-

! . . Surviving fraction
Jorming units ’

incubalion

Unirradiated controls, zero-time — 6.1 X 107 1
Unirradiated controls, incubated 37 1.1 X 10 1.6

60 min in SMM 0 5.0 X 107 0.73
Unirradiated, incubated 60 min 37 2.3 X 107 0.3

with 0.15 mM quinacrine in SMM 0 5.0 X 107 0.73
Irradiated (20 krad), zero-time — 7.9 X 10° 1.1 X 1072
Irradiated (20 krad), 60-min post- 37 1.0 X 108 1.4 X 1072

irradiation incubation in SMM 0 7.6 X 10° 1.1 X 102
Irradiated (20 krad), 60 min post- 37 1.85 X 10° 2.7 X 10-¢

irradiation incubation with 0.15 0 7.41 X 10° 1.1 X 102

mM quinacrine in SMM
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Fia. 3. Iiffect of the delay in addition of quinaerine to x-irradiated E. coli K-12 rect (A132497)
on the Survival Reduction Factor. After x-irradiation (20 krads) the cells were grown at 37°C
for various times before adding quinacrine to a coneentration of 0.15 m3/. The cells were then
further incubated for 60 minutes and plated. The Survival Reduction Factor (see text) is
plotted vs the time of delay of addition of quinaerine.
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Fre. 4. Sedimentation patterns of DNA from x-irradiated . coli K-12 AB2497 (rect): Un-
irradiated, @; 20 krads, no reincubation, O; 20 krads, 60 min reincubation, X ; 20 krads, 60 min
incubation with added quinacrine (0.15 mM), J; 20 krads, 60 min incubation with added quina-
crine plus 60 min incubation without quinacrine, A. The cells whose DNA was prelabelled
with *H] thymidine were converted to spheroplasts and lysed on top of alkaline sucrose gradi-
enis (5-209;, sucrose in 0.1 N NaOH). Sedimentation was performed in an 8W 50.1 rotor for
105 minutes at 30,000 rpm at 20°C. The direction of sedimentation is from right to left.
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added 40 minutes (or later) after x-irradiation no potentiation could be demon-
strated.

Inkabition of the Repair of Single-Strand Breaks by Quinacrine

Iligure 4 demonstrates that although rect cells can efficiently repair DNA single-
chain breaks they were prevented from doing so in the presence of 0.15 mM quin-
acrine. Washing the cells and allowing an additional 60 minutes of growth in the
absence of added quinacrine resulted only in a slight amount of repair. This suggests
that the inhibition of repair of x-ray induced DNA single-chain breaks by quinacrine
is largely irreversible,

Comparison of the Effect of Quinacrine on the Viabililty of X-irradialed vect and recA13
Cells
Iigure 5 presents the survival curves for x-irradiated rect cells and vecA 13 cells
with and without postirradiation incubation with 0.15 mA/ quinacrine. The rect
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F1a. 5. X-Ray survival curves for rec* and rec™ derivatives of E. coli K-12 with and without
a 60-minute postirradiation treatment with quinacrine: rec*, O; rect treated with 0.15 mM
quinacrine, @; recA 13, A; recA13 treated with 0.15 mM quinaerine, A.
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(AB2497) cells have a survival eurve with a Dy value of 3.8 krads and a shoulder
region with an extrapolation number of two.* Sixty minutes postirradiation ineuba-
{ion in quinacrine caused the disappearance of the shoulder and a decrease of Dy {o
2.6 krads. The recombination deficient recA 13 cells are also deficient in the repair of
single-strand breaks in DNA (7) and have a Dy value of 1.1 krads. Treatment with
quinacrine did not sensitize these repair-deficient cells to killing by x-rays and the
Dy remained 1.1 krads.

DISCUSSION

The addition of quinacrine (0.15 m3) (o the postirradiation incubation mixture
potentiates the x-ray-induced killing of /. coli IX-12 rect. Tt does not. potentiate the
killing of recA 13 (Iig. 5), a strain that is deficient in the slow repair of x-ray-induced
DNA single-chain breaks (7). The potentiation of killing of the rec* strain by quin-
acrine is probably due to its inhibition (which i largely irreversible) of the repair of
x-ray-induced DNA single-chain breaks (I'ig. 4). Similar conclusions have been
reached from experiments using 5 ug/ml of acriflavine.® The molecular basis of quin-
aerine’s potentiating action is demonstrated indirectly (¥ig. 3) by the fact that this
potentiation is prevented when there is a delay of 40 minutes (or more) in the addi-
tion of quinaerine after irradiation. Forty minutes is the time needed for the cells to
complete the rec gene controlled repair of DNA single-chain breaks (£).

The inhibition of repair by quinaerine does not appear to be complete since the
survival curve of rect cells treated with quinacrine, although shifted towards the
survival eurve of recA 73, does not coineide with the latter (Fig. 5).

The action of quinacrine on x-irradiated cells is largely irreversible, as judged both
from the fact that washing the cells after ireaiment with the drug did not prevent its
adverse effect on viability (IFig. 5) or on the repair of DNA single-chain breaks (Ifig.
4),

Quinaerine (0.15 mA/) also potentiates the killing of UV-irradiated “wild-type”
cellss of . coli K-12.5 Tt inhibits the recA gene-controlled repair of daughter-strand
gaps produced when UV-induced base damage (in the parental strands) is bypassed
during DNA synthesis but this inhibition appears to be completely reversible when
the cells are washed and resuspended in normal medium.? Thus, two repair systems
controlled by the recd gene, the repair of x-ray induced parental-strand DNA chain
breaks and the repair of daughter-strand gaps produced when buse damage is by-
passed during DNA synthesis, are both inhibited by quinacrine. However, the

+ When E. coli K-12 (AB2497) rectuor® is x-irradiated in aiv in supplemented minimal medium
its survival curve has no shoulder aud a Dy of 5.7 krads (1). The survival curve of AB2187
(recA13) is unaffected by whether it is irradiated in minimal medinm minus glucose and nutri-
tional supplements (present report) or in supplemented minimal medium (glucose plus nutri-
tional supplements) (see Ref. (1)).

5 7. Fuks and K. C. Smith, Effect, of quinacrine on survival and DNA repair in ultraviolet-
irradiated Escherichia coli K-12 (manuseript in preparation).
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inhibition of the former system is largely irreversible while the inhibition of the latter
appears completely reversible.

A similar selective inhibition of these two recA gene-controlled repair functions
has been observed with impure hydroxyurea. It also potentiates the lethal effects of
both UV- and x-irradiation. Impure hydroxyurea irreversibly inhibited the repair of
x-ray-induced DNA single-chain breaks in K. coli IK-12 rectuvr (13) but showed
very little inhibitory effect on the gap-filling step of rec repair in UV-irradiated cells.
What little inhibition there was in these UV-irradiated cells in the presence of the
drug appeared completely reversible when the drug was removed.”

The production of the quinacrine effect appears to be dependent upon active
metabolism since incubation of cells in the presence of quinacrine at 0°C had no
effect on cell viability. Quinacrine has been shown to inhibit the action of DNA
polymerase (14-16). This is probably not the basis for its effect on viability since
pure hydroxyurea, a potent inhibitor of DNA synthesis, does not potentiate the
effeets of x-irradiation on baeteria (but impure hydroxyurea does) (73).

Acridine derivatives have been shown to stabilize the helieal structure of DNA
such that its melting temperature is increased by as much as 13°C (21). Recombi-
national events probably require an unfolding of the helical structure of DNA to
allow for sister strand exchanges (22, 23). It is possible that quinacrine may funetion
{0 stabilize the DNA and thus prevent recombinational repair. Since the inhibition
is largely irreversible one may postulate that the quinacrine binds irreversibly to the
broken ehain ends or by physically bloeking repair for a given period of time allows
for other irreversible events to take place in the cell.

In view of quinacrine’s effectiveness as a radiation sensitizer in bacteria it seems of

alue 1o discuss the potentialities of quinacrine as a radiosensitizer in the human.
Quinacrine has a wide history of use in the {reatment of malaria. Morcover, there
are data that demonstrate a selective uptake of quinaerine by some experimental
{umors in rats (24) and mice (25). Thus, quinacrine may have {wo essential proper-
ties of a radiosensitizing agent for use in the human —low toxicity to normal tissues
and possible seleetive accumulation in tumor cells”
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6 J. Wileoekson, M. W. Gray and K. C. Smith, Lethal synergism between hydroxyure: and
UV-rradiation in Escherichia coli (manuseript in preparation).

7 Quinacrine has been shown to potentiate the x-ray-induced killing of Chinese hamster
cells and 1o inhibit the repair of single-chain breaks in DNA (N. Voiculetz, K. C. Smith and
H. 8. Kuplan, manuseript to be submitted to Cancer Research).
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