HapACIDIN-IRRADIATION ErrFEcTs oN CULTURED CELLS

of UDPGA, this reaction did not occur if
the soluble fraction of the cell was also
present, This confirms the results of earlier
experiments(4,5) with rat liver slices. Yet,
under identical conditions, marked glucosid-
uronate formation took place with the 8000
X g supernatant (microsomes -+ soluble
fraction) of guinea pig liver, even without
addition of UDPGA. Furthermore, it was
shown by chromatography and autoradiogra-
phy that a compound with the R; of estradiol-
178-glucosiduronate was present in those
guinea pig and rat liver fractions where con-
jugation was indicated (Table II) and that
this radioactive product disappeared after
hydrolysis with gB-glucuronidase.

Thus, although rat liver microsomes are
able to conjugate estrogens with glucuronic
acid, no such reaction occurs when the solu-
ble fraction of the cell is also present and
a different type of compound must be postu-
lated to account for the water-soluble *C-
metabolites that appear under these condi-
tions. They could be very polar polyhydrox-
ylated estrogen derivatives, degradation prod-
ucts in which ring opening has occurred or
else unhydrolyzed conjugates of unknown
nature. This species difference must be ex-

erted at the microsomal level because the-

same products were formed by rat liver micro-
somes irrespective of whether the soluble
fraction was derived from rats or guinea pigs,
and there is some evidence(7) that gluta-
thione may be involved.

521

Work is in progress to identify these un-
known metabolites and to determine whether
any other species metabolize estrogens in this
atypical manner since it may have some bear-
ing on the ease with which mammary tumors
can be induced in the rat(8) by estrone
pellets.

Summary. A marked species difference in
estrogen metabolism has been observed be-
tween the rat and the guinea pig, both in vivo
and in incubations with subcellular fractions
of liver. Very little, if any, estrone-16-1*C
administered to rats appeared in the urine
as the sulfate or glucosiduronate and although
the liver microsomes from this species were
shown to be able to conjugate estrogens with
glucuronic acid, no such reaction occurred if
the soluble fraction of the cell was also pres-
ent. In contrast, under identical conditions,
large amounts of the normal estrogen conju-
gates were formed by the guinea pig.
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Hadacidin Potentiation* of Lethal Action of Ionizing Irradiation.

1. Effect of Mammalian Tumor Cells in Culture.t (29895)

GLEN J. DixoN, MARGARET M. BLACKWELL AND FraNK M. SCHABEL, JR.
Kettering-Meyer Laboratory, Southern Research Institute, Birmingham, Ala.

The antibiotic hadacidin (N-formylhydrox-
yamino acetic acid), isolated from culture fil-
trates of Penmicillium frequentans Westling(1)

* Potentiation — a degree of synergism that is
greater than additive.

t The work reported here was supported by the
Cancer Chemotherapy National Service Center, Nat.
Cancer Inst., under NIH Contract PH-43-62-485.

has been reported to be an inhibitor of tumor
growth(2,3) and to potentiate the cytotox-
icity of phenethylbiguanide for KB cells in
culture(4). Since phenethylbiguanide has
been reported to stimulate glycolysis in mam-
malian cells(5) and the radiation response of
mammalian and other cells varies with the
oxidation state(6) it was of interest to ex-
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FIG. 1-3

amine the effect of hadacidin on radiation

damage to mammalian cells,

Materials and methods. KB(7), H.Ep-2
(8), HeLa (S-3)(9), Ca755, and Sa180(10)
cells were grown in stationary cultures in
Eagle’s basal medium(11) supplemented with
10% calf serum. Cells in the log phase of
growth were harvested by trypsinization.
Plastic cell culture bottles$ were seeded with
varying sized cell inocula in SRI No. 14
medium(12) supplemented with 10% calf
serum and containing selected concentrations
of hadacidin. The number of cells seeded
into each bottle was adjusted so that irradi-
ated control cultures counted 11 to 14 days
after irradiation contained 30 to 300 clones.
After incubation for 24 hours at 37°C, the
cultures were exposed to varying doses of
radiation from a 140-kV, 8-mA, X-ray source,
adjusted to deliver 75 r per minute. Uniform
radiation doses were obtained by placing the
cultures on a turntable rotating at 13 rpm.
Each radiation exposure was monitored with
an ionization chamber. Immediately follow-
ing irradiation, the medium from all cul-
tures (including nonirradiated, non-hadacidin-
treated controls; nonirradiated, hadacidin-
treated controls; irradiated, non-hadacidin-
treated controls; and irradiated, hadacidin-
treated test cultures) was removed and re-
placed with fresh medium without hadacidin.
The cultures were incubated at 37°C and

refed on the seventh day. On the eleventh
day, clones suitable for counting were stained
with Giemsa stain and counted; if they were
too small for accurate counting on the elev-
enth day, the cultures were refed and the
clones were stained and counted on the four-
teenth day.

In evaluating the experimental data, the
fraction of surviving cells treated with hada-
cidin alone was determined and the fraction
of surviving cells treated with hadacidin plus
radiation was corrected for hadacidin toxicity
(see Fig. 1-3 for hadacidin toxicity to Ca755
cells). The theoretical fraction of surviving
cells treated with hadacidin plus radiation
was assumed to be the product of the fraction
of cells surviving hadacidin treatment alone
and the fraction surviving radiation treat-
ment alone (assumption of additive cytotox-
icity). It was further assumed that the dose
of hadacidin used to determine the fraction
of surviving cells in hadacidin toxicity con-
trol cultures would not be more toxic to the
larger cell populations used in the cultures
exposed to hadacidin plus radiation. It was
necessary to expose larger numbers of cells
to hadacidin plus radiation to assure cultures
containing between 30 and 300 clones.

{ Mouse mammary adenocarcinoma %55, estab-
lished in cell culture at Southern Research Institute.

§ 30-ml capacity sealed bottles (Falcon Plastics,
Los Angeles, Calif.).
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Triplicate cultures were exposed to each
hadacidin level alone, to each radiation level
alone, and to each combination of hadacidin
and radiation, The mean of at least 10 con-
trol cultures, exposed to neither hadacidin
nor radiation, was used to determine the sur-
viving fractions of cells in treated cultures
in each experiment.

The statistical significance of observed dif-
ferences between test cultures and the irradi-
ated control cultures, corrected for hadacidin
toxicity, was determined in the following
manner: (1) for convenience in treating large
numbers of experiments, the standard devia-
tions of control and treated groups were esti-
mated from the respective ranges and aver-
aged rather than a pooled standard deviation
being computed; since the variances of the
control and treated groups were nearly the
same, this simplification of procedure for ap-
plying “Student’s” ¢ test had little effect on
the numerical result; (2) ¢ was calculated ac-
cording to the formula

t =d/SyV (n1+ng) /mng

where d — difference between control and
treated means, S,, — average standard devi-
ation, n; — number of control cultures, and
ne, = number of treated cultures; and (3) p
(the approximate probability that the ob-
served difference was due to chance) was ob-
tained from the table of “Student’s” ¢ using
n; + ns — 2 as the degrees of freedom.

Results and discussion. Using the proce-
dures described above, we have observed that
hadacidin potentiates the lethal action of radi-
ation on a number of different mammalian
tumor cell lines growing in culture. In Fig.
1-3 are plotted the surviving fractions of
Ca755 cells exposed to varying amounts of
hadacidin and increasing doses of radiation.
The data in Fig. 1-3 illustrate several per-
tinent points, in addition to their statistical
significance: (1) there is a consistent dose
response to increasing concentrations of either
hadacidin or X-irradiation, and (2) the de-
gree of potentiation of the lethal effects of
X-irradiation by hadacidin was dependent
upon the dose of X-irradiation, potentiation
being absent at nonlethal doses of X-ray and
increasing as the X-ray dose was increased.
Similarly, the degree of potentiation at a
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given X-ray dose of approximately the LDs,
or greater was dependent upon the dose of
hadacidin.

Data plots similar in appearance and sta-
tistical significance to Fig. 1-3 indicating
potentiation of X-irradiation by hadacidin
have been obtained with KB and HeLa (S-3)
cells. Similarly collected data with H.Ep-2
cells show greater variability and less statis-
tical significance, and hadacidin failed to
potentiate the lethal action of X-irradiation
on Sal180 cells.

The response of KB, HeLa (S-3), H.Ep-2,
and Sal80 cells in culture to hadacidin plus
approximately the LDy, of X-irradiation are
graphically shown in Fig. 4-9. In these
figures the fraction of cells surviving in the
radiation control (1.0) was corrected for
hadacidin toxicity. The data in Fig. 4 were
taken from Fig. 1-3 and serve to illustrate
the method of presentation of the data in
Fig. 4-9.

Increasing the susceptibility of tumor cells
(specifically) to the lethal effects of ionizing
radiation by combination with potentiating
chemicals, if attainable, could extend the
practical application of radiation therapy to
malignant tumors. Numerous reports of the
sensitization of bacterial and mammalian cells
in culture to ionizing radiation by pre-irradi-
ation exposure to various halogenated pyrimi-
dines have appeared in recent years(13,14,
15). Attempts to demonstrate chemical po-
tentiation of radiation sensitivity with halo-
genated pyrimidines in tumor-bearing ani-
mals have yielded suggestive but equivocal
evidence of chemical sensitization(13,16).
The observation that actinomycin D poten-
tiates the lethal effect of ionizing irradiation
on HelLa (S-3)(17) cells in culture and the
radiation-sensitive Wilms’ tumor(18) in man
indicates the possibility of positive correla-
tion between in vitro and in vivo results. The
practical need of chemicals which might
selectively sensitize tumor cells to the lethal
effects of ionizing radiation suggests that
searches for new classes of radiation sensi-
tizing compounds should be actively con-
ducted and significant new leads broadly
investigated.

Summary. The lethal effects of ionizing
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irradiation (X-ray) on Ca755, KB, and
HeLa (S-3) cells were potentiated by hada-
cidin. Under similar experimental conditions,
no potentiation of the lethal effect was seen
with Sa180 cells and the results with H.Ep-2
cells were inconsistent and equivocal. With
Ca755, KB, and Hela (S-3) cells, the de-
gree of potentiation was related to the dose
of both X-ray and hadacidin.

We thank Dr. William S. Wilcox for his help with
the statistical analysis of the data presented.
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Hadacidin Potentiation of Lethal Action of Ionizing Irradiation.
II. Effect on Proliferating Gram-Negative Bacteria.* (29896)

Rosert F, Pirrirro AND F. CArRoLYN MonNcrIEF (Introduced by F. M. Schabel, Jr.)
Kettering-Meyer Laboratory, Southern Research Institute, Birmingham, Ala.

The antibiotic, N-formyl hydroxyamino-
acetate, produced by Penicillium frequentans
Westling and trivially named hadacidin(1),
has been reported to be an inhibitor of tumor
growth(2,3). Shigeura and Gordon have
shown that one site of action of hadacidin is
the inhibition of the conversion of inosinic
acid to adenylosuccinic acid by adenylsuc-
cinate synthetase(4). Recently, it has been
reported that hadacidin potentiates the lethal
action of ionizing irradiation on Eagle’s KB
cells(5). The activity of hadacidin as a radio-
potentiator in microbial systems has been
investigated.

* This study was supported by the Cancer Chemo-
therapy National Service Center, Nat. Cancer Inst.,
under NIH Contract PH-43-62-485.

Methods. The following procedures were
used for determining the effect of hadacidin
on the action of ionizing irradiation on grow-
ing bacterial cells: The bacteria used were
grown for 18 hours in a simple, synthetic,
glucose-salts medium (NH,Cl, 10 g;
K,HPO,, 7.32 g; KH2PO4, 3.0 g; MgSOy,
0.12 g; deionized water, 1 liter. After auto-
claving at 15-1b pressure for 30 minutes, 8 ml
of sterile 50% glucose was added). The cul-
tures were thrice washed in M/15 phosphate
buffer (pH 7.0) and standardized to 20%
light transmittance on a Bausch and Lomb
“Spectronic 20" spectrophotometer (660 myu)
with the buffer. Replicate tubes of synthetic
medium, with and without hadacidin in vary-
ing concentrations, were inoculated with 0.1



