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I. INTRODUCTION

There is no doubt that hydrogen peroxide is the primary 

molecular product formed b y  the action of ionizing radiation on 

oxygenated water. Since living cells always contain and are usu

ally bathed in high concentrations of water and appreciable c o n

centrations of oxygen, the conditions for production of HgOg b y  

radiation a re frequently present. A question of interest (Adler, 

1963) m ay be phrased as follows: Does radiation-produced H2O2 
have the opportunity to react with critical cell components? The 

answer to this question depends on (l) knowledge of the concentra

tion and distribution of catalase within and around the cell and 

(2) understanding of the rate of reaction of hydrogen peroxide 

with critical cell components as compared to its rate of reaction 

with catalase.

The reaction b e t ween catalase and hydrogen peroxide is an 

extremely rapid one. The enzyme m ay decompose hydrogen peroxide 

to water and oxygen or, in the presence of certain oxidizable a l

cohols or aldehydes, a ct as a peroxidase (Keilen and Hartree, 19^5). 

In either case, H 2O2 is rapidly converted to nontoxic end products.
Hydrogen peroxide is also decomposed b y  other enzymes, such 

as the non-iron peroxidases, and also in non-enzymatic reactions. 

However, catalase, because of its nearly ubiquitous presence in 

many cell types, its rapid rate of reaction with H2O2, and the 

fact that, when present, it is frequently in high concentrations,
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is certainly a n  important factor in determining the fate of 

hydrogen peroxide. A s  a matter of fact, the concentration of 

catalase present in m a n y  cell types is so high that one wonders 

whether all its functions are understood (Adler, 1963). A s  far 

as is known, it is relatively specific for H2O2 and is only very 
weakly active with simple organic peroxides (Stern, 1936).

Dale in 19^0 b y  diminishing the concentration of the enzyme, 

carboxypeptidase, obtained inhibition on irradiation with r e l a

tively small doses of X-rays. H e  was the first to postulate that 

enzyme molecules are not directly affected b y  the ionizing r a d i a

tion, but indirectly through collision wit h  a labile product r e

sulting from the ionization of water. Ionizing radiations m ay 

act on the protein m oiety of the enzyme or on its prosthetic 

groups (Barron, et al., 19^8). Barron, et a l . , have further 

stated that ionizing radiations, w h e n  acting on the protein moiety 

of the enzyme of such radiations, may destroy selectively certain 

groups in the side chain of the molecule that a re essential for 

enzymatic activity, or the radiations m ay act b y  breaking hydrogen 

bonds with production of denaturation or precipitation. W h e n  X-rays 

act on solutes dissolved in water there m ay result a number of 

oxidations b y  the products of ionization of water, such as oxida

tion of sulfhydryl groups, among the enzymes that require their 

presence for activity. The above authors, therefore, assumed that 

these enzymes m ay b e  preferentially inhibited on irradiation through 

oxidation of their sulfhydryl groups to the disulfide.
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Tytell and Kersten (19^1) have reported that catalase (a 

non-sulfhydryl enzyme) is quite resistant to the action of X-rays, 

while urease (a sulfhydryl enzyme) was more easily inhibited. 

Barron, et al. (19^8) have postulated that solutions of sulfhydryl 

enzymes (phosphoglyceraldehyde dehydrogenase, adenosinetriphospba- 

tase, succioxidase) showed reduced acti v i t y  on irradiation by 

small amounts (l00r-500r) of X-rays. W h e n  the inhibition was more 

complete, reactivation was only partial. These experimental f i n d

ings have b e e n  interpreted b y  Barron, et al. (19^8) as being due 

to oxidation of the -SH groups of the protein b y  the products of 

water irradiation, the radicals O H  and O2H  and H2O2 and atomic 
oxygen. The irreversible inhibition which occurs w h e n  the dose 

of X-rays is increased to 5000 roentgens is attributed to protein 

dénaturation. Inhibition of the non-sulfhydryl enzymes trypsin, 

catalase, and ribonucléase, which required larger amounts of X-rays 

(5000r), is attributed to protein dénaturation. Barron, et al., 

have concluded that inhibition of enzymes b y  ionizing radiations 

is due to the indirect a ction of the products of irradiated water 

rather than to direct ionization of the enzyme through collision 

with the ionizing radiation.

The amount of H2O2 formed on X-irradiation of water was 
strictly proportional to the X- r a y  dose in acid solutions and in 

the presence of titanium sulfate (Barron, et al., 1952). Hydrogen 

peroxide formation was depressed on addition of electrolytes; on 

irradiation of Ringer bicarbonate the amount formed was half that
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found on irradiation of distilled water. Addition of protein 

diminished it further. This diminution is attributed (Barron, et 

al., 1952) to the reaction of OgH radicals with the solute; 

had ve r y  little effect on a number of substances of biological 

importance; its effect became more pronounced on addition of Fe* + 

ions which give OH radicals.

A n y  claim that H  atoms generated b y  ionizing radiations in 

aqueous solutions of biochemical substances are the active agents 

responsible for the radiation effects observed (Dale and Russell, 

1956) deserves special attention, since oxidative reactions via 

OH and O2H  radicals are by far more common. Such claims are of 

particular importance in the field of enzymes. No example of such 

a mechanism was known until it was found that catalase was inacti

vated b y  H  atoms produced b y  X-irradiation of a n  aqueous solution 

of the enzyme (Forssberg, 19^7)• This conclusion was based on the 

experimental observation that cysteine, present in solutions of 

catalase during irradiation, did not protect the enzyme from ina c

tivation, b ut on the contrary increased the inactivation. It was 

suggested (Dale and Russell, 1956) that cysteine was scavenging 

the OH radicals, thus leaving the H  atoms to act upon the enzyme. 

On the other hand, cystine was assumed to react with H  atoms, b e

cause it protected the enzyme. A  similar situation was obtained 

wi t h  reduced and oxidized glutathione.

Evidence against Forssberg's (19^7) conclusions was put 

forward b y  Sutton (1952). Sutton found that H  atoms produced b y
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ultra-violet proto lysis of Na I did not inactivate catalase, and 

that irradiation of the enzyme in a n  atmosphere of oxygen was much 

more damaging than irradiation in a n  atmosphere of hydrogen. Dale 

and Russell (1956) have shown that cysteine and glutathione do not 

increase the radiation effect on catalase, h ut on the contrary a l

ways protect against radiation. Dale and Russell (1956) further 

state that there is no reason to assume that H  atoms are the in a c

tivating agents. The probable mechanism of protection, as with 

other enzymes, is the competition of catalase with cysteine, 

glutathione and also cystine for oxidizing radicals.

Sutton (1956) has studied the effects of radiations on ca t a

lase solutions, and while determining kinetic studies of catalase 

inactivation has concluded that in the case of X-rays, the r a d i

cals OH and/or H02 are probably the primary inactivating agents. 
Aebi (1963) Has presented evidence that hydroperoxidases can be 
used as a tool for the detection of radiation-induced peroxide.

He postulates that although enzymes represent the most sensitive 

and specific reagents known, nothing definitive can be stated as 

to whether it is H202 exclusively that is trapped in irradiated 

solutions.

Muc h  has been said (Barron, 195^; Barron, et a l . , 1952) about 

the participation of H202 in the effects of ionizing radiation on 

living cells. The role of H2Q2 in the effects of ionizing r a d i a
tion seems to have gained ground with the finding that organic 

peroxides and H 202 increase the number of mutations in bacteria
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(Wyss, et al., 19*+8). It must first be stated that H202 can never 
be simultaneously attacked in a trimolecular collision b y  two 

monovalent substances, because the probability of such collisions 

is rare, or b y  a bivalent substance, because oxidation-reduction 

reactions are one-electron transfer reactions. Instead there is 

monovalent change transforming the peroxide into one of the r a d i

cals HOg or OH. These radicals may produce O2 or H 2O  in a second 

step:

Step # 1 OH +  H 20 ' « = = i*02 H
Step # 2 OgH ^ ®2^21l':— ==*02 +  H 20 +  OH

or they may take part in the reactions with the solute molecules 

(Barron, 195*0 • 1“ order to see whether H2O2 plays a n y  role in

the biological effects of ionizing radiations, it is necessary to 

study its formation under the conditions observed inside the cell. 

The formation of H202 on X-irradiation of aqueous solutions, which 

is produced b y  the further reduction of H 02 b y  atomic hydrogen, 
diminishes considerably in the presence of salts, the decrease 

being in the following order: NaNO^  ̂ C a C l 2 ̂ N a C l  = K CL (Barron, 

et a l . , 1952). In the presence of Ringer-bicarbonate it was half 

of that found in acidified water; whe n  protein was added to 

Ringer-bicarbonate H2O2 dropped to one-third. W h e n  H202 acts as 
either a n  oxidizing or a reducing agent, it produces the inter

mediate radicals O H  and 02 H, which themselves a re formed on i r

radiation of water and previous to formation (Barron, 195*+) • 

This sluggishness of H2O2 is shown b y  the lack of oxidation of
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glutathione unless free radical-forming catalysts are added. The 

slow oxidation reported by Pirie (1931) must be attributed to the 

presence of traces of heavy metals, such as iron and copper. The 

increased number of mutations on addition of H2O2 to bacterial 
cultures observed b y  Wyss, et al. (19**8) may be attributed to OH 

radicals produced b y  the traces of iron present in the solutions 

(Barron, 195*0• B arron (195*0 concluded that H202 has a negligible 

role in the mechanism of action of ionizing radiations on b i o l o g i

cal systems. In the presence of reacting substances, B arron f u r

ther states, the O2H  radical generated on irradiation of aqueous 
solution must readily act upon these substances, and only those 

radicals which have not so reacted become reduced H2O2.

The introduction of single-cell tissue culture techniques b y  

Puck and his associates (1956) marked the advent of a new chapter 

in quantitative cellular radiobiology with mammalian cells. These 

techniques were almost immediately applied (Puck and Marcus, 1956) 

to one of the most important and perplexing problems in radio- 

biology--namely, where and what are the lethal sites in a mammalian 

cell.

In bacteria and yeasts, cellular v i ability has b e e n  found to 

be ten to one hundred times more sensitive to X-rays than are i m

portant macromolecules, as measured b y  biochemical or p hysicochem

ical changes (Elkind and Sutton, i960). This fact has b e e n  viewed 

as evidence supporting the connection b e t w e e n  genic damage and 

viability although other cellular systems capable of amplifying
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small effects cannot be excluded on this basis alone (Elkind and 

Sutton, I960).

Puck et al. (1956) and R u b i n  et al. (1959) bave shown that 

mean lethal doses in mammalian cells are smaller still b y  another 

one to two orders of magnitude. This, plus the fact that the 

first cell line examined in detail, the HeLa line S3, displayed a 

"hitless" number of 2, led to the reasonable hypothesis that the 

sites sensitive to X-irradiation in mammalian cells reside in the 

chromosomes and that radiation "hits" are evidenced b y  chromosomal 

breaks (Puck, et al., 1956). The postulated connection between a 

"two-hit" survival curve and lethality resulting from a two-hit 

aberration also implied that, at least in the HeLa cell, there 

was only one locus a t  which such events could occur (Elkind and 

Sutton, i960).

Subsequent studies with other cell lines, both of neoplastic 

and normal origin, did not support the simple "two-hit" hypothesis, 

since "hitness" numbers between 1 and about 3 were observed b y  
Rubin, et al. (1959) and Puck, et al. (1957). In a n  effort to r e

solve these inconsistencies, a generalized model for the inactiva

tion of a cell was presented b y  Puck (1959) which related survival 

to the combined influences of three inactivation schemes, thus 

permitting the model t o  b e  fitted to essentially a l l  survival 

curves on the appropriate choice of a number of adjustable p a r a m e t e r s .

Elkind and Sutton (i960) have postulated that the generally 

observed threshold type of response of the lethal effect of X-rays
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on cultured mammalian cells means that damage must b e  accumulated 

before a lethal response is produced. Surviving cells are, t h e r e

fore, damaged cells. The y  used two cell lines of the Chinese h a m

ster propagated in vitro to determine whether or not sublethal 

damage is heritable as might be expected if lethal damage is p r i

marily genic. Using 55-kv X-rays, glass attached cells, and 

colony formation as a criterion of survival, they found that:

(1) the cell lines studied displayed mean lethal doses close to 

those found with other mammalian cell lines (100 to 150 rads);

(2) in contrast to other mammalian cell lines, the extrapolation 

or "hitless" numbers observed were somewhat larger (5 to 10);

(3) surviving cells rapidly repaired their sublethal damage which 

appeared to be completed before their first postirradiation d i v i

sion; and (4) the system(s) responsible for recovery in surviving 

cells was not attenuated b y  repeated exposures. The results are 

discussed in connection wi t h  the question of the primary sites of 

action of X-rays in mammalian cells and the relevance of cellular 

recovery to radiation therapy.

Ludovici et al. (1961) exposed monolayers of the established 
HeLa strain to various doses of X - r a y  during different phases of 

the growth cycle. These investigators found that the effects as 

measured b y  changes in cell viability and clone number were d e

pendent on the radiation dose. Cells in the logarithmic growth 

cycle were most sensitive to radiation, followed in order b y  cells 

in the negative growth acceleration, stationary, and latent phases
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of the population cycle. The ranges of these differences were 

greater b y  cell count than b y  clone count methods.

Hall and Bedford ( 1 9 & 0  irradiated HeLa cells with cobalt-60 

V - r a y s  at dose rates of 2.37, 16.9, and kk.9 rads/minute. The 

survival curves obtained at the three dose rates are clearly 

separated, the higher dose rates being more efficient in steriliz

ing cells. Elkind et al. (1965) showed that two-dose fractionation 

survival response of aerobic and hypoxic Chinese hamster cells at 

reduced temperatures is compared to their response a t  37°C. A t  

reduced temperatures which strongly impede cell progression p r o c

esses (growth and division), repair of sublethal X- r a y  damage is 

only weakly affected. These studies indicate that the fraction

ated dose response st a n  optimal growth temperature results from 

the concomitant processes or repair of damage plus progression of 

cells.

Several cell strains d i s play metabolic patterns similar to 

cancer cells (Andrews and Phillips, 1959) and are interesting 

models in light of the wor k  of Bu r k  and Woods. Metabolically, 

cancer cells are quite special, in that they are about the only 

cells in the animal bod y  which in vivo use glucose at a n  enormous 

rate in comparison to nearly a l l  other normal tissue cells. Th e y  

convert this glucose largely to lactic acid, and as solid tumors 

they can often be n early if not exclusively anaerobic; and they 

have a restrained respiratory chain in one form or another, often 

being deficient in heme compounds, particularly catalase and some 

cytochromes (Burk and Woods, 1963)-
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That cancer cells can be regarded as a special metabolic case 

derives additional support from the fact that the majority of types 

of cancer chemotherapeutic agents employed clinically today, r e

gardless of original rationale of derivation or discovery, have 

powerful and immediate effects on one or bo t h  of the two primary, 

over-all energy-providing processes of cancer cell metabolism-- 

mainly glycolysis, and not infrequently respiration (Burk, et a l . , 

I960). Such primary e nergy effects, which m ay at times be a c c o m

panied b y  nucleic acid derangements, can result in man y  secondary 

chemical and biological effects, including derangement of coenzyme 

syntheses, general cell breakdown, and death of the cancer cell. 

Although various types of cancer cells are affected unequally b y  

different agents, there is good general correlation between clini

cal responses to, and metabolic effects of, a given agent. It is 

also important to bear in mind that in the living cancer cell the 

glycolysis (including the hexokinase reaction), or its regulation, 

appears to occur m ainly in or on the intact m i t o c h o n d r i a , even 

though in broken-up cells the hexokinase reaction and glycolysis 

m ay often occur to a great extent in the supernatant, after enzyme 

loss thereto fr o m  the less-than-intact mitochondria. Finally, 

chemotherapeutic agents m ay either inhibit or excessively stimu

late glycolysis in cancer cells b y  their disruption of glycolytic 

homeostasis. Hydrogen peroxide, hypochlorite (0C1-), and 8-azaguanine 

are excellent examples; wit h  other agents the qualitative type of 

effect wi l l  often depend on the concentration of agent employed 

(Burk and Woods, 1963).
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Glucose m a y  a c t  as a protective agent in the detoxification 

of H2O2 b y  glutathione peroxidase, b y  maintaining the necessary 
supply of reduced TFN coenzyme, as initially reported b y  Cohen and 

Hochstein (1961). Their wor k  indicates that, apart fr o m  a n y  action 

of catalase and its additional possible peroxidative action in 

eliminating H2O2, with a t  least some tumors (melanoma S91, L1210 

leukemia, and Yoshida ascites mouse cells), and possibly many 

others, glutathione peroxidase does play a n  important role in 

H202 detoxification, especially a t  low concentrations of H202 
where catalase is less effective. T w o  closely related Yoshida a s

cites tumor lines, both with the same cellular level of catalase 

activity, were nevertheless in one instance i^C^-sensitive and in 

the second instance relatively H2C>2-insensitive, in a manner c o r

related with low and high glutathione peroxidase systems in the 

two respective lines. A  wide field of investigation concerning 

X-irradiation damage and H2O2 elimination (or lack thereof) has 

been opened up b y  the w o r k  of Cohen and Hochstein (1961) apropos 
glutathione peroxidase and, b y  implication, other possible animal 

cell peroxidases not yet explicitly looked for or found. Tiedemann 

and Risse (l96l) have shown that phenanthrenequinone is a powerful 

poison for cancer cells, b ut only after its reduction to the r e

duced hydroquinone form, for which glucose and glycolysis are 

specifically required. In the presence of 02 the hydroquinone form 
is rapidly autoxidized to H2O2, which then inhibits the enzyme 

glyceraldehyde-3-phospbate dehydrogenase, with an accompanying
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great fall in cell levels of DPN, ATP, and inorganic phosphate, 

and accumulation of then unusable glucose-6-phosphate, fructose 

diphosphate, and triose phosphate, a ll resulting in eventual p o i s

oning of the cell under aerobic conditions. Experiments with 

phenantbrenequinone and other quinones (Burk and Woods, 1963) serve 

as excellent models of systems that can provide H2O2 intracellu
lar ly in place of X-rays or addition of H202 directly. Where 

glyceraldehyde-3-phosphate dehydrogenase is affected, one possibly 

has an instance of H2O2 action on a sulfhydryl group in a crucial 

enzyme. Just as in the experiments of Cohen and Hochstein (1961), 
it appears that H202 is titratively destroying the sulfhydryl- 
containing coenzyme glutathione. In one case glucose is protective, 

whereas in another situation glucose is essential, via production 

of glycolytic reductive power, for the inhibition (Burk and Woods, 

1963).

The manometric X- r a y  actinometer developed b y  Warburg et al. 

(1958) has permitted experimentation (at Max-Planck Institute in 

Berlin-Dahlem) which identifies and establishes quantitatively as 

well as qualitatively the direct poisoning action of X-rays on 

glycolysis (and respiration) of cancer cells results from the i n

organic hydrogen peroxide produced. This poisoning does not r e

sult from organic peroxides, nor from intermediate H atoms or OH 

radicals, which form H2O2 more quickly than they can react with 
fermentation enzymes (Burk and Woods, 1963). The glycolytic i n

hibition could be related quantitatively to the concentration of
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extracellular H202 about as w e l l  whether the latter was derived 

from X-irradiation or from exogeneously added H202 (Warburg, et 

al., 1958)* Organic peroxides were not produced extra-cellularly 

on X-irradiation but conceivably might be formed intracellularly 

from H202 secondarily. As would be expected from the reaction 

2H + 02 = H202 , and as was first observed b y  Crabtree (1935)> 

X-irradiation inhibition is an increasing function of 02 pressure, 
especially at pressures up to several per cent of an atmosphere 

of oxygen. X-irradiation inhibition is, however, decreased by 

both intracellular and even extracellular catalase, but increased 

by cyanide aerobically, mainly as a result of cyanide inactivation 

of catalase (or peroxidase) action, and not, as has sometimes 

been thought, as a result of cyanide inhibition of respiration, 

since anaerobiosis does not increase but greatly decreases 

X-irradiation inhibition and H2C>2 production (Burk and Woods,

1963).
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II. STATEMENT OF PROBLEM

The lack of quantitative data on peroxidases in cell lines 

cultured in vitro prompted the following investigation. The p r e s

ent study was designed (l) to develop a simple means of assaying 

for low concentrations of catalase and (2) to determine whether 

marked shifts in catalase content occurred following low doses of 

gamma irradiation during the recovery processes. Such responses 

are of interest in the design of experiments which test for the 

mechanism of radioresistance which develops in vitro and in tumor

populations in vivo.
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III. MATERIALS A N D  METHODS

A. Maintenance of Stock Cultures

Selected cultures of stock HeLa cells were maintained in 

Eagle's Minimum Essential M edium (1959) supplemented with 10# 

fetal calf serum. The cells were grown as uniform monolayer c u l

tures on the bottom of glass T-60 flasks. The HeLa cells were 

washed from the flask with 4 ml. Trypsin D2; incubated at 37.5°C 

for 15 minutes; placed in 15 ml. screw-cap centrifuge tubes; and 

centrifuged slowly for five minutes. T he supernatant was poured 

off and the cell pellet resuspended in a n  aliquot of M i n imum E s

sential Medium. This aliquot suspension in turn was poured into 

500 ml. Volumetric flask which contained 500 ml. of Minimum Es s e n

tial Medium and a magnetic stirring bar. The flask and its c on

tents were placed on a magnetic stirrer and allowed to mix slowly 

for five minutes. B y  means of a B - D  Cornwall 5cc. Dispensing P i

pettor, five ml. of the cell suspension was placed into 100, 30 ml. 
screw-top, plastic, disposable culture flasks (Falcon Plastics) and 

incubated at 37-5°C. The above procedures were carried out under 

aseptic conditions.

B. Preparation of Cells for Irradiation

After three days the cells had firmly attached to the bottom 

of the flasks and were ready for analysis. The cells were similar 

in all the cultures examined microscopically and showed a constant
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flattish, irregular rounded shape, with large oval-shaped nuclei, 

and were fiberblastic in appearance. T he cells in this stage were 

in a confluent mid-log growth phase. The day before irradiation 

the medium in the flasks was replaced b y  fresh medium, since higher 

initial viability is achieved b y  this method (Phillips and Andrews, 

I960).

The flask cultures were exposed to dosages of gamma radiation 

(Eldorado M o d e l  G, Co-60) ranging from 50 to kOO roentgens at a 

distance of 50 cm., 10x12 cm. field, with the Co-60 source emitting 

100 roentgens per minute. A t  predetermined time intervals between 

-1 day and +15 days post-irradiation the cell cultures were analyzed 
for catalase content. On zero (0) day, or the d a y  of irradiation, 

one hundred flasks were carefully packaged and transported to the 

Creighton Memorial St. Joseph's Hospital where irradiations using 

Co-60 were e m p l o y e d . 1 T w e n t y  flasks were sham irradiated and 

served as controls. T w e n t y  flasks each received a total of 50 

roentgens; twenty flasks each received 200 roentgens; and another 

twenty flasks each received a total of kOO roentgens. A f t e r  treat

ment with gamma radiation the flasks were brought b a c k  to the 

Biology Department at Creighton University and placed in a 37.5°C 

incubator.

Subsequent analysis for catalase content were made on twenty 

flasks at each of several post-irradiation intervals, two to four

■ *■ 00 -1 d ay post-irradiation, 10 culture flasks (non-irradiated)

were sacrificed and catalase determinations made.
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hours after irradiation. Catalase determinations on each of twenty 

flasks were made on -1 day, + 2 - 4  hours (0 day), +1 day, + 5 days,
+10 days post-irradiation.

C. Catalase Determination

By means of a rubber policeman the cells were scraped from 

the bottom of the flask, placed in 15 ml. screw-cap centrifuge 

tube; centrifuged slowly for five minutes. The supernatant was 

poured off and the cell pellet was resuspended in 1 ml. of b u f f

ered saline (pH 7.2); one drop of 0.4^6 erythrosin B dye (Phillips 

and Terryberry, 1957) added. T he suspension was again uniformly 

dispersed, and a drop was used to load a standard hemoc y t o m e t e r . 

After the addition of erythrosin B  dye dead cells appeared red in 

the microscopic field, while live cells appeared clear. Erythrosin 

B stained cells have b e e n  experimentally shown to be incapable of 

glycolysis or respiration and are considered non-viable (Phillips 

and Terryberry, 1957). Af t e r  the cell suspension was counted, it 

was adjusted with the proper amount of suspending medium to p r o

vide a final concentration of 1 x  10^ cells per ml. in suspension.

Cells were dispensed in aliquots of 1.0 ml. into a reaction 

vessel that contained 1.5 ml. buffered saline (pH 7*2). In the 

side arm of the v e s s e l  was placed 0.2 ml. of 0.01 N. Hydrogen 

Peroxide. Following thermal equilibration (30.0° C for 15 minutes) 

in a n  A m i n c o  water bath, the contents of the side-arms were poured 

into the reaction chamber of the vessels, the manometers closed to
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the atmosphere, and the manometers read every 30 seconds. The 

shake rare was held at 100 cpm; illumination was continuous by 

means of fluorescent tubes directly over the reaction vessels.

The rate of oxygen evolution was proportional to initial cell 

number in untreated cultures (see results). Catalase activity 

was estimated in terms of the velo c i t y  of the reaction:

2 HgOg catalase>2 HgO + O2, and expressed as  ̂  m o l  Og evolved/ 

min. / 106 cells and these data wer e  normalized as a percent change 

from control (non-irradiated) c o n d i t i o n s .2

p
The volume of gas evolved was calculated b y  application of 

the flask constant to the net change in pressure recorded from 

manometer readings (Dixon, 19^3)- F l a s k  constants were calibrated 

b y  the mercury methods described by Umbreit et al. (1951)- The 

velocity of gas evolution was estimated b y  a regression line fitted 

to the d a t a . Rates were determined b y  correcting the slopes of 

regression lines to a constant cell number ( l x  10 cells).
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IV. RESULTS

A. Procedural Experiments

The first problem encountered during this investigation 

involved the development of a rapid, simple assay for catalase.

A further requirement for the procedure was the degree of se n s i

tivity of the procedure; since tissue-cultured cells were to be 

used in low concentrations, the catalase content of these cells 

was likely to be low. Hence spectroscopic investigation of c a t a

lase activity was eliminated because of that method's requirement 

of very high enzyme concentrations.3 Experiments by Keilin and 

Hartree (1937) provided a theoretical basis for the manometric 

estimation of catalase. These investigators interpreted e xperi

ments with azide and hydroxylamine-catalase to suggest that the 

normal catalytic activity of catalase is also accompanied b y  a 

change in the valency of its iron. In other words, the catalytic 

decomposition of H 202 is brought about by the successive reduction 
of the catalase iron b y  HgOg and its reoxidation by 02 according 
to the equations (l) and (2), the sum of which (equation (3)) is 

the catalytic decomposition of H 202 into molecular oxygen and 
water.

3
Spectroscopic methods for catalase a re based on the spectral 

shift produced by the "enzyme-substrate complex" under saturated 

substrate conditions. Since catalase displays a very high turnover 
rate the degree of complexing is always ve r y  low with respect to 
total substrate and enzyme, and hence high levels of enzyme and 

substrate are required in order to detect a high degree of spectral 
shift.
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(1) UFe4++ + 2H2O2 = ^Fe++ 4 kE + 202

(2) ^Fe44 4 4H 4 02 ■ 4Fe++4 + 2H2O
I D  2H202 = 2H20 + 02

The problem that arises now is whether the mechanism of the 

catalase reaction as shown in the above equations can be d e m o n

strated experimentally.

The main requirement for spectroscopic investigation is very 

high concentration of enzyme (as noted above). O n  the other hand, 

if the catalytic decomposition of H2O2 requires the presence of 
molecular oxygen (as shown in equation (2)) for the reoxidation 

of the reduced compound, the reaction should be inhibited if the 

concentration of oxygen in the surrounding medium could be made 

sufficiently low. This can be achieved b y  having the reaction car

ried out with a very low concentration of catalase, which is p o s

sible owing to the v e r y  high activity of the enzyme. T he volume 

of oxygen produced in this case b y  the direct reduction of c a t a

lase (equation (l)) would naturally be ve r y  small. If at the same 

time the reaction is carried out in a n  atmosphere of pure nitrogen 

and with vigorous shaking, in order to bring the greater part of 

this oxygen as rapidly as possible into the gas phase, the r e a c

tion (2) should be g r e atly slowed down and the catalase reaction 

thus inhibited.

B y  using a modification for the method of Keilin and Hartree 

(based on equation (l)) small volumes of cells could be used for 

catalase determinations with much precision and accuracy. (The
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direct method of Warburg permitted rapid detection of the volume 

of molecular oxygen evolved under standard thermal and substrate 

conditions.) However, if the cell count fell below 50,000 cells/ml., 

then a noticeable variability in ul 02 was noticed and 02 evolved 
could not be detected with much accuracy. B y  varying the cell 

number it was found that catalase content is proportional to cell 

number (Figure l).

Within the range of 1 x 10^ to 5 x 10^ of cell concentrations 

used during subsequent studies, oxygen evolved (when expanded to 

1 x 10^ cells) was measured w ithin a 10 percent limit of error. 

Expanded values for low cell concentrations (7.5 x 10^ to 4 x 10^) 

showed more variability. W h e n  higher cell concentrations ( l x  10^) 

were used the reaction velocity proceeded at such a high rate that 

the manometer settings could not readily be made, and a large error 

in timing probably resulted. It is interesting to note that at 

extremely high cell concentrations, the full scale of the m a n o

meter (150 -) was frequently exceeded in less than 60 seconds. 
Subsequently, the cell number was set a t  1 x 10^ cells for the 

radiation experiments conducted, in order to further reduce

variability.



Figure 1. Oxygen evolved per minute a t  30*0° C plotted 
against various cell numbers arrived at b y  
dilution of stock HeLa cultures. Shows the 
correlation between catalase activity and 

cell number.
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B. Radiation Experiments

The c«talase content of log-growth phase HeLa cultures was 

elevated following gamma treatment (see Appe n d i x  I). The rate 

(and extent) of the increase in catalase activity following v a r i

ous doses of gamma radiation was proportional to the dose (Figure 

2). Immediately following gamma treatment the highest catalase 

activity was at 200 roentgens, with successively lower catalase 

activities at the 100 roentgen and 50 roentgen doses, the excep

tion being at 4 00 roentgens, where the immediate increase was much 

lower than the other three doses used. T he data in F igure 2 have 

been normalized and a re stated as percent of control. It is i n

teresting to note that at the three highest doses, the rate of 

increase of catalase content rises rapidly after irradiation and 

the activity appears to remain high for approximately twenty-four 

hours, after which the activity levels decay sharply. A s  seen in 

Figure 3» the lower doses (50-200r) the increase in catalase was 

proportional to dose. It is also interesting to note that at ij-OO 

roentgens a wea k  response occurred in relation to both increase in 

activity and onset of maximum increase.



ÒS

Percent of Control Catalase contents at various 

times following Co°° irradiation.

The inset k ey identifies the four doses delivered 

on "0 day."

Figure 2.



Per
 Ce

nt 
of 

Con
tro

l



o2

Figure 3. Maximum response (in percent of control 

catalase values) plotted against the log 
of the gamma irradiation dose.
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The results indicate that there is a correlation between 

catalase activity and cell number when the concentration is b e

tween 1 x 10^ to t x  10^ cells. If, however, the cell concentra

tion falls below 1 x 10^ cells, then much variability is seen.

The reaction between catalase and hydrogen peroxide is a n  e x

tremely rapid one (see Introduction); the enzyme m ay decompose 

hydrogen peroxide to water and oxygen or, in the presence of c e r

tain oxidizable alcohols or aldehydes, act as a peroxidase (Keilin 

and Hartree, 19^5). Manometric procedures to assay catalase were 

used during this investigation, since tissue-cultured HeLa cells 

were used in low concentrations. The simplicity, the sensitivity, 

and the rapidity of this method allows the use of small volumes 

of cells, as well as low concentrations of cells.

The present investigation reveals an immediate response to 

gamma radiation by HeLa cells; this response in increased catalase 

activity follows a dose relationship at lower levels of Co^° 

treatment (50r-200r). These results correlate with the findings 

of Nadkarni, et al. (1965)* wlK> reported increased catalase a c t i

vity  in Saccharomyces cerevesiae as a function of dose. The i n

creases in catalase activity in an exponentially decreasing 

population viability were interpreted as evidence for de novo e n

zyme activity b y  these investigators. The time course of the

V. DISCUSSION

changes in catalase activity which were seen in the present study



favor this interpretation, since the rate of rise in catalase 

content and the duration of the higher activities appear to be 

too long for simple enzyme activation.

The role of lethality in the cell population used in the 

present study remains unclear. Studies b y  several workers (Puck, 

et a l . , 1957; Berry and Cohen, 1962; and Bedford and Hall, 1963) 

document genetic death f or HeLa and for tumor cell populations. 

However, the degree of metabolic activity which the cells display 

prior to genetic death appears to continue in some members of the 

population for at least thirty days (as exemplified b y  Puck's 

"feeder cells"). Therefore, the a s s a y  of lethal radiation effect 

by a genetic plating efficiency test m ay not b e  a n  appropriate 

measure of radiation effect in catalase-response experiments.

The use of HeLa cells as a mo d e l  for cellular adaptability 

finds support fr o m  the w o r k  of Epstein (1961), who has shown HeLa 

cells to contain a fu z z y  material in the cytoplasm, perhaps in the 

form of glycogen, wh i c h  might be connected wit h  the considerable 

versatility shown by HeLa cells in the metabolism of carbohydrates. 

For, although HeLa cells are clearly both abnormal and altered, 

the fact that cells can exhibit such features is of intrinsic in

terest. W h e n  considered from the point of view of survival and 

growth under a v a r iety of adverse circumstances, the HeLa cell 

must be regarded as a ver y  highly successful biological entity.

The wo r k  of Cohen and Hochstein (l96l) has shown that glucose may 

act as a protective agent in the detoxification of H2O2 b y  g l u t a

31
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thione peroxidase, especially at low concentrations of H2O2 where 
catalase is less effective (see Introduction).

The variation in radiosensitivity of enzymes (Burk and Woods, 

1963) does not appear to explain the rise in catalase activity. 

Alth o u g h  catalase and other iron-containing enzymes are inactivated 

at radiation doses (5,000r) which b y  far exceed inactivation doses 

for sulfhydryl enzymes, the selective favoring of catalase would 

not account for the rise in activity seen in the present study.

The relative activity of catalase with respect to glycolytic e n

zymes may remain high, b ut the feature of increases w e l l  above 

control (non-irradiated) cells would not be anticipated in the 

dose range used. The comparative radioresistence of catalase may, 

however, provide more intact (preformed) enzyme for the assay 

procedure than would be expected for other enzymes.

The retention of catalase activity following low doses of 

irradiation m a y  provide more initial enzyme to reduce peroxide 

which may penetrate the cell from the extracellular water (Evans, 

1962). The retained activity of catalase plus the newly formed 

activity apparent in survivors may provide a physiological basis 

for developing resistant cell types in the cultures.

Further experiments with peroxide alone, and in combination 

with low doses of X-irradiation, are required to ascertain whether 

enzyme "induction" is occurring in response to peroxide or irradi

ation or both. Survivors which have higher catalase levels should 

be able to respond equally w e l l  to H.2P2. ^  only peroxide will
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elicit the response. A n  additive effect might he expected if 

radiation produced peroxides and exogenous peroxide were 

simultaneously delivered.
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The results of this investigation have established that mano- 

metric techniques can be used successfully for assaying low c o n

centrations of catalase ranging from 1 x 10^ to 5 x  10^ cells.

If lower cell concentrations are used much variability is seen.

B y  varying the cell number it was found that catalase content is 

proportional to cell number. Marked shifts in catalase content 

occurred following low doses of gamma radiations (50r - 200r); 

the extent and rate of increase in catalase activity was p r o p o r

tional to the dose of irradiation delivered. A t  4 00 roentgens 

the peak was not as high as seen for the lower doses.

VI. CONCLUSION



35

The catalase content of HeLa cell cultures was proportional 

to the cell number when the enzyme's activity was measured mano- 

metrically. The manometric technique is advantageous in that low 

concentrations of cells can b e  used. The sensitivity and rapidity 

in using this method with low concentration of cells is of s i g n i

ficance since the reaction of hydrogen peroxide with catalase is 

a rapid and violent process. Whe n  higher cell concentrations 

(1 x 10^) were used the reaction velocity proceeded at such a high

rate that the manometer settings could not readily be made. When

60
HeLa cells were exposed to low doses (50r - 200r) of Co gamma 

rays, immediate marked shifts in catalase content occurred. The 

increase in catalase contents was dose related in the degree of 

increase in activity and in the onset and duration of the activity. 

These data are consistent wit h  de novo synthesis of catalase 

following irradiation.

VII. SUMMARY
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Appen d i x  I

Summary legend for absolute values of catalase 
evolved for non-irradieted and irradiated HeLa 
c u l t u r e s .

* Values for ten samples in each group; all 
others contain five.

A, B, C are experimental groups.



APPENDIX I

Dose
in

r

0

50

100

200

Days Following Co°^ Treatment

,u 102/min./l06 cells ± S.E. measured at 30°C against 1 atm.

. 1 0 + 1  5 10

A. 40.53 l 4.5*
B. 39.66 + 6.8*

C. 30.23 + 2.2*

A. 37.68 7 ” 6.8 A. 50.48 +■ 9.7 A . 32.o h  t 3 - (

A. 52.40 * 6.7 

c. 21.03 t 3.0
c. 36.26“+ 5^9~" A. 61.04 t 14.7

B. 4 8 .16 + 16.8
C. 39.48 + 7.1

A. 32.36 + 4.9

B. 44.54 ± 9.7
C. 20.96 + 2.6

A. 51.08 + 10.7 
C. 25.94 -t 2.24

C. 47.20 + 2.2 A. 33-28 + 2.0

B. 39.92 t 6.8

c. 26.00 + 3.1
A. 37.30 + 5-1
B. 23.29 + 3.74
C. 29.96 ± 4.4

A. 74.05 + 13.4  ̂
C. 50.64 + 1 3 . 1

C. 51-97 i lb-9 A . ~66.15 + 24.6

B. 26.56 ± 3.9

C. 22.87 t 2.8

A. 6O .85 + 10.8
B. 29.27 t 1.0

C. 58.33 ± 10.2

400

c. 32.70 + '<6.9 C. 34.36 + B. 2 3 . 7 6 4  3.2“

C. 37-97 + 7.8

B. 56.47 +. 6.9
c. 30.88 t  3.6
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