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ABSTRACT

Liver mitochondrial superoxide dismutase was purified from normally 

aging BIO and prematurely aging B1O.F mice. The specific activity of the 

enzyme was found to be lower in the prematurely aging strain. Further 

purification is necessary to be certain the difference in specific activities 

shown between the two strains of mice is valid. The congenic BIO and B1O.F 

strains may prove to be an ideal model for aging research.
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INTRODUCTION

All organisms that undergo aerobic respiration generate a free radical, 

the superoxide radical (02), from molecular oxygen during normal aerobic 

metabolism. Such a free radical can pose a threat to an organism because it 

is very reactive and can attack structural proteins and lipids, as well as 

nucleic acids (1). Normally the concentration of 0^ present in each cell 

does not become very high because of the presence of an enzyme that catalyzes 

the dismutation of 02 to and 02« This enzyme is superoxide dismutase

(SOD) and the reaction it catalyzes is:

2 0‘ + 2 H+ = H202 + 02 (2)

Superoxide dismutases vary from organism to organism. Generally, all 
2 4" 2 Fsuperoxide dismutases contain one or more metal groups, such as Cu , Zn , 

Mn^+, and Fe^4 (3). The metal groups can be alternately oxidized and reduced 

by 02 (4). Prokaryotes generally contain manganese and iron superoxide 

dismutases. Eukaryotes usually have two distinct superoxide dismutases.

The cytosolic enzyme contains both copper and zinc while the mitochondrial 

enzyme contains manganese and is very similar to the prokaryotic SOD's (4).

It thus seems probable that SOD plays an important protective function 

in organisms. One theory of aging proposes that a build-up of free radicals

® leads to chain reactions and finally to membrane damage and cross-linking

of biomolecules. Free radicals have, in fact, been implicated in the form

ation of aging pigments in vitro (1). If free radicals are involved in the 

aging process and if SOD plays a protective role against free radicals, then 

it is possible that SOD might be affected by the aging process. It is also
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possible that the opposite is true--S0D could affect the aging process.

In either case, a difference in SOD might be expected as a function of age.

To investigate this question, two congenic strains of mice were cho

sen. The strains, C57BL/10 (BIO) and C57BL/10.F (B1O.F) differ genetically 

only at a region of the genome at or near the H-2 locus of the major histo

compatibility complex (5). A gene that regulates SOD activity has also been 

linked to the histocompatibility complex (6). The B1O.F mice age about twice 

as fast as the BIO mice, despite a normal appearance at birth. The mean 

lifespans of the BIO and B1O.F mice are 706^14 days and 456-^15 days respec

tively (5). Thus these mice are good subjects for the study of SOD and 

aging.

Since much of aerobic respiration occurs in the mitochondria, it seems 

likely that a greater production of 0? could occur in the mitochondria than 

in the cytoplasm. Thus mitochondrial SOD is a very critical enzyme. If 

mitochondrial SOD is altered in association with premature aging in B10.F 

mice, it could lead to more free radical damage than might a change in the 

less critical cytoplasmic enzyme. Therefore, this study focused on the liver 

mitochondrial SOD in B10.F mice in contrast to the normally aging BIO mice. 

The specific activity of liver mitochondrial SOD was determined for each

strain.



LITERATURE REVIEW

Dangers of 0.,

The main danger presented by the 0^ radical is that of initiating chain 

reactions whereby other radicals are produced. The 0-, radical is itself 

produced by the univalent reduction of molecular oxygen. This univalent re

duction can be caused by unusual circumstances such as exposure to ionizing 

radiation. However, production of 0? also occurs under normal conditions 

of aerobic metabolism. For example, the flavoprotein dehydrogenases and many 

oxidases can generate 0? (3). Once formed, 0? can spontaneously dismutate 

to itself a potentially dangerous product. 0^ and ^0^ can then react

via the Haber-Weiss reaction to form the extremely reactive hydroxyl radi

cal :

0“ + H202 = 0H~ + OH* + 02 (1,3,4)

The hydroxyl radical is not only more reactive than 02 but its half-life 

is also greater. OH" poses a greater threat to the cell. Any free radical 

may react with biological molecules in the cell to form new radicals such 

as lipid radicals, lipid peroxy radicals, pyrimidine radicals, and purine 

radicals (1).

Free radicals cause damage to cells by three kinds of reactions. The

first kind is addition reactions in which the radical forms a bond with a

biological molecule. The second type is scission reactions in which bonds 

are broken in biological molecules. The final type is cross-linking reac

tions in which biomolecules are bound together to produce a huge molecule.
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The products of cross-linking reactions often can't be digested by lysosomes 

because of unusual bonds. They thus accumulate in the cell (1).

A study by Moody and Hassan illustrates the dangers of 0^ (7). They 

used paraguat to generate 0^ in cultures of Salmonella typhimurium. Paraquat 

was both toxic and mutagenic to the bacteria due to production of the

radical.

Under normal conditions, the cell has multiple defenses against the 

harmful effects of 0^ and other free radicals. Superoxide dismutases in 

the cytoplasm and mitochondria scavenge 0^ and catalyze the formation of 

H2O2 and 0^. Catalases and peroxidases then scavenge H^O^. These enzymes 

keep the concentrations of and H^O^ small, making generation of OH’ less 

likely. If any hydroxyl radicals are formed, antioxidants such as alpha- 

tocopherol can help to protect the cell (3).

SOD and Aging

Since free radicals have been implicated in aging (1,9) a change in 

a protective enzyme such as SOD, as well as in other biomolecules, might 

be expected with age. Various studies have shown that several enzymes do 

show alteration with aging.

The nematode Turbatrix aceti was first chosen for study by Gershon and 

Gershon (8) because its somatic cells are non-mitotic. The cells are the 

same age as the organism and age-related changes of cell products such as 

enzymes are apparent. Isocitrate lyase from Turbatrix aceti was studied 

by Gershon and Gershon and by Reiss and Rothstein (cited in 9). They found 

a reduction in isocitrate lyase specific activity as T. aceti aged. Since 

then, many enzymes in T. aceti have been shown to change with age (9). In

studies on various mammalian enzymes, the results were less consistent.
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Some enzymes, such as rat lens aldolase and rabbit lens phosphofructokinase, 

show a decrease in specific activity with age. Other enzymes, such as glu- 

cose-6-phosphate dehydrogenase, show no age-related change (9).

Similar studies have examined age-related changes in SOD from various 

organisms and tissues. Tolmasoff et al. (10) studied specific activity lev

els of cytoplasmic SOD in liver, brain, and heart of 2 rodent and 12 primate 

species. They found that the ratio of SOD specific activity to specific 

metabolic rate of the tissue increased as the maximum lifespan potential 

for the organisms increased. Their results suggest that longer-lived organ

isms may have better protection against by-products of oxygen metabolism 

such as 0^.

Reiss and Gershon (11) studied cytoplasmic SOD from livers of young 

(6-month-old) and old (27-month-old) rats. They found that specific activ

ity of liver cytoplasmic SOD is reduced with age. They then studied cytoplas 

mic SOD from liver, heart, and brain of rats and mice of various ages (12). 

Cytoplasmic SOD was found to be an ideal enzyme for studying age-related 

changes in these three tissues because it has no isozyme forms. Cytoplas

mic SOD is identical in these tissues. A decrease was shown in liver SOD

specific activity with increasing age in both rats and mice. A slight de

crease in SOD specific activity with age was also observed in heart from 

rats and mice. No difference in SOD specific activity as a function of 

age was seen in brain from either rats or mice.

Labor (13) and Stulberg (14) studied cytoplasmic SOD from red blood 

cells of the congenic BIO and B10.F mice. Labor studied 9-month-old mice 

and found that the specific activity of SOD from the normally aging mice 

was greater than that from the prematurely aging strain. However, Stulberg 

was unable to reproduce these results when studying the same enzyme from

17-month-old BIO and B10.F mice.



MATERIALS AND METHODS

Overview

Liver mitochondrial SOD was isolated from BIO and from B1O.F mice. 

Enzyme samples from each strain were tested for enzyme activity and protein 

content after each of four purification steps.

Enzyme Assay

The autoxidation of pyrogallol (1,2,3-benzenetriol) has been found by 

Marklund and Marklund (15) to be a convenient reaction for measuring SOD 

activity. The autoxidation reaction proceeds through formation of several 

intermediate products and the solution turns yellow-brown in the first few 

minutes of the reaction. As further products form, it turns green and then 

yellow. During the first step or steps a linear increase in absorbance

at 420 nm with time is observed. This linear increase is due to a mechanism 

that depends on 0^ at pH values below 9.5. If SOD is added to the autoxi

dation reaction mixture, it competes with pyrogallol for 0? and thus inhib

its the autoxidation. Air-equilibrated 50 mM Tris-cacodylic acid buffer 

with 1 mM diethylenetriamine penta-acetic acid (DTPA), pH 8.2, serves as 

a source of 0^. Molecular oxygen in the buffer undergoes univalent reduc

tion to 0^ readily. DTPA was added to prevent trace amounts of iron from 

accelerating the autoxidation reaction.

A control containing no enzyme in the reaction mixture gave the rate 

of change in absorbance with time due to the autoxidation reaction. Three 

other cuvettes containing increasing concentrations of enzyme were also
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measured for change of absorbance with time. Both cytoplasmic and mitochon

drial SOD inhibit the rate of autoxidation. By calculating the slopes of 

the linear rates of change in absorbance vs. time, percent inhibition in 

the rate of autoxidation can be found. One unit of SOD activity is defined 

as the amount of enzyme causing 50% inhibition of the rate of autoxidation. 

See Figure 1.

Pyrogallol of reagent grade from the 3. T. Baker Chemical Company was 

used to make a 20 mM stock solution in 10 mM HC1. This solution was replaced 

every two weeks. Reagent grade Tris and DTPA, both from Sigma, were used 

to make 50 mM Tris/1 mM DTPA buffer. Cacodylic acid from Fisher was used 

to bring the pH of the buffer to 8.2. For preliminary assays, a stock sol

ution of 25 mg/ml of Sigma SOD # S-8254 from bovine blood, Type I was used. 

The 50 mM Tris-cacodylic acid/1 mM DTPA buffer, pH 8.2, was air-equilibrated 

for I hr at 25° C. Two assays were run on each enzyme sample. One assay 

included 3 ml Tris-cacodylic acid buffer, 0.03 ml of 20 mM pyrogallol, the 

enzyme sample, and double distilled H^O to give a total volume of 3.1 ml.

This assay measured both cytoplasmic and mitochondrial SOD activity. The 

second assay included 0.01 ml of 0.31 M. KCN (Mallinckrodt Chemical Works), 

giving a final concentration of 1 x 10 M KCN in the reaction mixture. 

Cyanide inhibits cytoplasmic SOD activity so only mitochondrial SOD activity 

was measured in the second assay.

Assays were performed using a Beckman ACTA V recording spectrophoto

meter in conjunction with an auto sampler. Readings were taken at 4-20 nm. 

Each sample dwelled for 8.5 sec in the light path before a data point was 

recorded. All four cuvettes were read within a repeated ^0-sec interval. 

Pyrogallol was added to the reaction mixture last in order to initiate the 

reaction. Pyrogallol was added at time 0 to the first cuvette and at 20-sec
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Figure 1. Typical plot from enzyme assay.

Each line represents the change in absorbance with time due to autoxida 
tion of pyrogallol. Lines 2-^ show the inhibiting effect of SOD on pyro- 
gailol autoxidation. Percent inhibition is calculated as:
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intervals to cuvettes 2, 3, and A.

Fractionation and Purification of Mouse Liver Mitochondrial SOD

The isolation procedure used was modified from that of Weisiger and 

Fridovich (16) and was first performed on frozen mice livers from 10-month- 

old female C57B1/6NAX mice. Dr. Stulberg gave a great deal of guidance, 

both in designing our purification procedure and in demonstrating techni

ques. The procedure was originally designed for fresh chicken liver and 

involved isolating intact mitochondria. Since our livers were frozen, the 

mitochondria had burst upon freezing and thawing. Therefore, most of the 

mitochondrial SOD activity was found in the cytoplasmic rather than in the 

mitochondrial fraction. Accordingly, successive purification steps were 

performed on the cytoplasmic fraction rather than on the mitochondrial frac

tion. The isolation procedure was performed through a 60-90% ammonium sul

fate fractionation. The procedure was then repeated on frozen livers from 

17-month-old C57BL/10 and C57BL/10.F mice donated by Diana Popp. All steps 

of the procedure were performed at A° C unless noted otherwise.

The livers were removed from storage at -80° C and were weighed. They 

were thawed in a 37° C water bath and were washed three times in 0.01 M 

(<2^0^/0.002 M phenylmethylsulfonyl fluoride (PMSF--a protease inhibitor). 

The washed livers were homogenized in 0.25 M sucrose/0.01 M «2HPOi)yO.OO2 M 

PMSF. Another protease inhibitor, leupeptin, was added to the homogenizing 

buffer (0.583 mg was added to 100 ml of buffer). Homogenization was done 

in a Waring blender 10 sec on low speed; 20 sec on high speed. The homogen

ate was centrifuged at 2000 x g for 8 min in a Sorval superspeed RC2-B auto

matic refrigerated centrifuge. The supernate was filtered through doubJe

cheesecloth. The filtrate was diluted in 3 volumes of 0.9% KC1/0.002 M
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PMSF. The diluted filtrate was centrifuged at 18,000 rpm (39,000 x g) for 

} hr. An aliquot of the supernate was taken to test for SOD activity and 

protein content. The pellet, which should have contained intact mitochon

dria, was suspended in 5 volumes of 0.05 M KH^PO^/l x 10 M EDTA/0.002 M 

PMSF, pH 7.8, which was initially at room temperature. The suspension was 

frozen and thawed to 4° C and exposed to ultrasonic disruption for 5 min 

at 60% of full power on a Biosonik sonicator. This sonicate was clarified 

by centrifugation at 18,000 rpm (39,000 x g) for 1 hr. Since we suspected 

that most of our mitochondrial SOD activity was in the supernate rather 

than in the pellet, we also centrifuged the supernate at 39,000 x g for

1 hr.

The sonicate and the mitochondrial supernate were both exposed to heat 

at 60° C for 2 min. Both were kept under constant agitation during heat 

exposure. The precipitate that formed was removed by centrifugation of 

both solutions at 27,000 x g for 15 min. Both solutions were sampled for 

SOD activity and protein content. All succeeding steps were performed on 

the mitochondrial supernate (cytoplasmic fraction) and the sonicate (mito

chondrial fraction) was discarded.

Streptomycin sulfate was added to the mitochondrial supernate to give 

a final concentration of 2.5%. Streptomycin sulfate was added to precipitate 

nucleic acids. The resulting solution was stirred slowly at room temper

ature for 30 min and was then clarified by centrifugation at 30,000 x g 

for 20 min. Samples of the supernate were taken for SOD activity and protein 

content. Solid (NH^)?S0^ was added slowly to this supernate to 60% satur

ation. The supernate was stirred for 3 hr at room temperature. The sus

pension was then centrifuged at 27,000 x g for 15 min at 24° C. More 

(NH^)^SO^ was added to the supernate to give 90% saturation. The solution
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was stirred slowly for 3 hr at room temperature, and clarified by centri

fugation at 27,000 x g for 15 min at 24° C. The precipitate was saved and 

dissolved in a minimal volume of 0.05 M KHoP0^/ 1 x 10 M EDTA, pH 7.8.

The suspension was dialyzed versus several changes of 0.005 M KH^PO^/

I x 1.0M EDTA, pH 7.8, over a 24-hr period at 4° C. The dialysate was 

clarified by centrifugation at 27,000 x g for 15 min. Tests for SOD activ

ity and protein content were performed on the dialysate.

Since streptomycin sulfate was found to interfere with the Lowry method 

of protein determination, the streptomycin sulfate samples were diluted to 

a total volume of 1.5 ml with 0.05 M KH2PO^/1 x 10-4 M EDTA, pH 7.8 buffer. 

They were then dialyzed against three changes of this same buffer over a 

24— hr period before a protein assay was performed.

Protein Assay

A modified Lowry procedure developed by Peterson (17) was used for 

determination of protein concentration in all samples. A standard curve 

was constructed for each assay using a stock solution of 0.5 mg/ml bovine 

serum albumin. Two reagents were used. Reagent A was composed of equal 

volumes of 0.1% CuSO^‘5 H20/0.2% potassium sodium tartrate/20% Na^O^,

10% sodium dodecyl sulfate (SDS), 0.8 N NaOH, and double distilled water.

The reaction mixture included the protein sample, 1.0 ml of reagent 

A, 0.5 ml of reagent B, and double distilled water to give a final volume 

of 2.5 ml. Water, the protein sample, and reagent A were mixed. After a 

10-min wait, reagent B was added and the mixture was allowed to stand 30 

min for color development. Absorbance readings were taken at a wavelength 

of 750 nm, using a Beckman ACTA V spectrophotometer.
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Figure 2. Summary of fractionation and purification method.



RESULTS

Tests for SOD activity and protein content were performed after each 

of four purification stages on the cytoplasmic fraction. Data is shown in 

Table 1. Similar tests showed that very little mitochondrial SOD was pre

sent in the mitochondrial fraction. This data is not shown. The sonicate

(mitochondrial fraction) was discarded and further purification was perform

ed only on the cytoplasmic fraction. See Figure 2.

Table 1 shows that total mg of protein, total units of mitochondrial 

SOD, specific activity, and percent yield were determined. The specific 

activities of the enzyme are very similar for the two strains of mice after 

each of the first three purifications. After the fourth purification step 

there is a considerable difference in specific activities.

The ratio of specific activities for the two strains was calculated at 

each step. A ratio of 1 indicates that the specific activities are equal.

A ratio greater than 1 indicates that the specific activity in the normally 

aging strain is higher than the specific activity in the prematurely aging

strain. The ratio is 1.6 in the 60-90 ammonium sulfate fraction.

The fractionation and purification steps were carried out simultane

ously on the BIO and B10.F livers. However, the percent yield varied greatly 

at some of the steps. The percent yield was closest for the two strains in 

the 60-90 ammonium sulfate fraction, the most purified sample I obtained.

Total SOD specific activity was determined at each step from assays 

in which no cyanide was added to the reaction mixture. Such an assay mea

sured activity from the cytoplasmic as well as from the mitochondrial

13
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enzyme. These specific activities are not presented in Table 1 but they 

show the same trend as that observed for the mitochondrial enzyme.



DISCUSSION AND CONCLUSIONS

The results summarized in Table 1 show a notable difference in the

liver mitochondrial SOD specific activities in the two strains after the 

fourth and final purification stage. The specific activity in the B1O.F 

strain (the prematurely aging strain) was considerably less than that in 

the BIO strain (the normally aging strain). Such a result indicates that 

liver mitochondrial SOD is altered in association with premature aging in

the B1O.F strain.

The results are, however, somewhat equivocal. The most pure sample 

I obtained--the 60-90 ammonium sulfate fraction—still contained impurities. 

The procedure I was using (16) continued purification of the enzyme from 

this point by chromatography on three different columns. I did not have time 

to continue the purification. The purity of my sample was less than optimum 

for another reason as well. The purification procedure was designed for 

fresh livers and the purpose of the first steps was isolation of intact mito

chondria. If the mitochondria were recovered intact, a high degree of pur

ification would be achieved. Since the BIO and B10.F livers were frozen, 

the mitochondria burst as a result of freezing and thawing. The mitochon

drial SOD was thus in the cytoplasmic fraction rather than in the mitochon

drial fraction. The cytoplasmic fraction contained much more impurity than 

an intact mitochondrial fraction would have contained. My result is equiv

ocal because comparison of specific activities should be done only on high

ly purified enzyme samples. Lowered specific activity in a partially pur

ified sample may reflect only fewer enzyme molecules rather than altered

16
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enzyme molecules (18). The difference in specific activities seen after the 

60-90 ammonium sulfate step may be the beginning of a trend that might have 

continued in subsequent purification steps. Thus, further purification is 

definitely necessary before definite conclusions can be drawn.

Another problem with my results was the fact that the same percent yield 

was not obtained for the BIO and B10.F samples at each purification stage.

It is interesting to note that in the studies by Reiss and Gershon (11) on 

liver cytoplasmic SOD they found an increased heat sensitivity in the en

zyme from old animals as compared with the enzyme from young animals. In 

my results, however, the enzyme from the normally aging mice showed an appar

ently greater sensitivity to heat than the enzyme from the prematurely aging 

strain. By sensitivity I mean that a greater amount of enzyme activity was 

lost from the BIO than from the B10.F sample in the heat denaturation pur

ification step. Both samples were exposed to 60° C for 2 min. Similarly, 

in Reiss and Gershon's study, sensitivity was measured in terms of loss of 

activity with time of exposure to heat. Both "young" and "old" enzymes were 

exposed to 70° C and to 76° C. A greater loss of activity was observed in 

the "old" enzyme samples at both temperatures. In my experiment, the B10.F 

sample (prematurely aging strain) showed a greater sensitivity to the strep

tomycin sulfate precipitation step than did the BIO sample. Whatever the 

causes and implications of the differences in percent yield at each step, 

they could affect the specific activity measurements. The percent yield is 

closest for the two enzyme samples at the final purification stage, so pre

sumably this step is best for comparison of specific activities. Again, 

further purification would show whether the difference in specific activities 

seen after the fourth step is valid.

A difference in SOD specific activity between the two strains would 

indicate that SOD alteration is correlated with premature aging in the B10.F
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mice. Whether the premature aging caused SOD alteration or vice versei would 

be uncertain. However, longitudinal studies of SOD specific activity levels 

throughout the lifespans of both strains would be revealing. If a low SOD 

specific activity were shown early in the lifespan of the B1O.F mice, a lack 

of adequate SOD protection would be implicated as a cause of premature aging 

in the strain. If, however, low SOD specific activity appeared later in 

the lifespan of the B10.F, SOD alteration would be a symptom rather than 

a cause of premature aging.

In short, the congenic strains BIO and B1O.F show promise for future 

aging research. If a definite biochemical or immunological difference could 

be established between the two strains with respect to premature aging, they 

would serve as an ideal model for both the mechanisms that cause aging and 

the defenses that make longevity possible.
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