
ERDA fc- (J4O- 1) -3^08 

Laboratory of Radiation Biology 

Department of Zoology 

University of Texas 

Aust i n 

July 1977 

Three Year 

Progress Report: 

— NOTICE -
U r n report v a t prepwed as t n account of work 
sponsored by the United Stales Government Neither 
the Untied Stales nor the United SMea Energy 
Research and Development Admnusttar on, nor any of 
thetr employees, nor any or thru contractors, 
subcontractors. or their employee*. . .ukes any 
warranty, expta* or implied, or aitumes any legal 
kabflity ot responribility fo i t i e accuracy.completeness 
or utefulnea of any information, apparatus, product or 
process disdoaed, or repreacnts that its use would not 
infringe privately owned rights 

'Original Signed By C & / i J 
- — - — Submi t ted by : C - ( O t t o H. E. Sutton t 

Vice-President for Research 

OISTRIBUIIONOF THIS DOCUMENT IS UNLIMITICi 
a 



TABLE OF CONTENTS 

Page 

Publications List 1 
I. The Laboratory 4 
II. Education and Training 4 
III. Conferences and Formal Talks 5 
IV. Progress Report 8 

A. General summary statements describing some of the work. 10 
1. Pub 1 i shed work 10 
2. Onpubl ished work 11 

B. Sens' ti zat i on by metal ions 12 
1. General summary statements 12 
2. Additional studies on Pt complexes 17 
3. Additional studies on Ag2S0^ 18 
1*. Studies related to metal ion sensitization 18 

1. Ag -DNA studies 18 
2. Cellular uptake of solutes 19 

C. Correlation of sensitization and redox potential. . . . 20 
D. Organic sensitizers 21 
E. X-ray effects in photosynthetic organisms 
F. UV effects 21 
G. Transformation studies 21 

1. Preliminary studies 21 
2. Effects of alcohols on transforming DNA 23 
3. Effects of 0 2 concentration on transforming DNA . . 25 

H. Free radical studies in radiation biology 26 
1. Introduction 26 
2. Oxidation and electron-transfer studies 26 
3- Oxygen and peroxy radicals 26 
4. Effects of D20, DABCO, dlmethylfuran and sodium 

azide on survival of spores in oxic solution. . . 26 
5. The OH radical and the 0 2 effect(s) 27 
6. The effect of x-ray photon energy on primary yields 30 
7. The effect of pulse length, frequency and dose rate on radiation sensitization of cells 31 



PUBLICATIONS (August 15, 1974 - November 14, 1977) 
(attached as appendices carrying corresponding numbers) 

1. Powers, E. L. Is the water shell about the "target" involved in radiation 
effects in cells. Proceedings of the Fourth Symposium on Microdosimetry, 
Verbania-Pal lanza, Italy, J. Booz et_ al_. eds., Commission of the European 
Communities, Brussels, Publication #EVR 5122 d-e-f, pp. 607-624 (1973). 

2. Powers, E. L. Transient chemical species important in some of the radiation 
effects in spores. Fifth L. H. Gray Memorial Conference: Fast Processes in 
Radiation Chemistry and Biology, pp. 329-340 (1973). 

3- Simic, M. The chemistry of peroxy radicals and its implication to radiation 
biology. Fifth L. H. Gray Memorial Conference: Fast Processes in Radiation 
Chemistry and Biology, pp. 162-179 (1973). 

4. Richmond, R. C. and E. L. Powers. Modification of radiation sensitivity 
of bacterial spores by silver salts. Radiat. Res. 58:470-480 (1974). 

5. Simic, M. and E. L. Powers. Correlation of the efficiencies of some 
radiation sensitizers and their redox potentials. Int. J.. Radiat. Biol. 
26:87-90 (1974). 

6. Hayon, E. and M. Simic. Acid-base properties of free radicals in solutions. 
Acc. Chem. Res. 7:114-121 (1974). 

7- Simic, M. and E. Hayon. Formation and decay of peroxy radicals of some 
pyrimidine derivatives in water. FEES Letters 44:334-336 (1974). 

8. Rabani, J., M. Pick and M. Simic. Pulse radiolysis of cyclopentane in 
aqueous solutions. J. Phys. Chem. 78:1049-1051 (1974). 

9- Simic, M., I. Taub, J. Tocci and P. A. Hurwitz. Free radical reduction 
of ferricytochrome Biochem. Biophys. Res. Comm. 62:161 (1975). 

10. Nokes, M. A. and M. Simic. X-ray sensitivity of photosynthetic and 
reproductive systems in Chlorella. Photochem. Photobiol. 21:265-268 
(1975). 

11. Goff, H. and M. Simic. Free radical reduction of hemin Biophys. Biochem. 
Acta. 392:201-206 (1975). 

12. Stevens, S. E. Jr., M. Simic and V. S. K. Rao. X-ray induced inactivation 
of the capacity of photosynthetic oxygen evolution and nitrate reduction 
in blue- green algae. Radiat. Res. 63.:395-402 (1975). 

13- Richmond, R. C., M. Simic and E. L. Powers. Radiation sensitivity of 
Bacillus megaterium spores in the presence of Co(III) complexes. 
Radiat. Res. 63:140-148 (1975). 

1 



14. Goff, Harold and E. L. Powers. Effects or x-rays on Ag-DNA complexes. 
Int. Radiat. Biol. 27:503-507 (1975). 

15. Ewing, David. Two components in the radiation sensitization of bacterial 
spores by a p-Nitroacetophenone: the 'OH component. 1nt. J_. Radiat. Biol. 
28:165-176 (1975). 

16. Powers, E. L. Remarks on the radiation chemistry of radiation damage in 
cells. Proceedings of the Fifth Symposium on Microdosimetry, Verbania-
Pallanza, Italy, J. Booz et_ aj_. eds., Commission of the European 
Communities, Brussels, Publication #EUR 5452 d-e-f, pp. 889-909 (1975). 

17. Richmond, R. C. and E. L. Powers. Radiation sensitization of bacterial 
spores by cis-Dichlorodiammineplatinum(I I). Radiat. Res. 68:251-257 (1976). 

18. Ewing, David and E. L. Powers. Irradiation of bacterial spores in water: 
three classes of oxygen-dependent damage. Science. Jj)4:1049-1051 (1976). 

19. Ewing, David. Anoxic radiation protection of bacte. ial spores in suspension. 
Radiat. Res. 68:459-468 (1976). 

20. Ewing, David. Effects of some 'OH scavengers on the radiation sensitization 
of bacterial spores by p-Nitroacetophenone and 0- in suspension. Int. 
J. Radiat. Biol. 30:419-432 (1976). 

21. Nokes, M. A. and E. L. Powers. Sensitivity of bacterial spores to U.V. 
during germination and outgrowth. Photochem. Photobiol. 25:307-309 (1977). 

22. Richmond, R. C. and E. L. Powers. Radiation sensitization of a bacterial 
spore by cis-Dichlorodiammineplatinum(I I) and other metals. of CI in. 
Hematology and Oncology. 7.:580-584 (1977). 

23. Powers, E. L. Water as a modulator of radiation damage to microorganisms. 
International Conference on the Sterilization of Medical Products by 
Ionizing Radiation, Vienna, Ajstria. In press.. (1977). 

Submi tted 

24. Ewing, David. Oxygen depletion during the irradiation of bacterial spores 
and the measurement of the lifetime of oxygen-dependent damage. 
Radiat. Res. 

25. Ewi ng, David. OH-dependent sensitization of bacterial spores by 
p-Nitroacetophenone. Radiat. Res. 

26. Ewing, David. Additivity of 0£ and p-Nitroacetophenone during the 
radiation sensitivity of bacterial spores. Radiat. Res. 

27. Ewing, David. Sensitization of Bacillus spores by p-Nitroacetophenone 
and 0.8% 09: choice of suspending fluid. Radiat. Res. 

2 



A b s t r a c t s 

28. Simic, M. and E. L. Powers. Mechanisms of oxidative radiation sensitization 
of cells in aqueous suspensions. Radiat. Res. 59:155-156 (1974). 

29. Kimler, Bruce F. and Z. L. Powers. Dosimetry considerations in the radiation 
biology of the baccerial spore.. Radiat. Res. 59:284 (1974). 

30. Ewirg, David. Interactions between p-Nitroacetophenone and 0.3% oxygen 
during radiation sensitization of bacterial spores. Radiat. Res. 59.: 156 (1974). 

31. Ewing, David. Mechanisms of anoxic radiation protection of bacterial spores. 
Radiat. Res. 62:569 (1975). 

32. Simic, M., S. E. Stevens, Jr., V. S. K. Rao and C. Munday. Light induced 
repair of x-irradiated blue-green algae in aqueous suspensions. Radiat. Res. 
62:534 (1975). 

33. Ewing, David and E. L. Powers. Three components of oxygen-dependent 
sensitization in bacterial spores irradiated in suspension. Radiat. Res. 
67:537 (1976). 

34. Richmond, R. C. and E. L. Powers. Si1ver-induced radiation sensitization 
in the presence of oxygen. Radiat. Res.70:659 (1977). 

35. Ewing, David. Additivity in the effects of 0j and p-Nitroacetophenone 
during the radiation sensitization of bacterial spores. Radiat. Res. 
70:701 (1977). 

Other 

36. Information Bulletin (CFKR) 

3 



I. The Laboratory 
In addition to ERDA's support, the Laboratory of Radiation Biology 

receive, support from NIH. It is now on the eleventh year of PHS NIGMS 
(13557) (the second year of the third five year cycle), this year having 
begun April 1, 1977 and being funded in the amount of $52.,400 direct costs. 

Acknowledgement to both ERDA and NIH is made for all work in the 
laboratory since all the work is closely interrelated. 

The current staff consists of the director (funded 1/4 time by ERDA), 
2 full-time technicians (one funded by ERDA and one by NIH), one full-
time secretary (funded by two grants from NIH), 1 part-time typist (funded 
by ERDA), 1 post-doctoral student (funded by NIH), I graduate student 
(funded in the summers by ERDA) and 2 half-time undergraduate assistants 
(one funded by ERDA and one by NIH). 

Closely associated with the Laboratory of Radiation Biology is the 
Center for Fast Kinetics Research (CFKR) funded by the Biotechnology 
Program of the Division of Research Resources of NIH in the amount of 
$1A3,000 for the year of five. The Center is directed by E. L. Powers. 
It is located in a building adjacent to the Laboratory of Radiation 
Biology. As briefly described in Appendix 36, it exists to help 
scientists with problems involving radiation-induced, short-lived 
transients and many of the chemical problems arising from the studies 
described below. A detailed description of the capabilities of this 
Center is available on request. 

I I. Education and Training 
Over the past three years, 5 undergraduate students have received 

credit for research work performed in this laboratory. Several under-
graduates have been employed on a part-time basis as noted above. One 
graduate student is approximately mid-way in a doctoral program at this 
t ime. 

As has been the case over a number of years, the x-ray machines have 
been used by various departments of the Univeristy, free, with over 50 
service irradiations being provided this past year, about the same 
number as in previous years. The service includes advice on experimental 
set-up, in place chemical dosimetry, and consultants on experimental 
design and analysis. From time to time, there are also services provided 
in the area of UV-irraoiat .on techniques including chemical actinometry. 

The radiation biology course, taught each spring, continues to have 
around 30 pre-medical, pre-dentsl and graduate students in attendance. 
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M l . Conferences and Formal Talks (August 15, 1974 - Novemoer 14, 1S77) 

June 6, 1974 

July 22-27, 1374 

August 30, 1974 

October 11-12, 1974 

Chemistry Seminar, Wayne State University, 
Detroit, Michigan. 
"Reactions of Oxygen with Free Radicals and 
Unstable States of Metals" M. Simic. 

Second Annual Meeting of the American Society 
for Photobiology, Vancouver, B.C. 
"Radiation Sensitivity of the Photosyr.thetic 
System and Nitrate Reductase in Blue Green 
Algae" M. Simic. Attended by E. L, Powers. 

Chemistry Seminar, University of Notre Dame, 
South Bend, Indiana. 
"Pulse Radiolysis and Metal Complexes" M. Simic. 

6th Annual Meeting of South Central Photobiology 
Group, Austin, Texas. 
Chaired locally by E. L. Powers, attended by 
M. Cent i11i. 

October 25-26, 1974 

November 8-9, 1974 

Texas Branch of American Society of Microbiology 
Meeting, Galveston, Texas. 
"Anoxic Radiation Sensitization of Baci1lus 
megat^rium Spores by p-Nitroacetophenone" 
David Ewing. Attended by E. L. Powers. 

7th Annual Meeting of the Texas Association 
for Radiation Research, Dallas, Texas. 
"Mechanisms in the Radiation Sensitization of 
Spores" David Ewing. 
"Radiation Sensitization of Bacterial Spores by 
Metals" E. L. Powers. 

March 18, 1975 Seminar, Ramsay Wright Zoological Laboratories, 
Toronto, Canada. 
"The Chemistry of Radiation Effects in Cells" 
E. L. Powers. 

May 11, 1975 

Sept. 15-19, 1975 

23rd Annual Meeting of the Radiation Research 
Society, Miami Beach, Florida. 
"Mechanisms of Anoxic Radiation Protection 
of Bacterial Spores" David Ewing. 
Attended by E. L. Powers. 

Miller Conference of Radiation Chemistry, 
BUrgenstock, Switzerland-
E. L. Powers attending. 
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September 22-26, 1975 

Oct. 31 -Nov. 1, 1 S>/5 

March 10-12, 1976 

March 26-27, 1976 

April 12, 1976 

June 27-July 2, 1976 

August 18, 1976 

October 18-19, 1976 

Fifth Symposium on Microdosimetry, Verbania-
Pallanza, Italy. 
"Remarks on the Radiation Chemistry of Radiation 
Damage in Cells" E. L. Powers. Session 
Chairman, E. L. Powers. 

Joint Meeting of the Texas Association for 
Radiation Research and the South Central 
Photobiology Group at Lakeway Inn, Austin, 
Texas. 
"Irradiated Spores in Aqueous Suspension: 
Tiiree Components of Oxygen-Dependent Damage" 
D. L. Ewing and E. L. Powers. 
Session chaired by D. L. Ewing. 
Meeting organized by E. I. Powers. 

29th Annual Symposium on Fundamental Cancer 
Research. 
"Growth Kinetics and Biochemical Regulation of 
Normal and Malignant Cells" M. D. Anderson, 
Houston, Texas. E. L. Powers and D. L. Ewing 
attending. 

The Third Annual Texas Genetics Society Meeting, 
University of Texas, Austin, Texas. 
E. L. Powers attending. 

Seminar: Biology Department, Southwest Texas 
State University, San Marcos, Texas. 
"Oxygen Dependent Sensitization of Bacterial 
Spores" D. L. Ewing. 

24th Annual Meeting of the Radiation Research 
Society, San Francisco, California. 
"Invitation to Potential Users of the Center 
for Fast Kinetics Research" E. L. Powers. 
"Three Components of Oxygen-Dependent 
Sensitization in Bacterial Spores Irradiated 
in Suspension" D. L. Ewing and E. L. Powers. 
E. L. Powers, D. L. Ewing, Z. Zimek 
attending. 

Seminar: Strahlenzer.tum der Justus, Liebig-
Universitat, Geissen, Germany. 
"Free Radicals in Radiation Damage in Cells" 
E. L. Powers. 

Third International Symposium on Platinum 
Coordination Complexes in Cancer Chemotherapy, 
Dallas, Texas. 
"Sensitization of Cells to X-irradiation by 
Metals" R. C. Richmond and E. L. Powers. 
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November 5_6, 1976 Ninth Annual Meeting of the Texas Association 
for Radiation Research, San Antonio, Texas. 
"The Current Status of the Center for Fast 
Kinetics Research" E. L. Powers, M. A. J. 
Rodgers, and Z. Zimek. 
"The Radiation Chemistry of the Loss of 
Biological Activity of Transforming DNA 
Induced by X-rays" Kathryn Held. 

April 20, 1977 Seminar: Institute of Nuclear Research, 
Warsaw, Poland. 
"Chemical Mechanisms in Radiation Damage in 
Cells" E. L. Powers. 

April 25-27, 1977 Second International Conference on Radiation 
Sterilization of Medical Products, Vienna, 
Austria. 
"Water as a Modulator of Radiation Damage to 
Microorganisms'1 E. L. Powers. 

May 7-12, 1977 25th Annual Scientific Meeting of the Radiation 
Research Society, San Juan, Puerto Rico. 
Symposium: "Attempts at Reconciliation of 
Radiation Chemistry with Radiation Biology" 
E. L. Powers. 
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IV. Progress Report 

The research g w d s of thib laboratory have not changed in principle 
since its founding eleven years ago. We are interested in the recognition 
of physical and chemical intermediates between the absorption of energy 
and the appearance of biological evidence of radiation injury. In 
describing the roles of water in these effects with the use of dry spore 
system,, we were able to isolate at least six separate characterizable 
kinds of radiation damage, including two effects. More "ecently we 
have been studying the response of t! ese cells in aqueous t-ispensions to 
recognize the extent to which free radicals and other short-lived species 
induced by high energy radiation contribute to biological change. 

In 1970 we described the first clear evidence based on sound rad-
iation chemistry that showed the hydroxyl radical is under certain circum-
stances an important free radical species in bringing about damage. The 
research since then has f>jlly supported the role of the OH radical in 
accomplishing, under certain conditions, part of the effects observed. A 
large amount of work resulted in several general propositions concerning 
the way in which chemical processes induced by radiation change the 
structure of target molecules in these cells. In particular. v.* have 
proposed the electron sequestration hypothesis for the action of chemical 
sensitizers: this involves a subtraction of free electrons which other-
wise would react with primarily produced OH radical* to form harmless OH 
ion. The sensitizer acts by reacting with the electron thus sparing the 
OH radical and increasing its effective concentration. Over the most 
recent period, this proposal has been refined to the point that we can 
argue that this kind ot action must take place within tens of nanometers 
of the target molecule. 

In seeking our general goals, we have been able to become more specific 
in the chemical questions asked and, as a consequence, have been able to 
demonstrate: a third 0^ effect which is different from the other two 0^ 
effects in being associated with the OH radical action of some sort; 
and the chemical details of the action of some organic sensitizers that 
demonstrate that there may be two kinds of chemically distinct actions of 
these sensitizers neither of which perhaps mimes the action of 0^ as 
proposed by other wo-kers in this field; that the protective action of 
certain compounds that interfere with OH radical action may not be the 
consequence of the removal per se of the radical, but rath r in some 
instances, the production of a secondary reducing radical on the 
scavenger itself; that many metals are very strong sensitizers and c 
methodical study of the action of metals in effecting radiation sensitivity 
is required. In addition there are a number of other studies, some of 
which are in preliminary form, such as the action of singlet oxygen 
in radiation effects and the sensitivity of the biological activity of 
transforming DNA as a molecular model. 

We believe that the program has been consistent in its step-wise and 
systematic inquiry into the chemistry and, perhaps, eventually, the 
physics of radiation injury. We believe further that many of these 
studies could have important significance, such as the understanding of 
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the mechanisms of the actions of radiation sensitizers with reference to 
radiation therapy practice, and the understanding of the significance of 
changes in radiation sensitivity induced by metals in this increasingly 
contaminated planet. 

The coming of age for the Center for Fast Kinetics Research, 
characterized by the enabling of the electron pulse generator (the Van 
de Graaff accelerator), and the laser flash photolysis system, the 
development of the absorption and emission spectroscopic analytical 
instrumentation, and the bringing on-line of the PDP-11T34 Computer 
system that collects, analyzes, prints and plots out data within 
minutes after its acquisition, opens to us a marvelous opportunity to 
run parallel studies on the radiation chemistry of the particular 
biological phanomena that are described. The Laboratory of Radiation 
Biology supported in part first by AEC, then ERDA, has played a 
significant role in the development of the Cente- for Fast Kinetics 
Research, for it is this laboratory that was the operating scientific 
establishment during its development. I propose that the Center could 
not have developed as quickly as it did had it not been for the close 
association of this Laboratory with that entity as it was being designed 
and then constructed. In a real sense, ERD"\ support of the Laboratory 
of Radiation Biology has helped significantly in the development of 
the CFKR to its present effective form. 

The report begins with specific statements describing briefIy each 
element of the work that has been completed in the past three years and, 
later, sections expand on these individual statements. 
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N. B. Two methods of citation are usea in this report. Numerical 
citations refer to publications copies of which are attached as appendices. 
These represent work of the current three-year period that has been 
reported in the literature. Nominal citations refer to other publications 
that are listed in full at the end of each section. 

IV. A. Genera) summary statements describing some of the work. 
IV. A. 1. Published work 

The following are general statements covering published work. 
1) The hydrated electron sequestration hypothesis for the action 

of certain inorganic compounds which sensitize spores to ionizing 
radiation ( Powers, 1972 ) has been supported by very much more work and 
has become proportionately more solid. A large number of papers reported 
below support in general the basic proposition. 

2) This hypothesis supports the notion that ordinarily the solvated 
electron 1 s> not an active participant in radiation damage in cells. After 
these 10 or 13 years of knowledge of tne hydrated electron, no direct 
evidence of its having any biological importance in a living system has 
been demonstrated. 

3) In one exposition we have been able to argue that the action of 
the hydrated electron in reducing effective concentra«.ion of hydroxyl 
radicals must take place within two water molecules distance of the 
target molecule (l). This means that the effective diffusion distance of 
hydroxyl radicals in living cells is quite short. 

A) The effectiveness of many organic and inorganic compounds in 
sensitizing bacterial spores to high energy radis'.ion can be correlated 
very well to their redox potentials (5). While there are some deviations, 
the generalization holds for many of the sensitizers. This furnishes us 
with a handle for predictability as well as an entry into mechanisms of 
act ion. 

5) Certain classes of protective agents, such as alcohols, operate 
only if they form strongly reducing radicals following each abstraction 
of "H by hydroxyl radica's. Thib indicates that the protective action, 
being a reducing one, is directed toward some oxidizing species which is 
a "damaged intermediate". 

6) A large number of metals are strong sensitizers (4, 13, 17, 22). 
These act mostly via an OH radical mechanism and in this sense they act 
alike. However, in regard to many details each of these sensitizers seems 
to be a unique substance, indicating that there is chemistry associated 
with each metal separate from the hydroxyl radical mechanism. That 
requires study. 

7) The platinum series is notable and deserves special mention in 
this summary because of the demonstrated anti-tumor activity of some of 
them (17. 22). These are strong radiation sensitizers and. in another 
laboratory, combination radiation and platinum treatments nave been tried 
successfully against some resistant tumors. 
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8) The two effects described many years ago for dry spores have 
been demonstrated now in aqueous suspension in this laboratory following 
the demonstration by Tallentire and his group in Manchester a little earlier. 

9) In conjunction with this demonstration, a third 0_ effect has been 
discovered which is different in its properties from the other two (18). 
Only in the lower 0^ concentrations can this been seen; and it is associ-
ated with an action of hydroxyl radicals. It is of interest that two 0^ 
effects have now been discovered in mammalian cells. 

10) With respect to our studies on organic sensitizers and the mecha-
nisms of their actions, the following general comments are of interest: 

a) The sensitizer para-nitroacetophenone (PNAP) can be demonstrated 
on the basis of concentration studies to be active in two ways 
(15). That is, it demonstrates two components of action. One 
of these is associated with hydroxyl radical activity. 

b) The action of PNAP appears to be different from that of 02, 
contradicting the proposals of others that PNAP and compounds 
like it niinic the actions of 0^ (20). This conclusion of ours 
is a consequence of a study of the action of a series of alcohols 
th£t reduce sensitization of both PNAP and 02> 

c) In fact, PNAP can reduce the 0 2 effect by reacting with the 
hydroxyl radical dependent 0^ component (the third 0^ effect 
described above) if the 0 2 and PNAP are in proper concentrations (25). 

11) In Chlorella the radiation sensitivity in several complex 
enzymatic systems were studied (10). We have shown that photosystem II 
is more sensitive to x-rays than photosystem I, and that the nitrate 
reductase system is, in turn, more sensitive than the photosystem II, 
indicating a variety of radiation sensitivities in the enzymatic systems 
of these eel 1s. 

12) As measured by untraviolet sensitivity during the transformation 
of the spore to the vegetative cell, there may be two structural con-
firmations of DNA represented by two resistant peaks which appear at 
different times during the germination process (21). 

IV. A. 2. Unpublished work 
The following are general statements covering unpublished work. 
1) The biological activity of transforming DNA is x-radiation sen-

sitive and this is largely due to the action of "OH radicals. The action 
of alcohols reveals also that other chemical mechanisms are involved. 
Very small concentrations of 0 2 sensitize transforming DNA and large 
concentrations protect it, indicating unexplainable chemical act?ons of 
0 2 that must be studied. 

2) Singlet 0 2 quenchers can reduce the 0 2 effect in spores. 
3) The G('0H) at different [02] in water was measured by (SCN)2 

formation with no change being seen; an inconclusive test of the 'OH 
explanation of part of the 0, effect at low [0„]. 
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4) Hydroxy lal ky 1 radi a Is may react with small amounts of to 
form organic peroxy_radica1s. The yields of the three primary products of 
water radiolysis (e , 'OH and -H) are shown to depend strongly on the 
effective A of the x-rays used in this laboratory (mainly 50 kV/p and 
300 kVp). 

5) An unexpected effect of very high dose rate correlated with 
pulse length on radiation sensitivity of spores in aqueous suspension has 
been observed. 

6) !t has been shown by studies earlier on EtOH and currently by a 
different method on Fe compcurds that solutes tend to concentrate within 
or on the surfaces of bacterial spores. This concentration effect alters 
the numerical values to be considered in chemical reaction rate calculations. 

7) Pre-irradiation of solutions to indues chemical changes of solute 
prior to irradiation of the spores has demonstrated that in some cases 
chemical changes of the solutions by irradiation produce or inhibit 
products that mav be damaging. In other cases, pre-irradiation results 
indicate no stable products of irradiation of the solutions alone that 
can be the causes of sensitization. 

REFERENCES 
Powers, E. L. (1972) The hydrated electron, the hydroxyl radical and 
hydrogen peroxide in radiation damage in cells. Symposium on Molecular 
Basis of Radiation Biology, Hebrew University of Jerusalem, Stein, G. ed., 
Isr. J. of Chem. (No. 6) 10:1199-1211. 

IV. B. Sensitization by metal ions 
IV. B. I. General summary statements 

Over the past several years a number of metals have been tested in 
this laboratory for sensitizing effects. Appendices 1, 4, 13, 17, 22 and 
34 represent publications in this area dealing with sensitization of 
bacterial spores to x-rays by Ag, Co and Pt compounds. It should perhaps 
be noted here, that all metals are tested over a concentration range 
to establish peak sensitization; these peak values are reported here. 
The bacterial spore system is a vary sturdy one and, therefore, very 
suitable for these studies. The maximum concentrations of chemicals 
tested is limited in some cases by the solubility of the compound, and 
in a few cases by slight toxicity at very high concentrations of chemical, 
but, in general, this system can be used to study metals over a greater 
range and with more certainty than most other systems. As noted below 
we are certain that the effects have meaning for the eucaryotic cell. 

A summary table (Taole 1 - see page 13) has been prepared covering 
some of the more interesting data we have accumulated. It is apparent 
from this table that the anion or attached ligand, in the case of complexes, 
affects the sensitizing ability of the metal. A case in point is further, 
detaijed in Table II (see page 14). The FeSO^ Rvalue in 0 2 is 5.8 x lol 
krad j while the other iron results do not exceed a Rvalue of 4.0 x 10 
krad . There are known chemjcal effects of some anions (for instance 
CI scavenges 0H radicals, NO, scavenges e etc.) but in other cases QS 
effects of the anion or ligana would be exacted. In this instance SO, 
is not expected to have an effect, yet it does. 
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Tab]? I 
Summary of some Metal Ion Sensitization Data 

Ion Cpd. Used Max. k* in N2 Max. k in 02 
Ion 
in 

Cone. M) (? Max. k 
in 02 

k in N, 
EtOH 

with: 
Fornate 

k in 0, 
EtOH 

with: 
For' •ate 

None None 1.3 2.5 

V AgN03 2.3 2.6 4 x 10"3 2 -3 
x 10 J 2.6-1.0 2.8-1 .2 2.7 

Ag2S04 2.4-1.1(250) 2.6 2 x 10 ~ 2 x 10~3 2.1-1.0 2.7 

Cd2+ CdCl, 1.9-0.7(270)* 3.3-1.4(180) 1 X 10"4 1 x 10~5 1.4 1.4 2.5 2. 5 C 
CdSO. q 1.6 4.1-1.2(140) 1 X io~4 1 x 10"4 1.3 1.3 2.5 2.4 

*Co2+ CoSO. 4 2.4-1.4(130) 3.1-2.1(150) 5 x io'4 1 x 10 1.4 1.8-1 0 2.3 2.8- 1.6 
Co(NH3)6C13 2.1 2.9 2 x 10"2 2 x 10~2 2.0-1.0 2.2-1 2 3.0 

Fe2+ FeSO^ 2.7 5.8 2.5 x 10~4 2 5 x 10"3 1.3 1.4 5.8-2.9 3.0 
Fe3+ 

Fe2+ 

re2(S04)3 

FeC2°< 

2.1 
2.2 

3.6-0.6(180) 
3.6 

2.5 
2.5 

x 10~4 

x 10~4 

2 
1 

5 x 10~4 

x 10"3 
1.3 
1.3 

1.3 
1.5 

1.8 
2.6 

1.6 
2.7 

Fe3+ 

Fe2+ 

Fe2(C204)3 

K4Fe(CK}6 

2.1 
1.8 

4.0 
2.6 

2.5 
1 X 

x 10-4 

lO"4 

2 
1 

5 x 10"2 

x 10"4 

1.4 1.4 1.8 2.0 

Fe3+ 

Fe2 + 

K3Fe(CN)6 

Na,Fe(CN), 
H v 

1.7 
1.7 

2,9 
2.7 

1 X 
1 x 

10-2 

10-2 
1 
1 

x 10"5 

x 10~5 

Pt+ Pt(NH3)2Cl2 

Pt(NH3)4Cl2 

2.5-1.0(170) 
2.3-? (350) 

3.1-1.7(190) 
2.8-0.7(300) 

2 x 
2 x 

10-4 

10-4 
5 
2 
x 10~5 

x 10"4 
1.8-1.1 1.5 2.3 2.2 

Tl+ T I 2 S O A 3.1 - 1.3(150} 3.1 5 x 10"3 5 x 10"3 1.6 2.4-1. 3 2.8 3.0 
T I 2 C O 3 4.2-2.2(170) 4.3 1 X 10"1 1 x 10_1 3.5 3.3 4.3 4.1 

Zn2+ ZnSO. 4 1.5 2.8 2.5 x 10 L 2. 5 x 10~3 1.3 1.5 2.5 2.7 

-1 2 
* All k values shown are In Krad ( * 10 ) 
** (270)-Bre«k point in survival curve occurs at 270 Krads.(Lov dose k value given first.) 
1 Richmond and Powers, 1974, Radiat. Ret. 58: 670-480. 
2 Richmond, Sitaic and Powers, 1975, Radiat. Res. 63: 140-148. 



Table I I 

Table of Fe Sensitization 

(Minimum conc- of Fe shown at which maximum sensitization occurs) 

Sulfate Oxalate 

Additive Fe2 + *Fe3+ **FeZ+ Fe3* 

None 1 .6 1. 6 
Fe only 2.6 2.2 2.2 3.6 

(Molarity) iO"" 10"* 

Fe + EtOH 1.3 1.2 1.3 1.4 

Fe + t-BuOH 
(5 x 10_IM) 1.l» 1.4 1.4 1 3 

Fe + Formate 1.4 1.3 1.6 1.4 

Fe + Catalase 1.8 1.6 1.6 1.7 

In Oxygen 

None 2 • 5 2 .5 

Fe Only 5.8 3.8 3.6 4.0 

(Molarity) lo"3 .0-* .o'3 V s 

Fe + EtOH 3.2 1.8 2.6 l.B 

Fe +t-Bu0H. 
(5 x 10 'M) 4.8 2.6 2.5 2.5 

Fe + Formate 2.7 1.6 2.7 2.0 

Fe + Catalase 2.4 2.0 2.6 — 

* - Max conc. tested due to sol. limits , 2 x 

** - Max conc. tested due to sol. . limits . 10_3I 

K or Na CN complexes 

Fe2+(K) Fe3+(K) Fe2+<Na) 

1.38 

1.8 
10-* 

2 . 6 

10 

1.7 

10"2 

2.4 

2.9 

lO-5 

1.7 

I0"2 

2.7 

10 

-3. 

-4 I - Maximum uptake measured (all 10 M conc. would be minimal uptake) 
Generalizations: CN < Oxalate < SO^ in sensitization based on It values 
only. ~ 
No generalIzation apparent as to Fe'* vs Fe2+ 
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Table 1 also notes the presence of break point lines, common 
throughout the studies of metal ions, particularly at the peak sensitizing 
concentration. In every case, the "break" is from higher to lower 
sensitivity, i.e., the low dose portion has a high sensitivity; then an 
abrupt reduction in sensitivity occurs reducing the J< value, in many cases 
to one much below that seen in N^ baselines. To date, no correlation 
between this sharp jreak point and calculations based on exhaustion or 
formation of compounds predicted by radiation chemistry can be found. 

Also listed in Table 1 are results of scavenging OH radicals (by 
means of EtOH) and scavenging OH radicals and 1^02 (by means of formate). 
Previous work by this laboratory (Powers, 1972) demonstrated a 
mechanism of radiation sensitization involving these two factors. In most 
cases these scavengers reduce the sensitization, indicating some involve-
ment of this mechanism in metal ion sen.itization. In many cases this 
reduction of sensitization is not complete, and in a few instances there 
is no reduction. Where there were break points, scavengers have erased 
them and in som-̂  instances the scavengers have created break points where 
there were none. The scavenger resists in general indicate *0H is operating 
in the sensitization, but the variety of kind also indicate other 
mechanisms are involved. 

A general uncertainty obtained in all experiments like these concerns 
changes induced by irradiation in the added solute and during this past 
year "pre-irradiation" tests were completed on these several compounds 
to attempt to measure the importance of this. This procedure involves 
irradiating the solutions prior to addition of the spores, then irradiating 
in the normal fashion. Results of these experiments are presented in 
Table III (see pagel6) If lonq-lived products of irradiation of the 
chemical itself played a role in sensitization by these compounds, it 
should become apparent from results of this procedure. 

Results varied a great deal as is shown ir. Table III. Both Ag 
salts and both Pt compounds showed small increases in sensitization when 
the solutions were pre-irradiated. A remarkable increase in sensitization 
<ccurredjghen Zn^O^ was pre-i rjjadiated. The J< value in N jumped from 
1.5 x 10 krad to 7.4 x 10 krad . An equally dramatic increase 
in J< value was seen in 0^. The Fe salts, on the other hand showed small 
decreases in sensitivity except for the_gxalate^salts which did not change 
significantly. The large Ik of 5.8 x 10 krad produced b^FeSO. jn 0,, 
with pre-irradiation of the solutions dropped to a 3-6 x 1C kraa , tnis 
being approximately the J< value seen in the other three Fe salts without 
pre-irradiation. This indicates some effect of FeSO^ in 0, particular 
to that compound and requiring that the spores be present during that 
reaction to cause the maximum sensitizing effect. One could speculate 
on the basis of this that some intermediate product of irradiation of 
the solutions or the effects of some process during irradiation causes 
the extra sensitization seen in FeSO^ in 0^ over the other Fe compounds. 

The general conclusions at this point must be that the sensitization 
by metal compounds is 1) very complex, 2) very effective in some cases, 
and 3) characteristic of the compound itself—i.e. some resemblances 
may exist from one compound of a metal ion to another but extreme 
differences also exist within compounds of the same metal ion. For 
these reasons, we must continue to consider each compound individually, 
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Table I I I 
f r e - i r r. it,' i :i t I. in P.t t 

Without With 
pre-j rradlatlcn pro-irradiation 

Additive (Concentration) Gas k̂ 1 k^ BP3 k̂  k̂  BP DOSE14 

AgN03 (4 x 10"3 M) N 2 2.3 2.8 1.1 210 330 
(2 x JO"3 M) °2 2.6 3.0 300 

AgjSO^ (2 x 10~3 M) N 2 2.4 1.1 250 4.1 1.0 130 350 
(2 x 10"3 M) °2 2.6 3.2 280 

CdCl2 (1 x 10"'* M) N 2 1.9 0.7 270 2.0 0.6 250 330 
(1 x 10~5 M) °2 3.3 1.4 180 3.3 1.5 170 200 

CdSO^ (1 x 10"4 H) N 2 1.6 
(1 x 10~4 H) 4. 1 1.2 140 2.3 200 

CoS0,( (5 x 10"'' M) N 2 2.4 1 .4 180 3.0 1.2 100 300 
(1 x 10"4 H) °2 3.1 2.1 150 3.2 1.4 200 250 

Co(NH3)6Cl3 (2 x 10~2 K) N 2 2.1 2.5 0.7 250 400 

(2 x 10~2 M> °2 2.9 3.5 0.6 200 280 

FeSO^ (2.5 x 10~4 M) N 2 2.7 2.0 500 
(2.5 \ 10~3 M) °2 5.8 3.6 180 

Fe2(SOA)3 (2.5 x 10~4 M) N 2 2.1 1.9 500 
(2.5 x 10~4 M) °2 3.6 O.f, 180 3.0 500 

FeCjO^ (1 x 10~4 M) N 2 2.2 1.8 380 
(1 x 10~3 M) °2 3.6 3.1 0.8 210 230 

fe(C;,n<)1 (1 X 10"4 M) N2 2. 1 2.2 0.9 250 430 
(J x 10"2 M) °2 4.0 3.8 0.7 190 200 

Pt(Nn3)2Cl2 (2 x 10~4 K) N 2 2.5 1.0 170 3.1 1.4 140 250 
(5 x 10"5 M) °2 3.1 1 7 190 3.7 0.4 210 250 

Pt(HH3) CI, (2 x 10~4 M) N 2 2.3 1 350 3.4 1.0 130 350 
-4 (2 x 10 M) °2 

2.8 0.7 300 3.3 400 

TljSO^ (5 x 10"3 Mv 
N2 3.1 1.3 150 2.7 1.5 70 250 

(5 x 10~3 M) °2 3.1 3.9 2.1 80 250 

T12C03 (1 x 10"1 M) N2 4.2 2.2 170 4.4 2.3 70 230 
(1 x lO-1 M) °2 4.3 4.0 200 

ZnSO^ (2.5 x 10"2 M) N2 1.5 7.4 1.1 70 480 
(2.5 x 10"3 M) °2 2.8 8.6 1.7 50 280 

' k value for low dosu portion of curve or full curve if no break 
point is evident ( x 10 ) (krad~ ) 

2 k value for high dose portion of curve when break point is evident 
(x 10Z) (krad *) 

3 dose at which breakpoint occurs 
" total dose given as pre-irradiation 
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while seeking sufficient understandings of the mechanisms to allow 
grouping and porting of metal results 'ay some common factors that must 
exist. Most importantly, serious study of the radiation chemistry of 
these substances under conditions obtained in these experiments must be 
done. 

REFERENCES 
Powers, E. L. (1972) The hydrated electron, the hydroxyl radical and 
hydrogen peroxide in radiation damage in cells. Symposium on Molecular 
Basis of Radiation Biology, Hebrew University of Jerusalem, Stein, G. ed., 
I sr. J. of Chem. (No. 6) 10:1199-1211. 

IV. B. 2. Additional studies on Pt complexes 
The Pt series is of special interest because some Pt compounds nave 

been described as effective anti-tumor agents (Rosenberg, 1977). One 
serious problem is that they are very toxic in humans at effective anti-
tumor levels. Our Co-complex results indicated the Pt-complex sensitization 
study. The outside hope is that combined irradiation-Pt therapy might 
allow low doses of both agents in tumor therapy. 

Two new complexes of Pt are being tested, sulfato (1,2-diammino-
cyclohexane)Pt (I I) and malonato (1,2-diammino-cyclohexane)Pt(11). These 
tests are as yet incomplete but results to date as compared to those 
previously achieved with cis-dichlorodiamminePt(l1) (17,22) are shown 
in Fig. 1. In N. the dichlorodiammine 
and the dichlorotetrammine are very 
effective sensitizers over a wide low 
range of concentrations. 

Since publications of (17) tests 
by Douple (1977) using combined Pt-
x-irradiation therapy on n rat brain 
tumor resulted in complete tumor 
control in 5 of 12 animals. This 
tumor had not responded to any 
treatment before. 

REFERENCES 
Rosenberg, B. and Van Camp, L. 
(1970) Cancer Res. 30:1793-1302. 
Douple, E. B., Richmond, R. C. and 
Logan, M. E. (1977) _J. CI in. 
Hematol. and Oncology 7:585~603-
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Fig. 1 Radiation sensitivity of 
bacterial spores vs_ concentration of 
Pt(ll) complexes, in 0 2 (top) and in 
N„ (bottom). 



IV. B. 3 Additional studies on 
In the 

the curious 
namely, 20% 
sensi ti^i ty 
0, + Ag ' 

of Ag 
t jn 0 

(4), r>tuay 
resul 

+ Ag 
more than 100% 

led to a series o^ 

2' i ncreased 
M Ag <A9jS04> 
M A G * . 1 - A U O H ( 0 . 1 M ) 

10 experiments to test 2 x 
M Ag (Ag2S0it) against 
various concentrations of 
in N^. The results of these 
experiments are shown in Fig. 
2. It will be noted when 
comparing this figure with 
the original work, there is 
some slight difference in 
baseline j< values, both the 
N'2 and 0- baseline currently 
being slightly higher than 
previously. 

100* 
L°t3 

There is 
effect at 55% 

Fig. 2 
spores 

Radiation sensitivity of bacterial 
in the presence of 2 x 10 M Ag a sharp peak 

0 in N2. If 
one calculates reactions with 
e assuming that Ag and 0„ 
riic tions with Ag therefore subtract from the possible reactions with 0 

(Ag SO^) with and without t-BuOH v£ 0 2 con-
centration in N2 

are competing for the electron, and that the 

the normal requirement of over 5% needed 
increases to approximately 55%. Therefore, 

2' 

due to the 
ad.d i t i ve 

maximum+0^ effect 
to the Ag e^e;t. 

for a full 0- effect then 
it could b* that this peak is 

being achieved and bei^o at least partially 

The effects of ^-BuOH, which scavenges 'OH, indicate some involvement 
of the "OH mechanism of sensitization in the Ag-02 sensitization. Since, 
however, the t^-BuOH only affords partial protection, this would not appear 
to be the only mechanism involved. It is also contradictory that the _^-Bu0H 
would sensitize at 21% 0, in ^ ^ W e have however, seen other cases indi-
cating that t_-Bu0H itself, under very special circumstances seems to be a 
sensitizer. At 100% 0_, there is no effect of J^-Bu0H--as would be the 
case if there were no Ag present. Tljiis seems to infer some action of 0 2 
which interferes with an |ction of Ag that relates to 'OH. Or, in other 
words, some portion of Ag sensitization is due to "OH and this portion 
is either not present or interfered with when 100% 0 2 is present. 
IV. B. k 
IV. B. A. I. 

Studies related to metal ion sensitization 
Ag -DNA studies 

of j_n vi tro 
loses 

The known complexing of Ag with DNA prompted a series 
experiments with this cation and calf thymus DNA (14). DNA loses its 
hypochromici ty (_i_. e_- the extinction coefficient, e, increases) with 
increasing doses of radiation delivered anoxically; this kind of damage 
probably indicates DNA strand breakage and subsequent unwinding of the 
molecule. As the dose is increased further, e peaks and then declines, 
showing DNA base damage. "OH are involved in both these kinds of 
damage; EtOH or _t-Bu0H prevented these changes of optical density. When 
N20 was present during irradiation, increased amounts of both kinds of 
damage were observed. Complementary experiments were also run which used 
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sedimentation gradients to separate degraded fragments of irradiated DNA. 
The presence of Ag plays no apparent role in altering the rates of DNA 
degradation. Although all thj results are not entirely straightforward, 
the expected complexing of Ag with DNA seems to have little significance 
regarding the actions of this cation as a biological radiation sensitizer; 
the responsible sensitizing mechanisms seem to be wholly 'OH reactions. 

IV. B. k. 2. Cellular uptake of solutes 
While the problem of the concentration of sensitizers in the ceil is 

not peculiar to metal ions, it is reported here since, at this time, a 
large portion of our studies of uptake are by Atomic Absorption 
Spectrophotometry, applicable to all the metal ions. These past 3 years, 
techniques have been developed for analysis for Fe ions. This technique 
appears to be useable and fit for the other metal ions of interest to us, 
with the possible exception of Hg. This method has shown that the con-
centration of the solution and the number of spores present both affect 
the amount of metal ion taken up by the spore. The technique involves 
suspending the spores in metal ion solutions, centrifuging and measuring 
the loss of m«tal ion from the supernatant, as well as the gain of metal 
ion in the p "et. At lower concentrations of metal ion, the two measure-
ments agree quite well; but at high concentrations, the supernatant loss 
is somewhat greater than the pellet gain. This discrepancy is, as yet, 
unresolved; therefore, averages of the two determinations were used to 
obtain the estimates of concentrations. 

As can be seen in Fig. 
3, there can be a consider-
able concentration effect 
of the metal in the spore. 
The amount of this "uptake" 
is affected by radiation 
and the gas present during 
irradiation as well as the 
presence of alcohols. Also 
observed in these studies 
is the tightness with 
which the FeSO^ is bound or 
absorbed by the bacterial 
spore. Efforts to "wash 
out" this compound are not 
completely successful even 
using 1 M acetic acid as a 
wash. An alternative 
wash material, o-phenan-
throline (known for its 
ability to complex Fe) did 
not remove any of the Fe "taken up" by the spore. 

Results obtained so far on other salts of Fe indicate that as in the 
radiation sensitization, each compound will exhibit individual character-
istics. These results do emphasize the need for this information on all 
the sensitizers since actual concentrations of the sensitzer in (or on) 
the spore must be known to make accurate calculations of chemical 
reaction rates. 

Fig. 3. Effects of irradiation and the 
presence of scavengers and gaseous atmos-
phere during irradiation on the uptake of 
FeSO. by bacterial spores. 
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An alternative measurement technique available to us on some metal 
ions is by electrode measurements. This technique, when possible, will 
augment and confirm the data obtained by atomic absorption. 

IV. C. Correlation of sensitization and redox potential 
Appendix 5 describes an 

area of our research which is 
still active. Four compounds 
have been tested this past 
year which were suggested for 
biological testing by their 
redox potentials. One of 
these, diamide, showed a _2 
maximym Jc value of 10 
krad ' in N2 at 1 x 10 ' M. 
Since it was reported to have 
^ redox potential of -0.2, it 
was expected to have^maximum 
sensitization a£ 10 M 
rather than 10 M. 

M 
Chloramine T, which wâ j 

expected to peak at 4 x 10 
demonstrated no large sen-

tested 
very 

slight sens i t izat ion_^a<: 
observe^ from 1 x 10 to 

in N0--the area predicted 

s i t i z ing?effects,when 
from 10 to 10 M. A 

[ i - a i t H U - i - m i i o i H i x i o i l ] , w 

Fig. 4. Radiation sensitivity of 
bacterial spores vs concentration of 
2-methyl-5-nitroimidazole in 0„ and N 2" 

4 x 10" 

i i i iiui|—I l l uiiij—i i 1111 ir|—r i 111in 
X Nj * • Oj 

a l i a i c a ij .. . <_ . . t .-. by redox potential. 
Another compound, 2-methyl-5~nitroimidazole showed remarkable ability 

to.sensitize at a very low concentration as shown in Fig. 4. Since the 
E for this compound is -.542, it was expected that it would show,peak 

sensitizing effects in N, at 5 x 10 M. 
This, however, was not tne case hut the 
results seem worth reporting at this time 
because of the ability of this compound to 
sensitize so effectively at such a low 
concentration. ln20„, 10j M produced 
value of 3-9 2,-10 krad and, 
k value at 10 M was 2.3 x 10 
There is a small hump of sensi 
5 x 10 M in N2 which may be due to the 
redox potential correlation with sensitivity 
but if so :t is abundantly clear for this 
particular compound that other factors, in 
lower concentrations, are far more signifi-
cant in the total sensitizing effects. 

a k 

krad 
ization at 

Li" 

ur» 
[MojMCHJJMOJ 

Fig. 5- Radiation sensitivity 
of bacterial spores vŝ  con-
centration of a nitropr^sside 
compound in 0 2 and N2 . 

The fourth compound tested wa$ a nitro-
prusside (Na2Fe(CN) NO) with an E° of -0.1. 

This redox potential predicted peak sen-
sitization in N2 at 7 x 10 M. This, 
as shown in Fig. 5 was the case. 
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Again other sensitizing features in 0. at somewhat lower molarities seemed 
of importance and therefore are included. 

As was stated in the original publication on redox potential vŝ  
sensitization (5; there is a grod correlation in many compounds between 
redox potential and sensitization in N^. allowing, as we saw in the 
prusside compound, a prediction of the concentration at which pealf 
sensitization will occur. The precision end perti" nee of the E values 
as related to sensitizing reactions may be a factor limiting the number of 
compounds to which this correlation applies. And, as can be seen by the 
examples above anJ those in the publication, other factors contribute to 
sensitization, sometimes at other molarities and sometimes at the same 
molarities. When the redox correlation !s better understood, it can then 
be sorted from the other factors allowing further understanding of the 
mechanism of sensitization as a whole. 

IV. D. Organic sensitizers 
As noted previously, this portion of the research work has been placed 

somewhat in the background with the departure from our staff of Dr. David 
Ewing. Publications covering this research are presently in various 
stages and may be noted as Appendices 15, 18, 19, 20, 24-27, 30, 31, ?3, 
and 35. 

IV. E. X-ray effects in photosynthetic organisms 
Parallel studies have been run with a procaryotic blue-green alga 

and an eucaryotic alga, Chlorella, (10, 12, and 32). In the blue-green 
algae, survival, loss of photosynthetic ability (as measured by a decrease 
in oxygen evolution), and the radiation sensitivity of an essential 
enzyme were examined. With Chlorella, lethality (loss of reproductive 
ability) and loss of oxygen-evolving ability were studied. With either 
organism, the photosynthetic apparatus was relatively more resistant to 
irradiation than reproductive ability. !n Chlorella, the sensitivity of 
photosystem li is greater than that of photosystem 1. 

IV. F. UV effects 
Appendix 21 is the result of a small project studying effects of UV 

on sensitivity during germination, and represents the only UV work done 
during this period. 

IV. G. Transformation studies 
IV. G. 1. Preliminary studies 

The transformation studies were begun two years ago as a means of 
studying the chemical mechanisms involved in the x-ray induced loss of 
biological activity of DNA. Extraction of DNA from Baci11 us subtiI is W23, 
wild type, is according to the procedure of Marmur (1961), with modifications 
by Synek (1967). 

The biological activity of this DNA is determined by its ability to 
transform a tryptophan -requiring mutant, B̂ . subti 1 is 168M, to tryptophan 
independence, as measured by ability to form colonies on minimal media. 
This procedure is from Anagnostopoulis and Spizizen (1961) with modifi-
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cations by Syrek («967) and further adaptations to increase efficiency in 
our laboratory The DNA is stored and irradiated in 29 MM phosphate buffer, 
pH 7-3- No loss ot activity is seen in samples stored up to nine months. 

1 ml samples of DNA of appropriate 
concentration are exposed for varying 
times to 45kVp x-rays in chambers 
through which the desired saturating 
gas is flowing, as in our standard 
method (Powers, 1970). Two dose rates 
are used, 2.13 krads/min. and 11-73 
krads/min. These irradiated samples 
are then checked for their ability to 
transform cells to tryptophan indep-
endence. For each ecperiment, two 
controls are used--o \e is an untreated 
DNA sample and the o; ,ier is a I ml DNA 
sample exposed to st 'ring and gaseous 
equilibration as are the irradiated 
samples. The averag of these two 
controls is taken to be 100% relative 
transforming ability, and irradiated 
samples are expressed as a percent 
relative transforming ability. This 
relative activity is plotted vs^dose to 
give a typical survival curve with an 
Fnactivation rate eongtant, J<, from the 
expression N/NQ = 

ONA IN 10 mM PHOSPHATE GUTTER IRRADIATED IN Oj COMC Ol DMA I,, («RAD~') 
e o 

60 uq/ml 
25 us/nl 10 M̂fal 

.15 
M .35 

-I l_ 10 IS 
D O S I < « » A D S > 

-kL e — 

-I 1 i 1 r-
BNA IH ItlMI fMOShUTI 

O -t Oj O = Nj 
A = hjO 2' 

DOSI (KRADS) 

Fig. 7 
N-0 on 

Effects of 02, Nz and 
w. radiation sensitivity of 

the transforming ability of DNA. 

Fig. 6 Effects of DNA concen-
tration on radiation sensitivity 
of the transforming ability of DNA. 

Figure 6 shows survival curves for DNA 
of various concentrations irradiated in 0, 
Most notably these curves are at least 
biphasic, showing an initial radiation sen-
sitive portion at low doses and a more 
resistant portion at higher doses. This 
set of curves clearly demonstrates the 
existence of a concentration effect in 
transforming DNA. Therefore a DNA con-
centration of 10 yg/rnl was used in all 
other experiments. 

The effects on transformation of 
exposing DNA during irradiation to various 
saturating gases is seen in Fig. 7. These 
curves are at least triphasic showing an 
initial radiation sensitive portion 
inaccessable to st' hy our present 
methods, a middle Dn with which we 
will deal primaril, id a radiation 
resistant region at higher doses which 
often shows considerable scatter and low 

colony counts. As noted by the k 
values shown, DNA exposed to x-rays 

1623 



durIng 
i n n2O 
sensitivities 

gassing with 0„ is least sensitive, in N2 it is nore sensitive, and 
the DNA is most sensitive to irradiation. Although this order of 

differs from that seen in cellular systems, it is qualitatively 
the same as seen in studies with other biological molecules and phages. 
This "protective" effect was seen by others in our laboratory (Gampel, 
1972) when using T-7 phage irradiated in media. However, when the phage 
was purified of organic materials, the k values for exposure in N2 and 02 
were the same. Perhaps the contamination present in the DNA preparations 
can account for the result. 
IV. G. 2. Effects of alcohols on transforming 

Although the increase in rad-
iation se.i:-i t1 vi ty of transformir.ri 
DNA wiien irradiated in N^O as opposed 
to N^ suggests the involvement of the 
OH radical in DNA inactivat ion, an 
additional test is the use of alcohols 
as competitors for the 'OH. Figur^ ft 

DNA 

shows that the presence of 5 x 10 
EtOH in the DNA solution during 
irradiation in all three saturating 
gases has a very dramatic protective 
effect, the sensitivities in each 
gas pi 1 EtOH being about one tenth 
that in the gas alone. 

M -

this figure is the N„ 
included in 

baseline from 
Fig. 7 for comparison. The points on 
each line represent at least two 
experiments. It appears that in the 
presence of EtOH the order of sensi-
tivities is changed, with exposure in 

least sensitive, followed by 0- being 
N20, ther 
sens i t i vi 

<00 
DOS! I KIADS) 

N2 showing the greatest 
ty. From these data alone Fig. 8 Effects of EtOH on the 

transforming ability of DNA 
during 
and 

irradiation in 0, N, 
n2O. 

it is difficult to assess the 
significance of this change, 
but the EtOH protection in all 
three gases is important as 
an indication of the affect 
of "OH in causing DNA 
inactivation. 

This EtOH protective 
effect was further investigated 
by a study of the influence 
of a wide range of EtOH con-
centrations on DNA irradiated 
in all three gases. These 

Inactivation of transforming ability results are shown in Fig. 
irra- 3. |t c a n be seen in all 

Fig. 9 
of DNA vs concentration of EtOH during 
diation in 02, N2 and N 2 O . three gases that the 
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inactivation rate^cons t int, ^decreases slowly froi, the baseline to 
approximately !0 M tiOrt, after which there is a more rapid increase in 
protection with_^ncreasing EtOH concentration to a leveling off starting 
at about 5 x 10 M EtOH in all three gases. Based on a G ^ ^ . ̂  q^J = 

5.4 for reaction of EtOHyjith 'OH in N20-saturated solutions, it can be 
calculated that 8.4 x 10 M EtOH is sufficient to scavenge all OH 
radicals produced at the maximum doses used in these experiments. As oted 
from the graph, this level of added EtOH lowers radiation ser<. tivjty of 
the DNA almost to the 0 baseline. Addition of EtOH beyond v-.* 10 M 
concentration level continues to increase protection of the DN.-. jp to about 
5 x 10 M EtOH where a leveling off begins in all three saturating gases 
with the same level of protection reached in all gases at 1.0 M EtOH. This 
suggests that at these high concentrations, EtOH is exerting ^nme prouct:v 
effect in addition to 'OH removal. More experimentation in this area is 
needed. 

The results of experiments with OH radical scavengers other than 
EtOH are presented in Taule IV. 
These experiments were conducted 
in N0 with the molarity of 
additive chosen so as to yive the 
same kC (bimolecular rate con-
stant for reaction of the 
alcohol with *0H times concen-
tration) as EtOH at 5 x 10" M. 
Thus if the 'OH scavenging by 
these alcohols leads to protect-
ion by a mechanism similar to 
that in EtOH, similar k. values 
would be expected. It can be 
seen from the table that in the 
five alcohols tested the k_ 
values are indeed very close, 
with slightly more protection 
seen in allyl alcohol. It is 
interesting to notethat at^a concentration of 1.0 M_£he k_ allyl 
alcohol is 2.0 x 10 krad as compared to 2.0 x 10 krac4 in EtOH. 
This additional protection may be due to scavenging of "H by allyl. The 
indicatior of similar protection mechanisms at the same kC in all alcohols 
tested is particularly interesting jn light of other exper i Tienfs performed 
in this laboratory (13 and 19). In these papers it is reported that in 
the B_. megateriurn spore system alcohols which react with *0H to form 
hydroxy radicals at the a-carbon position, , ethyl, methyl and allyl 
alcohols, protect in anoxia, yet those alcohols which do nrt forir. !>uch 
reducing species, t_-Bu0H and _t-amyl alcohol, do not protect. 
Obviously this correlation does not hold up in the transforming DNA 
system where anoxic protection by alcohols is independent cf the tyoe cf 
radical formed. 

In addition, when 1.7 x 10 ' M _t-Bu0H is present in a ONA solution 
irradiated with 0 2 as saturating gas2jk_ = 0 ^ 8 x 10 krad , and with 
N20 as saturating gas, k_ = 0.54 x 10 krad , both approximately the 
same as the protection seen with EtOH under these conditiors. 

Anoxic Radiation Sensitivity of Transforming 
DNA trp+ in Bac' 1 i•-"= suTt i I ' s 

A1cohol [M] kc k(krad) ~ 
Added (t 

0 - - <t£ C 
t-Butyl' 1.7 x 10" 1 9 X !07 7.' 
Methy 1 1.0 x 10" 1 9 X iO7 5.5 
Ethyl 5.0 x 10" 2 Q X O7 6.3 
t-Amy 1 •'• 5.0 x 10" 2 9 X 107 8 3 
A1 !y] 1.5 x 10" 2 9 x !07 3.5 
Mean of a!conols 7.0 

forir 6-C rjdicals 



IV. G. 3• Effects of concentration on transforming DNA 

The fact that the order" 
of sensitivity for trans-
forming DNA inactivation 
varies from that seen in 
cellular systems and the 
knowledge of the effects of 
variour concentrations of 0 2 
on the .adiation sensitivity 
of spores (18) prompted a 
study of the effects of 
various concentrations of 
on transforming DNA. The 
results obtained thus far as 
shown in Fig. 10, indicate 
at least three actions of 
0^. At very low concen-
trations of 02 in N there 
is an enhancement or 
radiation sensitivity of 
at least two times that 
sensitivity seen in 100% 

.20 

TTT| 1 1 I I I I ll| 1 1 I Mill 
DMA (lOug/ml) IN 39 mM PHOSPHATE SUFFER _ 

0.1% 

• O , BASELINE . 

I I I III M>% -I • I I m i : 

M 
<0% 

J L 

... 

• ' "'I 

Fig. 10 Inactivation of transforming ability 
of DNA by x-irradiation in various concen-
trations of in N 2 . 

02 and 1.6 times in 100% 
N^. At this time we lack sufficient data to state exactly at what concen-

peak sensitization occurs although it appears to be at about 
Further addition of O2 at concentrations above this peak causes 
reversal of this sensitization to about the level of the N, 

2* 
trations this 
0.22% 02. 
a p0~tial i^v^i 1 ui vii 1 3 1 b 1 «>a l 1 wii i.v a uwu i. uiiw 1 • w • w * liî  
baseline over a wide range of 0 2 concentrations. At concentrations greater 
than 86% O2 in N2> the O2 baseline is seen. It is interesting to note that 
the survival curves for the intermediate 0- concentrations are exponential 
over the three decades studied. However, at above approximately 40% O2 the 
survival curves begin to break, having a region at low doses with the k̂  val ue of 
to that for 
for the low 

the N« 
the 

baseline and 
0„ baseline. 

Jose 

a region at higher doses with a ^equivalent 
-2 It should be noted that only those Rvalues 
region of the survival curves are given in Fig. 10. At 

02 concentrations of about 86% or above, the survival curves are again ex-
ponential this time showing sensitivity of the baseline, 
we can propose no explanation for these effects. 

At this time 
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IV. H. Free radical studies 
IV. H. I. Introduction 

Studies of the application of current knowledge in radiation chemistry 
to radiation-induced phenomena in cells continue here in the Laboratory of 
Radiation Biology at the University of Texas at Austin. The advent of 
operational status of the Van de Graaff accelerator in the CFKR provides 
an opportunity for us to relate directly to the cellular system radiation 
chemistry as it is performed currently in many laboratories in the world, 
_?_.£., with short pulses of high energy radiation delivered at extremely 
high dose rates within the pulse. These conditions are different from 
those usually used in radiation biology: x-rays of longer wavelength 
producing hijh LET's are delivered at dose rates considerably lower than 
those obtained in accelerator pulses. Since these are important variables, 
the general question then arises as to the propriety of the application 
of chemistry from one condition to the other. 
IV. H. 2. Oxidation and electron-transfer studies-

The ability of compounds to oxidize damaged sites on organic mole-
cules has been studied during this three-year period. Appendices 6, 8, 9 
and 11 represent Dubl icat iuns in this area. 

IV. H. 3- Oxygen and peroxy radicals" 
In dry spores, there is evidence that one of the pathways for oxygen-

dependent sensitization involves the formation of peroxy radicals (Powers, 
1966). The formation and subsequent reactions of peroxy radicals in 
chemical systems have been extensively studied (3 and 7). Our under-
standing of these processes and their possible relevance to radiation 
biology is still limited. An electrophi1ic molecule such as 0„ might 
oxidize or form an adduct at a damaged cellular site. One stuay, reported 
previously, devised a method for distinguishing between the products after 
oxidation ("O^) and after addition CRO2, a peroxy radical). The acid-
base properties of 'RO^ were also studied (3) since this radical will 
protonate easily and can decompose to 'O^. 
••This research done elsewhere previous to CFKR operational status. 
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IV. H. 4. Effect of D^O, DABCO, dimethyIfuran and sodium azide on 
survival of spores in oxic solution 

In a previous communication from this laboratory (18) it was con-
cluded that there is a third 0^ effect different from the other two 
reported years ago operative in rad iat ion-induced lethality of B̂ . 
megaterium spores in aqueous suspension. It was held to be hydroxyl 
radical dependent, as it may be removed by t^BuOH. It has been suggested 
(Goscin, 1973) that the superoxide anion is largely responsible for the 
0^ effect in JE. co1i B; evidence for this comes from the radioprotective 
nature of the enzyme superoxide dismutase in this organism. 
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Work is currently in hand which may show that either this supei— 
oxide component, or a third component of the 0 2 effect in B. megaterium 
spores, may in fact be due to the A state of excited 0 2 T'singlet oxygen"). 
DABCO (1,4-diazobicyclo(2,2,2)octane? and dimethy1furan, both well known 
quenchers of singlet oxygen, have been shown to reduce the 0 2 enhancement 
ratio by approximately 25% over certain concentration ranges. The effect 
of sodium azide, also a quencher of singlet oxygen, on the oxic B̂ . 
megaterium system, is currently under investigation. In the case of 
DABCO, in the presence of from 0 to -10% 0« in equilibrium with the spore 
suspension, the protective effect appears to be additive to, and therefore 
different from the previously reported hydroxyl radical dependent com-
ponent. D O enhances the 0^ effect at low 0_ concentrations; this would 
appear to 5e in accord with the prediction or Merkel et al. (1972) that 
the lifetime rf singlet oxygen in D^O is five times that in H^O. 

Pulse radiolysis experiments are being carried out to ascertain 
whether the protective effects of DABCO and dimethylfuran are due to 
scavenging of other species such as "OH or '02 ; however, the D^O 
enhancement would seem to suggest this is unlikely. Speculation has been 
made concerning the nature of the generation of singlet oxygen in a) pure 
water and b) concentrated solutions of solutes such as proteins. 
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IV. H. 5. The OH radical and the 0^ effect (s) 
Recently we have published evidence that the 02 "effect" is divisible 

into three effects, depending upon the concentration of 0 2 that surrounds 
the experimental organism (in this case, bacterial spore) and that one of 
these is associated with an action of the OH radical (18). In these 
experiments, sensitization of spores by 0^ commences at about 10 M 
(dissolved 0 ^ , reaches a plateau at_^.5 x 10 M to 5 x 10 M, then 
increases to a maximum above 2 x 10 M. Addition of 0.1 M t^BuOH reduces 
the level of sensitization at the plateau but has' no effect on sensitization 
at 0^ concentration greater than 8 x 10 M. This indicates that the 
sensitization of spores by 0 2 can depend on three chemical processes. One 
of these processes involves reactions of OH radicals, the other two 
apparently do not. In terms of OH radical scavenging by alcohols, Ewing 
(19) following the suggestion of Richmond et eQ_. (4) has found that a 
series of alcohols, those which form a-hydroxylalkyl radicals on reaction 
with 'OH protected unHsr anoxic conditions, while those 

^-BuOH, t^-amyl alcohol and benzyl alcohol) forming other radicals, 
did not protect. However, both jL-BuOH and jt-amyl alcohol did sta>w 
protection at an intermediate 0_ concentration ([0 ] = 3.5 x 10 M) . 
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Accordingly, two pulse radiolysis experiments were carried cut 
utilizing the CN Van de Graaff at CFKR. This machine produces k MeV 
electrons at beam current intensities of 250ma. Electron pulses of 200 or 
800 ns were used in the experiments to be reported. Transients were 
produced in a quartz cell approximately 9cm from the accelerator exit port, 
and were detected by means of light from a pulsed kSOVI xenon arc lamp. The 
light, after leaving the cell, was focused on the entrance slit of a Bausch 
and Lomb high intensity monochromator, and from there onto the photo-
cathode of an RCA 1P28 or Hamamatsu 928 photomultipiier tube. The signal 
from the photomultipiier was stored in a Biomation 8100 transient 
recorder and was subsequently plotted for kinetic analysis on an X-Y plotter. 

First,the G value for OH radical formation (number of "OH produced 
per lOOeV of energy absorbed) wjis measured over a range of dissolved 0^ 
concentration from 0 to 3 x 10 M (air-saturated) using the formation of 
the thiocyanate dlradical anion as a monitor of 'OH production: 

SCN_ + "OH -»• SCN" + 0H~ 
SCN' + SCN" 2 (SCN)2" 

G0H = in N2 s a t u r a t e d water. Powers et al_. (1973) have shown that2 
yield of 'OH may increase in the presence of high concentrations (>10 M) 
of nitrate ion. In similar fashion an increase in G „ with increased 
(also an efficient electron scavenger) would correlate well with the 
biological observation. However, as may be seen from Fig. 11 no such 
effect was observed and, 
indeed, there is no known 
chemical reason to expect 
such an increase. 

Secondly the rates of 
reaction of 'OH with EtOH 
and formate ion (which 
form a-hydroxylalkyl 
radicals) and benzyl 
nlcohol and Jt-BuOH (which 
do not) are measured at a 
range of low 0 2 concen-
trations by means of 
competition kinetics 
using again the thiocyanat 
diradical anion system 
(Baxendale, 1968, and 
Will son, 1971). In this 
case, the reactivity 
of the hydroxylalkyl 
radical with 0 2 to form 
a peroxy radical could be expected to have an effect in the biological 
system; the reaction rates of a- or B-hydroxylalky1 radicals with 0 may 
differ 

'OH + HR-0H t H20 + 'R-0H 
(Hydroxylalkyl) 
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Fig. 11 Absorption of (SCN)I at k80 nm 
against [0_] during irradiation. 



R-OH + 0, 'OOR-OH 
(peroxy) 

or the 
system 

nature 
(3). 

of the peroxy radicals themselves may influence the biological 

This experiment also proved inconclusive 
effect of 02 was seen on the rate of 
reaction of 'OH with these alcohols. 

In the literature of pulse 
radiolysis it is generally implied 
that hydroxyI a 1ky1 radicals, once 
formed (as they are commonly in 
'OH-scavenging reactions), are 
subsequently unreactive. However, 
0^ in its normal £ - state is 5 
extremely reactive Sith most free 2 
radicals, and hydroxylalky1 radicals 1 
are no exception. Two processes J-
tray occur (3) : 

(Fig. 12). No appreciable 

1 r T r 

RH - OH + 0, 

"00RH-0H 
(add i t ion) 

R-OH + H + 
(oxi dation) V 

by 

J L. 

• 1-iUTAMOl 
• (T HANOI 
A fOIMATI 
X HHITl ALCOHOL 
<0 M 

Organic peroxy radicals formed 
the addition process generally 
absorb below 300 nm, and so their 
rate of formation may be observed 
directly by pulse radiolysis. 
0.1 M solutions of methanol, t-BuOH, 

%Oj IN SAVUtAT I MO HAS 

Fig. 12 Rate constant (J*) of "OH 
solute v£ 0 2 concentration in 
several*0H scavengers. 

iso-propanol and sodium formate in 
water were saturated with 
pulse radiolysis. The 

a mixture of 1.5% 0, 2 ... N2O 
N20 scavenges electrons, 

radicals and effectively doubling the 'OH yield, and also prevents for 
mation of the superoxide radical by thp reaction: 

in N2<J and subjected to 
converting them to OH 

aq + 0r '0, 

'0„ absorbs at 280 nm, the monitoring wavelength, and could interfere 
with the peroxidation reaction. Beam conditions used were ^250 mA current 
with a pulse-width of 200 ps. By observ:ng the transient growth at *=280nm, 
rates of formation of the Rero^y_Radicals of me&han^1_^nd _t-Bu0H were 
measured as c.6 + 0.3 x 10 M s and 2.6 x 10 M s respectively. In 
the case of iso-propanol the formation occurred substantially within the 
duration of the pulse^sug^es^ing a rate of formation of the peroxy 
radical o f k - 2 x ! 0 M s . The transient observed when sodium formate 
was pulse-irradiated under these conditions developed maximum absorption 
within the pulse then decayed with a half-life of 2.2ps to a constant 
level. In this case, because of the high pH (10.7) the reaction involved 
was probably not a peroxidation. 
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We conclude t^at hydroxy 1 a 1kyl radicals may react rapidly with quite 
small amounts of dissolved , to form organic peroxy radicals. Little 
is known of the subsequent reactivity of these peroxy radicals in bio-
logical systems lacking catalase. 
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IV. H. 6. The effects of x-ray photon energy on primary yields 

For chem^gal data, commonly obtained in experiments using accelerated 
electrons or Co y-rays, the yields, or G-values, of the primary radicals 
are taken as being Gg- = 2.7, § 0 H = 2.7, QH = 0.55 (Sv.allow, 197i) - Many 
radiation biology experiments are carried out utilizing x-rays of longer 
wavelength and higher Linear Energy Transfer (LET), which produce different 
primary yields (Kupperman, 1967 and Thomas, 1969). Moreover, many of these 
biological experiments are carried out in buffered solutions; the radiation 
chemistry of phosphate salts has been reported (Grabner, 1973) and it is 
anticipated that presence of such a buffer would alter the effective yield 

' "* primary radical species, both by production of electrons resulting 
from direct energy absorption by H^PO^, and conversion of e _into H atoms. 

The system chosen for measurement of primary yields of e , *0H, and 
H atom, in both water and phosphate buffer, was a dilute solution of 
thymine. -Thyipine^h~s strong absorption in the UV (*max

 = 264nm; e264nm = 

7-95 x 10 M cm ) due to the 5:6 double bond in the pyrimidine ring.' 
Hydroxyl radicals or H atoms react rapidly by addition to this double 
bond, resulting in loss of the 264nm absorption. Thymine reacts with 
hydrated electrons as follows: 

0 

H _ 
In this reaction the chromophore is not destroyed. By observing the loss 
of absorption of the chromophore under various conditions, it is possible 
to calculate the number of molecules of thymine destroyed as a function 
of absorbed dose. The str-tegy used in these experiments is as follows: 

Thymine + e aq 

1) Thymine 

2) Thymine ^ 

N O 
0.3M _t-BuOH 

N_0 

G-Th = 

G-Th • (C*H + G-0H + V > aq 
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3) Thymine G_Th = (G.h + G ^ ) 

This was done for x-rays produced by tube voltages of 50, 102, 148, 210, 
and 300 kVp. In all cases except the 50 kVp, 1 he x-ray beams were filtered 
to half-intensity by addition of external Al of Cu filters, to "harden" 
the x-rays produced. Results are shown in Table V. 

It can be seen that 
increasing the LET of the 
ionizing radiation gen-
erally reduces the primary 
yields of e and 'OH 
while increiiing the 
yield of H atoms. 
Addition of phosphate 
buffer has a similar 
effect, and leads to a 
four-fold increase in 
the yield of H atoms. 
This may be of rel-
evance to the radiation 
biology of DNA, towards 
which H atoms are fairly 
reactive. 
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IV. H. 7• The effect of pulse length, frequency and dose rate on 

radiation sensitization of cells 
We attempted recognition of the OH radical in radiation-induced 

effects in spotes using "accelerator" conditions, and the experimental 
techniques that revealed its presence in the 0 2 effect in the bacterial 
spore. 

Experiments were designed first to test for the regular 100% 0 2 effect 
in the pulsed beam. The experimental procedure was similar to that des-
cribed in Powers (1970). The procedure differed in that 10 spores/ml 
was irradiated for all levels of survival and appropriate dilutions were 
made following irradiation to reach a number of colonies within proper 
counting range. The spore stock used in these experiments also was 7 
centrifuged once and the pellet suspended in sterile water to the 10 
spores/ml concentration. 

K-RAYS 
YIELDS, radicals per lOOeV 

ê" C0H aq 
absorbed: 

CH 
FORMED IN: 

50 1.17 1.40 0.91 
102 1.92 1.51 0.72 
148 2.08 2.24 0.68 Water 
210 2.46 2.26 0.64 
300 3.15 2.30 0.55 
50 0.46 0.92 2.26 1 26.4mM phosphate 
300 1 0.95 1.99 2.09 ) buffer. pH 7.3 
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The gassing and plating are exactly as described in the reference. 
The dose rate in the accelerator pulse was determined by Fricke dosimetry 
to be 570-710 rads/pulse. Since pulse length in these experiments was 
80Qns, dose rate within the pulse varied from 4.3 x 10 krad/min to 5-3 x 

krad/min. This is to be compared to approximately 14 krad/min on 
50 kVp x-ray machine. 

1 0 / 

the 
Initially, 100*, (or N2) was flowed over the biological system and 

the accelerator set to deliver six pulses/s. At six pulses/s the 0. effect 
is observed in preliminary experimentation. The ratio k_ /kM = 1.7, 

2 2 
approximately equal to that usually seen in experiments at 50 kVp at 14 
krad/min. But the absolute values of the inactivation constants are con-
siderably below those that were observed in the 50 kVp x-ray experiments 
indeed a factor of three below, indicating that either pulse repetition 
frequency or the dose rate within the pulse is having a serious modifying 
effect of the radiation sensitivity. 

This then led to further preliminary experimentation in which the 
pulse rate was reduced to one pulse every two seconds, the dose rate 
within the pulse remaining the same as in the previous experiment. Under 

s observed giving an 0_ enhancement 

be done. Fig. 13 shows the results to 

1 1 1 1 r rULSt LEWGTH (4MtVI X 100ns • 400 nl A WOru 
m *OOnt 
A MO..'*41" D 400 «» • 1 

these conditions, again an 0 2 effect w: 
ratio similar to that seen in the 50 kVp experiments. But again, the 
absolute values of the i na<-t i vat ion constants are considerably below 
those observed in the 50 kVp x-ray experiments. 

These preliminary experiments indicated that a serious methodical 
study of the effect of high dose rate within the pulse and the response 
of the spores to radiation must 
date of this study. It is 
apparent from the figure 
that there is a peak sensi-
tivity occurring at slightly 
over 12,000 rads/us dose rate 
within the pulse when the 
pulse is 400 or 800ns in • 
length. This peak is not 
present with a 100ns pulse 
length although a slight 
rise in sensitivity occurs 
with the shorter pulse 
length around 8500 rads/ys 
within the pulse. For these 
experiments the frequency of 
the pulse remained at 6 
pulses/s. Fig. 13 Sensitivity of bacterial spores when 

The peak sensitizing exposed to 4 MeV electron pulses of dif-
effects were further tested ferent pulse lengths with dose rate 
by addition of EtOH or t- varying within the pulses. 
BuOH ("OH scavengers). With either of these scavengers present the 
sensitizing effect of dose rate within the pulse is removed, Indicating 
strongly the involvement of OH radicals in this sensitizing effect. 
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