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i. The Laboratory

Approval has been received for funds for another § year period on
PHS NIGNS (13557) beginning April 1, 1976. The first year's (-10) fund-
ing is in the amount of $60,000 direct costs.

The Center for Fast Kinetics Research will begin its second year
June 1, 1976. Funding for the center's second year has been approved
in the amount of $164,238 from the Bliotechnology Resources Program, NIN.

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

The current staff consists of the director (funded 174 time by ERDA),
2 full-time technicians (one funded by ERDA and one by PHS), one full-
time secretary {funded jointly by CFKR and PHS), one post-doc funded by
PHS, & graduate student funded for the summer by ERDA and two part-time
undergraduate asslistants (one funded st 50X time by ERDA and one at 502
time by PHS). These do not include personnel at the Center for Fast
Kinetics Research which is geographically and program-wise an entity
separate from the Laboratory of Radiation Biclogy.

11. gducation and Training

One undergraduate has received credit this year for research work
performed in this laboratory. Several undergraduates have been employed
on a part~time basis as noted above. One graduate student begen » Ph.D.
program last summer.

As was the case last year, the x-ray machines have Leen in great
demand by various departments with over 60 service irradiations being
provided this past year.

The radiation blology course, iaught this sprin¢, had around 30
pre-medical, pre-dental,and graduate students in attendance.



111. Conferences and Formal Talks

Sept. 15-19, 1975 Miller Conference of Radiation Chemistry
Burgenstock, Switzerland
E. L. Powers attending

Sept. 22-26, 1975 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

Oct. 3l-Nov. I, 1975 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: Three Components
of Oxygen-Dependent Damage'’ D.L. Ewing and E. L.
Powers
Session chaired by D. L. Ewing
Meeting organized by E. L. Powers

Mar. 10-12, 1976 29th Annual Symposium on Fundamental Cancer
Research '"Growth Kinetics and Biochemical
Regulation of Normal and Malignant Cells'
M. 0. Anderson, Houston, Texas
€. L. Powers and D. L. Ewing attending

Mar. 26-27, 1976 The Third Annual Texas Genetics Society Meeting
University of Texas, Austin, Texas
E. L. Powers attending

April 12, 1976 Seminar: Biology Department, Southwest Texas
State University, San Marcos, Texas
“"Oxygen Dependent Sensitization of Bacterial
Spores® D. L. Ewing

June 27-July 2, 1976 Radiation Research Society Meeting, San
Francisco, Callf.
E. L. Powers, D. L. Ewing, T. 2Zimek, and
Catherine MHeld attending
‘“Three Components of Oxygen-Dependent
Sensitization In Bacterial Spores Irradiated
in Suspension' D. L. Ewing and E. L. Powers



v, Progress Report

IV-A Action of Inorganic Sensitizers

IV-A-1 Roles of ®aq’ *OH and H,0,.

The theory for radiation sensitization developed in the past few
years involving the OH radical and in some instances HZO still stands.
While no further direct supporting evidence is on hand b;yond the type
already reported at this time, much of the information in this report
supports this theory.

Directly pertinent to this thggry is the problem of accurate measure-
ment of small amounts of H, 0, (<10 " M), which was listed among our goals
for this period. Little cangideration has been given to this difficult
problem during this period.

IV-A~2 Metal ions and biological radiation sensitivity

Two papers are included on sensitization by metal ions. The first
phase of the work on Co(lil) complexes has been oublished and is present-
ed here as App. 4. Similar work on a platinum complex, begun last year,
is completed and a manuscript has been submitted (App. 11). This work
is noteworthy in that results are reported from the spore system for a
drug currently in use in antitumor therapy.

The large background of information on metal ions continues to expand
but as yet this wealth of information cannot be reduced to a generalization
unless it is that many metals do sensitize and probably do so by several
mechanisms, some of them deducible from known radiation chemistry. A paper
is being prepared to give a very general overview of these metal ion results.
Table | summarizes a great deal of the data to be included in this paper.
it should be noted that while this table deals mostly with results of metal
fons, in some instances the anion has radiation effects per se. For instance,
in the case of Ag salts, NO3 is a known sensitizer while no effect has been seen
biologically or chemically ;or the SO) anion.

IV-A-3 Iron as a sensitizer

As has_been reported previously, considerable effort has been put on
Fe and Fe . Table Il summarlizes these results. The conclusions from
this udy must be that Fe does sensitize, with the FeS0, salt being by far
the most effective of the compounds studied. Work on tﬁe sul fate salts
was detailed previously but is Included here for comparison with oxalate
and CN complex results.

The very interesting reduction in N, of sensitization by Fe, (SO )3
by ethanol, t-butanol and formate all to approximately the same ?eve?
(= Nz level§§ compared to the reduction of Fez(SO,.)3 sensitization in



Table I
Summary ~f some Metal lon Sensitization Dsta

i Ton Conc. (M) @ Mex. k | k in K, with: ® in 0, with:
lon | Cpd. Used Max. k% in N)[Max. k in 0, | N, in 0, EtoH 2| Pormste | EtoH 2] Formate
None] None 1.3 2.5
as* | asmo, 2.3 2.6 6 %1073 2 x 1073

2,50, 2.4 2.3 2 x 1073 2x1072
ca?t cdct, 1.9-0.7(270)*43.3-1.4(180) | 1 x 1074 12100 | 1.4 1.4 2.5 2.5
cdso, 1.6 4.2-2.20240) | 1 x 207 1x20 1.3 1.3 2.5 2.4
2002* CoS0, 2.4-1.4(180) [3.1-2.1¢150)] 5 x 107 1x10°% 1.6 1.8-1.0 | 2.3 2.8-1.0
CoMity) C1, | 2.1 2.9 2x 102 2x102 | 2.0-1.0} 2.2+1.41 3.0
re* Fes0, 2.7 5.8 2.5x10%] 2.5x103 1.3 1.4 5.8-4.4] 3.0
r*l re (500, | 2.1 3.6-0.6(160)| 2.5x 107 2.5 x 107%) 1.2 1.3 1.8 1.6
re?* FeC,0, 2.2 3.6 1x107 1x1072 | 1.3 1.8 2.6 2.7
re** Fo,(C,0,), | 3.6 6.0 1x10° 12102 | 1.4 1.6 1.8 2.0
re?t Ko, | 1.8 2.6 tx1074 1x107
redt Kre(an, | 1.7 2.9 1x1072 1x107
ret Mo () | 1.7 2.7 1x102 1x 1073
r’ | Peom,) 01, | 2.5-1.000) [3.1-1.7(190)] 2 x 107 sx10 | 1.81.af 1.4 2.3 2.2
Pr(Mi) Cl, [ 2.3-7 (3%0) |2.8-0.8300)] 2 x 207 | 2x 107
n* | n,s0, 3.1- 1.3150) 3.1 sx10” | sx107
1,00, 4.2 4.3 tx10! 1x10) | as 3.3 4.3 4.1
it 2080, 1.5 2.8 2.5x10°2{ 2.5x10% 1.3 1.5 2.5 2.6

* All ¥ values shown sre in Erad ( x 10%)

**  (270)=Break point in survival curve occurs st 270 Krads.(Low dose k value given firat.)
! Richmond and Povers, 1974, Nadist. Res. 58: 470-480,

2 Richwond, Simic snd Powers, 1975, Radiat. Ree. §3: 140-148.



Yable 11
Table of Fe Sensitization

(Rinlmum conc. of Fe shown at which maximum sensitization occurs)

in Nitrogen
Sulfate Oxalate K or ¥a CN complenes
Additive Fo2t  aped*  were?* 3 Fe2*(K) Fed*(x) Fed*(na)
None .6 1.6 1.38
Fe only 2.6 e-2 2.2 3.6 1.8 1.7 1.7
(molarity)  10°%  10™" w04 w0t 10t w? 02
fe + ELOM 1.3 1.2 1.3 1.8
Fe ¢ t-
(5x10°'0) 1.8 1.4 .3
Fe ¢+ Formate 1.4 1.3 1.6 1.4
Fe + Catalase 1.8 1.6 .6 1.7
in_Oxygen
None 2.5 2.5 2.4
Fe Oniy 5.8 1.8 3.6 &0 2.6 2.9 2.7
(olarity) 1077 107t 103 Y2 0" 105 oS
Fe + EtOM 3.2 1.8 2.6 1.8
"(;';.'!?'n) W8 2.6 2.5 2.5
fo + Formate 2.7 1.6 .7 2.0
Fe » Catalase 2.4 2.0 2.6 --

* - Max conc. tested due to sol. limits, 2 x 10N

+ - Max conc. tested due to sol. limits, 10 3n

| - Meximm uptake messured (s11 107*H conc. would be alnimal upteke)

Gﬂ;.n"l.tlﬂll: CN < Oxalate < 50, in sensitization based on k values
only.
24

No gensralization apparent as to Fas‘ vs Fe



0, by t-butanol to 0,- alone levels, but reduction by ethanol and formate
to N, levels (apprcx?mately) remains a puzzle that will be approachable
only“when the radiation chemistry facility of the CFKR becomes available
to us. Current knowledge in radiation chemistry of iron salts as known
by us cannot account for this behavior. There is also the interesting
effect of the anion. It is to be noted that the minimal amount of
sensitivity is achieved by the cyanide complexes. Since these effects

were so amall, scavenger studies on the cyanide complexes at this time
seemed unwarranted.

iVv-A-4 Cellular uptake of =olutes

As pointed out last year, this is a general problem for all sensi-
tizers but is now being presented with the metal ion material since our

studies of uptake, for the present, are confined to the uptake of metal
ions,

The general prccedure and preliminary data on uptake of sulfate and
oxalate salts of Fe was presented in last year's report. We note from
Table Il that while sensitivities differ within these four salts, the
most effective sensitizer, FeS0,, demonstrated maximum sensitization at
10~3M where both oxalate salts were shown, by current uptake data, to
be concentrating 4 as much Fe. However, we have confirmed that the
uptake data is, in some cases, totally different when measurements are
made after irradiation, and the saturating gas during irradiation has
been shown also to effect the uptake.

Because of these results, and because of the press of other projects,
the atomic absorption uptake studies were somewhat delayed. The results
obtained after irradiation dictated that the uptake studies, to be
pertinent to radiation sensitization data, would have to be on irradiated
as well as unirradiated samples, and in the presence and in the absence of
0, and OH scavengers. This required some modifications in procedure that
g;eatly increases the time required for each determination. Also, centri-
fugation should be done at a higher speed with more carefully defined cen-
trifugation conditions. This is now possible and work is underway to
briefly recheck the unirradiated data obtalned, using these modifications

to make determinations of uptake after irradiation in both N2 and 0z and
in the presence of some scavengers for all the Fe compounds.

The results from the new —— T T T T T T
procedures with Fe$d, are pre- \PIAKS OF tax 2 ]
sented in Fig. 1. ile the NORANY EAMINN, LM RO, 1 i
variability still appears to "O SCMBMHE Kmmf D°=Q OO
be large (up to 60% in the high- :.E.u":. : s <

er molarities), the pattern of
uptake (unirradiated) shown pre-
viously is almost identical
(solide line-X's). Irradiation
in N, (dashed line-open squares)
appears to reduce this uptake
slightly . lrradiation in 0
(dotted 1ine-open circles) reg
duces to =0 the uptake at 10
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and 10 3H fFeS0O,, but at 2 x |o3u FeSO, the uptake appears to almost
double. Addition of EtOH, t-butanol and formate to these resoh solutions
results in uptake almost identical to results seen without these OH
scavengers when unirradiated. The presence of the OH Scavengers does,
however, seem to affect to some degree, the amount of FeSO, taken up by
the spores when measurements were made on samples irradiated in 0, or in
N.. The uptake by spores irradiated in 0, seems somewhat less wi‘h
szavengers present while that in h, seems” somewhat greater, with a
possible pattern developing with u%takg being T-BuOH >EtOH > Formate

on irridated samples (02 or "2 during irradiation).

These results indicate that considerable caution is required at
this time before critical interpretations are possible. It will be
nedessary for us to focus our attention on one or two of these systems
to test the analytical procedure critically for we cannot understand at
this time why the radiation of spores should have such an effect and why
the presence of scavengers should alter the effects.

Unresolved at the present time is the possibility that we are measur-
ing, in most of these instances, a cation thatis adsorbed to the surface
of these spores rather than absorbed into the spore. We have seen, in
some instan..s, that washing the spores with up to 0.IM acetic acid does
not alter the uptake and that increasing concentrations of the acid wash
almost to the point of cell wall destruction, while reducing the measured
uptake, do not reduce the uptake to zero.

IV-8 Organic Sensitizers and Protectors

We have studied the effects of t-butanci, t-amyl alcohol, benzyl
alcohot, ethanol, glycerol, allyl alcohol, methanol, CO., and sodium
formate both in the presence and absence of g;nitroacetoﬁhenone (App. 6
9). (PNAP is an aromatic Ketone which increases the anoxic radiation )
sensitivity of Bacillus megaterium spores by about 35%3). This series
of tests has now been expanded to study the effects some of these addi-
tives have on the response in air (App. 13). Ethanol, methanol, t-butanol
t-amyl alcohol, formate, blycerol and ailyl alcohol were used. A com- ’
parison of the effects of these additives under the three conditions
(anoxia with no sensitizer, in anoxia with 2mM PNAP and in 0,,(Fig. 2

through 7}, indirectly reveals !mportant Jdifferences between‘the sensi-

tizing actions of PNAP and 02.

10



1V-B-1 Anoxic protection (no sensitizer present

Most of these results were discussed in last year 's report.
t-Butanol and t-amyl alcohol do not protect; the remaining additives
can reduce the anoxic radiation sensitivity, although they are not
equally effective on a concentration basis (Figs. 2 - 7). Protection
here does not seem to be related to a simple removal of -0OH; however,
the reaction between the additive and a water-derived radical may be
necessary before protection can occur. As previously noted among
these additives, protection is observed only with those agents that
react with a water-derived radical (usually °OH) and form an a-hydroxy
radical (App. 9).

IV-B-2 Anoxic desensitization when PNAP is present

In 2 mM PNAP, all the additives that were tested can reduce the
response. t-Butanol and t-amyl alcohol remove only the small component
of sensitization identified as an ".0H component" (about half the sen-
sitizing action of PNAP), although the remaining additives not only
completely eliminate the sensitization from PNAP (except for ethanol
ar- perhaps formate), but reduce the response to the same protected
'ivel seen without PNAP (Fig. 2 - 7).

A comparison of data in Fig. 2 - 7 reveals a correlation between
the concentrations of additives that protect in anoxic water and those
concentrations that remove this second ''"non--0H component' of sensi-
tization from PNAP. Although the specific mechanisms are not clear,
one interpretation of these results is that whatever these additives

do that results in protection in water also prevents the sensitiza-
tion by PNAP.

IV-B-3 Effects of the additives in air

Although all the additives except t-butanol and t-amyl alcohol
can reduce the respense in air (Fig. 2-7), it is possible that these
agents do not act against 0,~dependent damage. Glycerol (Fig. 5) is
the clear exception; as Weba and Powers showed earlier (int. _J. Radiat.
Biol., 1963, 14, 313- 330), glycerol clearly eliminates O,-dependent
damage. Again, there is a good correspondence between tﬁe additive
concentrations that protect in N, and in air; equally important, the
amount the response is reduced I% air is the same as in N, (cf Fig. 7).
it is reasonable to conclude that these compounds functiofi in air
only as they do in N,; and they do not act specifically against damage
from 0, itself. Thi§ is quite different from the effects these addi-
tives Eave in PNAP and may indicate that the sensitizing mechanisms
of PNAP and 0, are not as similar as first believed. It might also
indicate that the actions of the protectors are different in the
presence of the two sensitizers.

IV-B-4 Oxygen-dependent sensitization

A simple removal of +OH does not protect the spores in N, (with no
other additive) or in air. However in 0.8% 0,, 0.1 M t-butafiol does

1"



reduce the response sig-

nificantly (Ewing, 1974, " & e
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result prompted a study with o 240 — L

t-butanol and different con- 7 i'°’ +

centrations of O, (App. 10, !

16). Spores suspended in

water or water with 0.1 M

t-butanol were equilibrated

with different 0, concen-

trations and irrgdiated.

An analysis of the results
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cant result that should be

revelant to radiation

therapy because now we can iecognize that the chemistry of radiation

damage in partially oxygenated cells is different from that in fully

oxygenated cells.
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1IV-C Mutagenesis

Our mutation studies focus on examining rates of mutation induction
in bacterial spores under different irradiation conditions. The goal is
to ascertain the extent to which information we have accumulated on
processes leading to cell inactivation (i.e., lethal damage) applies
to the induction of mutations. During vegetative growth, Bacillus
megaterium is sensitive to the presence of streptomycin; the first
mutation sglected for study was the change from sensitivity to resis-
tance (Str° -» Str ) to this antibiotic. The spontaneous rate for this
change is very low, » 7 x 10 . .

r

In last year's report we described ourinitial experiments and the
difficulties in quantitating results. These difficulties are serlous
since we aspire to a precision like that in our lethal damage studies.

These difficulties have not been overcome. Several spore stocks
(all B. megaterium grown under the_same conditions but at different times)
show spontaneous rates (Str- -+ Str ) that differ by as much as a factor
of 10. Similar differences were also observed when repeat experiments

with the same spore stock were done. In addition, in the irradiation
experiments, although similar qualitative relationships were found for

the dose response curves (see last year's report), the same X-ray dose

12



under identical conditions could induce greatly variable numbers of

Str mutants. The difficulty was with the mutation itself, not simply
in handling the large number of spores; the companion survival curves
were highly reproducible. It was not possible to normalize the mutation
data to allow the necessary quantitative analysis.

A second spore forming organism is now being used (B. subtilis,
168M) to study another mutational change (tryptophan-dependence to tryp-
tophan-independence). Cells (trp~} in vegetative growth may be inoculated
into minimal medium or onto agar plates; growth occurs only in the
presence of added tryptophan. However, after sporulation either in
liquid culture or on potato agar plates (2 stocks have been prepared),
the harvested spores will germinate and form colonles at virtually the
same frequency on plates either with or without tryptophan. Since
it.is known that the transforming ability of spore DNA and vegetative
cell DNA (at the histidine locus) are equivalent (Tanooka and Sakakibara,
1968, Biochim. Biophys. ACTA, 155, 130-142), the extremely high '‘reversion
rate’ from our data probably represent an artifact. It is possible that
the sporulattng bacteria enclose tryptophan from the medium and use it
for germination and growth in the absence of added tryptophan, although
our attempts to remove this tryptophan by washing have failed. We are
continuing these studies with spores and at the same time trying to
establish a workable mutational system using vegetatlve cells of this
organism.

tV-D0 Transformation

Although it has been shown that DNA is a primary target of ion-
izing radiation in cells, the chemical mechanisms involved in the bio-
logical inactivation of DMA are uncertain; in addition, the effects of
radiation sensitizing and protective agents on this inactivation are
virtually untested. By use of a transformation system involving the
tryptophan marker of Bacillus subtilis and the knowledge of recent
advances in radiation chemistry, we hope to develop a model for the
chemical mechanism(s) involved in this inactivation.

The initial eight months of work was largely preparatory. Cultures
of B. subtilis W23, wild type, and B. subtilis 168M, a tryptophan requir-
ing | mutant were obtained and rejuvenated. The procedure for extraction
and purification of biologically active DNA according to Marmur (J. Mol.
Biol., .3, 208-218, 1961), with modifications by Synek (Ph.D. Disserta-
tion, Unlverslty of Chicago, Department of Microbiology, 1967) was °
accomplished in this laboratory, and a number of DNA samples was prepared.
The first six samples averaged a concentration of 575 mg/ml with 5.5ml
per sample and had a protein contamination of less than 0.1%. The
transformation procedure according to Anagnostopoulos and Spizizen (J.
Bacteriol, 81, 741-746, 1961), with modifications by Synek (l.c.).
was further adapted to increase efficiency of laboratory manipulation.
Although the above procedures call for storage of the DNA dissolved in
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standard sodium citrate solution (SS5C), we wish to irradiate the DNA
in phosphate buffer in order to avoid the sensitization due to cltrate.
The DNA samples dissolved in this buffer (29 mM phosphate at pH 7.3)
retain the same transforming activity as when in SSC, and this trans-
forming ability remains stable for five months, to date. The procedure
for irradiating 1.0 m! aliquots of the DNA solution at low (2.13 krads/
min) and high (11.73 krads/min) dose rates under varying conditions of
saturating gases is by our standard method (Powers and Cross, 1970,
Int. J. Radiat. Biol. 17: 501-514) and subsequent transformation pro-
cedures are working smoothly.

The first experimental results obtained are summarized in Fig. 9

and 10. The survival curves, transforming activity vs. dose, are two
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FIG. 9

component - an initial radiosensitive portion at low doses and at higher
doses a more radiation resistant component - under all conditions studied
thus far.. Fig. 9 demonstrates that transforming ability increaseglwith
DNA concentration; at a DNA concentration of 60 mg/ml, k=0.15 krad = for
the initial radiation sensitive portion of the curves.

Fig. 10 shows the effects on transformation of exposure of the DNA

during irradiation to various saturating gases and one experiment showing
the effect of EtOH,testing presumably the role of *OH. All the experiments
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shown in this figure were done using the same DNA sample, dissolved in
29 mM phosphate buffer at a concentration of 10.8 mg/mt during irradia-
tion. These experiments, with the exception of the ethanol addition,
have been performed on two other DNA preparations with results which
were qualitatively the same, although quantitatively somewhat different,
For the figure show, the rate constants for inactivation of the trans-
forming ability of the radio sensitive portion_?f the curve are as -1
follows: for irradiation in 0,, k = 0.310 krad '; in N,, k = 0.438 krad ;
in N0, k = 0.639 krad™!; and®in 5 x 10°2 M EtOH in 0,5 k = 0.0147 krad™].
AlthSugh this order of sensitivities varies from that"seen in cellular
systems, it is qualitatively similar to the response reported for other
biomolecules and phages. In addition, a similar action of ethanol was
seen in phage, although no nearly so dramatic. (Powers and Jobbagy,

1972, Int. J. Radiat. Biol., 21:353-359).

V. Proposals for continuation

research over the next year will be a continuation of that o
the pasy several years. There will be no abrupt change in directiony
nor in téghnique, except In the one instance mentioned below concerfiing
the use of “{he pulse radiolysis techniques. Our general goal is/to
reveal chemidgl mechanisms of radiation damage. Our interest In sensi-
tization and the chemistry of sensitization mechanisms has )Jéd us to
the general problem of the sensitizing actions of certain setallic
cations. Fortunately, these are convenient to handle exferimentally.
The cations should bé& amenable to direct physical chemfical investiga-
tion (with respect to the production of transient irstermediate states
of conceivable importance\in radiation biology) afd are of interest
currently as environmental ‘¢contaminants. This #il1]l be commented on
below.

Amongst the immediate urgent\problemé is the matter of the uptake
of these solutes by the cells and their distribution within the cells
after uptake. It might be that this’i\s insoluble at the present time
because of the analytical methods dvailaple to us. However, an earnest
effort wiil be made at least to €liminate\the possibility that an
adsorption phenomenon on the rface of the\spores is accounting for
the very large uptake obseryéd with some of these metals. 1t is possible
to make preparations of spbre coats which are ralatively intact and
which might retain the ghysico-chemical surface properties of the spore
coat of the intact spdre. Spore coat preparations Will be measured
together with, if péssible, concomitant measures of thg protoplasts
by atomic absorpidon procedures. Thls will be done for\iron at the
beginning, and fhen cadmium and silver.

The cgritinuing investigation of sensitization by Fe will\be an
important/part of our activity in the next year. Several very surious
relatiodships must be resolved. We note that solutions which predym-
ably fontain reduced iron as FeS0, sensitize the spores to a very high
degfree, very much higher than the oxidized iron in the same salt; and

at the reduction of the sensitization by ethanol is approximately
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