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SUMMARY

/

Several blochemlcals, 1nclud1ng amino ac1ds, peptldes, protems, ‘
" and nucleic acid components, have been eqused to a large yarle_ty of
iraAdia'tions and the productien of secondary raldical_._s. ha.'s. been etud'n'..ed..
. - ‘The substances were irradiated e.t room térhperatﬁfe.with 6.5-MeV
“electrons and fast stripped helium, lithi‘um,v boron, cex;bon, ongen,
fluorine, neon,b silicon, and argon ions from the Berkeley hee.vy-ion
‘linear accelerator, From the recdrded ESR s?ectra it appears that
" the types of secondar? radicals were ihdependentl of the stopping power
. of the radiation. On the other hand the relative ylelds of the prlmary
ESR centers see¥n to be influenced by the type of ra.dlatlon.

The yield of 'seconda.ry radicals was independent of the stopping
power ui) to about 200 MeV g-1 ; cmz. Above this value the yield de- -
‘ creesed with increasing stop.»pingvpower. The total variation Qithin thei_: '
-1 'cmz) was by .-; facter of '.

2 to 5 for the different substa.nces. The yleld-versus stoppmg power -

curves exh1b1t the same form as that found for the mactlvatlon of sohd _

) .enzymes and T4 .bactenophage. This observatlon supports the idea that'
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‘INTRODUCTION '

it is well.known from low-temperature experiments tl‘yxat'thev radicals
._observed at lroom temperafure in irradia.’ted solid biological substances are
f:he result of a sequence of events started-by the initial abs.orption of | |
radiation energy; (1 -4). Itis therefore reasonable to.expec_t that the
types and yields of these "secondary radicals" will be.influenced by the
klocal distribution of the energy absorption as well as by the temperature
at which the secondary reactions proceed. | |

In almost all ESR work so far presented, radiations with low
stopping power, such as x rays, Co6o Y rays, dnd ele'ctr}ons, have been
used. Recently Miiller et al. (5) used po?104 particles, and found that
the yield of radicals in several solid amino acids cornpa.red nvith the yield
.for X rays, decreased by a factor 2 to 10. Similarly, Stratten and Koehler
(6) found that the radical yield in irradiated enzymes decreased by a
" factor 1.25 from Co60 Yy rays to 120-MeV protons. These resulT'tS
indicate that the yield of secondary radicals decreases with increasing
stopping power. This rnay be of importance if we assume that the sec-
ondary radicals are intermediates in the processes 1eading to bi.ologic‘al
| damage. . |

The e’fﬁciency of different types of lrla.diation in producing “‘bliolog_ical
damage has been studied for several different systems covering a large

range in LET‘( -14). In simple systems 11ke enzymes, for which the

loss of enzymatlc a.ct1v1ty was the measured parameter, Brustad (9, 12)
found that the yield was almost independent of the stoppmg power up to
" about 200 MeV g cmz. Above this value the yield decreases with

1ncreas1ng stOppmg power. In other systems, such as spores and cells,

g



4 | UCRL-16280

which seem to réquire more than one absorptién event in the actual
target, more complicated dependence of yield upon stopping power has
been reported (9).

~.

This paper studies the production of secondary radicals in some

biologically important molecules irradiated with fast heavy ions. The .

cdmpounds include simple amino acids, péptides, enzymes, and nucleic
acid components. These studies have a twofold purpose. In the first

- place, we want to extend the earlier studies on the formation.of radiéals
in solid biological compounds to radiation covering a much broader range
of stopping power than previously used.‘ Secondly, itis thed that these
experiments, in which the production of radicals i‘s correiated with the -
.loss of enzymatic activity, may shed some light on the mechanisms for

radiation damage.

EXPERIMENTAL PROCEDURE

The Spectrometer

The spectrometer used is of the Varian type (4500 serieé) with
variable -temperature ‘cavity, '100-kc/sevc modul'ation‘frequenéy, axlld'
9-in, magnet. The ESR signal can be fed directly into an integfé.tor,,

. and it is possiblé to record both the derivative and the ,integxfated spectra.

The number of ESR centers ‘in the sarﬁple was obtained ‘from the
integrated_'s‘péétra. by comparison with reference samples mea.su.red
under fhe samé condAitions. As reference substance ofdinary anthra-

cite carbon powder, calibrated against DPPH, was used.

Sample Prepérétion'

Glycine‘,“i alanine, reduced glutathione, and trypsin were obtained

from Nutritional Biochemical Corp., and cytidine, cytosine, and
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“guan()sine were from California Corp. for Biochemical Research, The

samples were ir\ré‘.diated in thin layers (20 to 50 mg/cmz) in aluminum |
holders covered with a..bthin a_luminum foil (1 mg/cmz), in the‘presence

of air, at room temperatu.re.. Immediately after the exposure the samples
weré brought to liquid nitrogen temperature, transferred to glass sé.mple
tubes, evacuated, and stored at liquid nitx;ogen temperature until they

were measured at room temperature,

The Radiation Sources

The samples were irradiated with 6.5-MeV electrons from an electron
accelerator and heavy ions from the Berkeley heavy-ion linear accelerator

(Hilac). With the Hilac, ions up to atomic number 18 can be accelerated

.‘.co an energy of 10.4 MeV per nucleon. In these studies beams of helium,

lithium, boron, carbon, oxygen, flourine, neon, .silicon, and argon ions

were used. Before hitting the sample, the particles penetrate some thin

" aluminum foils which serve to strip the ions and scatter the beam in

‘order to get a homogeneous radiation field.

Dosimefry
The electron dose was measured by the coloring of Co glass. This

system was calibrated against a Fricke dosimeter. The total dose was '

“kept in the range 1 to 2X 10° rad.

The dosimetry of the heavy ions was performed as previously

described by Brustad et al. ('13); by measuring the total charge collected

by an external Faraday cup. The dose (D) given in rads is then obtained

- from the formula

D =1.602 (Do/eZA)(dE/dx) 10"8,

where D0 is the dose or the charge collected, measured in éoul_ombs,
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eZ is the charge of the bombarding particle, A is the beam area in.

cmz, and (dE/dx) is the tgdtal stopping power of the radiation, givéﬁ in
- MeV g._.-..1--"fcm'2. |
In most of the heavy-ioﬁ work previously reported the thickness
v‘ovf the sampies has been lésé than about 5 mg/cmz Consequentl‘y, the.‘ |
spread'in the stopping powé_r th.roughout the sampie has been relati\}ely o
"small.‘ . .In contrast, the e#perimenfs reported here haVe been carfied
. out with a sample thickness of about 20 to 50 mg/cmz. " The re.,’ason' for
this was to obtain an ESR sample in \vavhibch the number of spin.,s could be
easily measured._ Consequently beams of the heaviest ions were stopped_“
co_mpletely within the sample, and the spread in‘ stopping épower,was |
very large. The average stopping_v vpower, which was used to evaluate
the radiation dose as ‘well as in the results presented below, has been
derivea in the following way: a

A, When the iéns were étopped cor_ripletely within the'sampie the.
average stopping poWer was taken to be <dE/dx> = E/R, where .E is
the total energy of the parti.c'les when they enter thé sample and R is the
range of the particles 1n the sample, Tile' range. of heavily charged |
particleé in organic materials is not known, Héwever, if caﬁ be calcu-
lated, to a ﬁrs_t ap‘proxima'tion; by usingv the data given by Barkas and
‘Berger ('14); (A mean exc}itation poténfial of I=63 eV has been used
- for the vor‘ganic compounds studied in tﬁis ‘Work). _ * o
B. When the particles penetrate the whole sample the 'averagé stopping

. power may b‘ve calculated from -
o L rt
<dE/dx> = = f f(dE/dx)dx,
0 '

where t is tfle thickness of the sampl.e in g/émz, and f(dE/dx) is the
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variationviAn the stopping power along the t:ack of the bomba.rding_
particle, i.e., the Bragg curve. The values used in these calculations

were taken from Brustad (9).

6

In these expériments the total dose was in the range .1 to 2X10

rad, and the results presented below 1.'efe1" to the dose 1.54><106 rad.

‘The dose rate was in all experiments of the order of 1)('1'0,6 rad/min.'

The results were expressed in number of ESR centers per gram,
This is a straightforward procedure for those sarhples in which the ions

penetrate the whole sample, However, when the partlcles are stopped

' c0mp1etely w1th1n the sample only the 1rrad1ated layer can be taken into

cons1dera.tion, and the number of ESR centers produced per 1rra.d1ated

gram was calculated from

N=N

i

élf

4
0 oy
2 R

where No is the observed number of ESR centers in the sa.rnple, ‘ Wy is

s the weight of the irradiated sample, Wy is the welght of the measured
sample (i.e., wz/w is the fractlon of the irradiated sample that was

~ measured), a.nd‘R is again the range of the bombarding particle given in

g/cmz.

 RESULTS

Types of Radlcals

Owing to experlrnental d1f£1cult1es we have 50 far not been able to

study the 1n1t1al ESR centers. Thus, when the samples were measured

for the first ﬁlme they had been at room temperature for 20 mlnutes, and

the secondar}& reactlons had therefore taken place to a greater or lesser

‘extent The present study on polycrystalline samples seems to indicate

that the types of secondary radicals e.re independent of the stopping

power of the radiation.

s



8-  UCRL-16280

The most pronouncéd cha.ngeé observed for a c’om'pound irfadiated
: w;lﬁh different types of heavy ion.s are those for reduced glutathione (GSH);.
§vhich are i)resented in Fig. 1. I.t is clearly seen thé.t in the middle of .
th<; spectrum a resonance a.ppea.fs that becomes more pronounced at
high LET. As previously pointed out (15), there are reasons to believev ) Y
that several different types of ESR centers are initially formed in this
comppund, Slow secondary reactions. sﬁbsequently lead to the forrr;atién
of sulfur ra'dicals, a_nd when the samples have been at 295° K for a few
hours the sulfur radicals cofnpletely dominate the spectrum. The
results i’n.IFig. 1, which represents an intermediate step !in these refact.ion_s,
seem therefore to indicate that the relative yields of the primax;y species '
dlepend upon the stoppiﬁg power, When the different GSH samples. were
.kept at 'foorﬁ temperatureA the spectra become gradﬁa,lly equal to each
other, and similax; to t;he cysteine sulfur pattern (15).

Slow seconda.rsi réactiéns also take place in'irradiéted_proteins (4).
Thus, the fdrmation of sulfurv radicals is a rel_atively slow process even
at foom temperature. Small quéli’cative changes with Achanging s'topping
power were also obserfred for trypsin.. When this compound was meas-
ﬁred the first tim¢ after exposure it was found‘ that the fraction of the
resonance due to ;ulfuf radicavlsvdecrease‘d with increasing stoppivng_
power, Thé yariation was small,'l however, and the qualitative diffé;.-

ences disappeared with time.

Quantitative Results

In Fig;.Z are presented the radical vields as a function of the
étopping poxx;“e'r for several compounds, It appeé_rs that the shape of the

curves for radical yield versus stopping power is the same for both:

aliphatic and“‘a.rqmatic corhpoﬁnds. Small changes, if any, in the
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zyields are observed in gding from spai‘sely ionizing radiation up to

2

Above this value a continuous decrease in the radical yield with increas~

ing stopping power was found.

The results for glyc1ne in Fig. 3 show that the yield as a function

- of the stoppmg power: also depends upon the 1rrad1at10n temperature.

Thus, ‘the variation in yield becomes smaller with decreasing tempera;—_-

‘ture. This seems to be a general observation, and similar results were

 observed for the enzymes trypsin and lysozyme (16). It is of interest to

note that Brustad has reported a similar effect of the irradiation tempera-
ture on the loss of enzymatic activity of trypsin (12).

It follows from the curves presented in Figs. 2, 3, and 4 that the

" production of secondary radicals in organic compounds exhibits the same

variation with the stepping power as that previously reported for the
biological damage in simple systems. Thus, similar cu;;ves have been
reporfed for the loss of enzymatic ectivit}} as well as for the loss of

infectivity of T1 bacterophage (9, 17). In Fig. 4 the results of this work

for the production of secondary radicals in solid trypsin have been

correlated with Brustad's data for the inactivation of the same enzyme.
The correlation suggests the possibilityv that the secondary radicals
somehow are involved in the sequence of reactions leading to the loss of

the enzyme activity. The secondary radicals produced in trypsin are

mainly of the two types commonly found for proteins, namely sulfur

radicals in which the unpaired electrons are associated with the cysteine

sulfur atoms; and radlca.ls in which the unpaired electrons are localized

in the proteln backbone, probably at glyc1ne res:.dues (18). As mentioned

above, very s-rna.ll qualitative changes in the trypsin spectrui'n with the
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chaﬁging stopping power we‘re'found. vTh.is irhplies that fof either of
the two tyﬁes of radicals fche séime go'o'd;'correlation exists between the’
"number of;' radicals and the iriactiVatioﬁ.

| A pa.ra.nﬁéter indicating fhe variation in the radiosensitivity can be
obtained by ta.kmg the ra.tié of the yields fqr ‘thev flat portiox.w.v‘ of the .curv.es"
_ pr.eserit.ed above to tho:se oblserved for arg‘on.ions'(with stopping p'owver of
about 1.6:)(104 MeV g.::'..i'i émz). In Té.ble 1 th'e.resultsvof. this work as |
. well as the inactivation data preiriously obtained by Bruété.d (9,42) and
S‘éhambra and HutchinsonA(i’?) afe as.sevmbled. It appears that the

- molecular damage, measured either by the production of secondary
. ’ : ' ’ §

i

radicals or by the inactivation of eﬁzymes and phages, is largely in-
fluenced by the local disfribution of the initial energy absorption. Thus,
radiation with a low stopping power is from 2 to 5 times as efficient as
the deﬁsely ionizing argon ions. The variation in yield found in this work

seems to be much smaller than that reported by Mtiller et al. (5).

‘Dose-Effect Curves

"In Figl. 5 the c.lose'.-e‘ffe(:t cu‘r{/e‘s,fo_r .radical.product-ion m solid
glycine by helium, carbon, and argon ions are p.rese'nted. ‘The curves
are stx;aighf lines in this special plot up to a dose of about 10" rad, but
it can be noticed that the:sldpes for all curves are lesé tha;ﬁ 1.0, .F_rOm
_this set of dose-effect curves two observations can be made:

1. The curves reach different saturation levels. The maximum nurnbe-r
of radiéals that can be trapped in solid glycine seems to decrease with
increaSing stopping power of the radiafion.

2. The dose:;seffect éurves passés through a maximum and goes down

7

again for dosés above 6 to 8X10 rad. This observation is similar to’

that previously reported by Rotblat and Simmons(19), who used 15-MeV

i
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‘electrons and found that the radical conéentration decreased for doses

above 5><1O.7 rad. They assert that they have f)rovéd that this decrease
was due to thermal annealihg from the high dose rate used. The radical

decay in all solid substances, including glycine, increases at elevated

temperatures, but in the experiments reported here the average sample

+

teinperéture never reached such high valu'es. that thermal annealing alone -
can exp‘la',iri‘the large decrease in radical concentration (about a factor of 3)..
A more reasonable explanation is to assume that there is only a limited
number of trapping site-s,‘ and that the radiation, in addition to producing

.radicals‘ (that can be tra.pped at these sites), also destroys trapping sites. 3

The different saturatlon levels in Flg. 5 can be explained by this latter

process if it depends upon the stopping power,
Since the curves in Fig. 5 are not parallel it is evident that the
results given in Table I depend upon the radiation dose as. well as on the

irradiation temperature. From Fig. 5it can be found that Y /Y2 for

glycine varies from 2.3 for the dose 2)(104 rad to about 4.8 for the higheét

doses used.

oo

Qualitative changes in the g'lycin.e spectrum with la.rge doses of

electrons and a partlcles have previously been reported by Boag and

Mﬁllér (20) and Muller et al. (5). In Fig. 6 are presented the spectral
changes with increasing doses of helium, carbon, and argon ions. It
appears that larger doses are necessary to give spectral changes when

the stopping power increases. For argon ions very small changes are

2

_obser_ved evén with the largest doses used.’ The_glycine spectrum |

observed after large doses of helium and carbon ions is very sensitive
to microwave, saturation. - At low microwave power and with a small
: g "

modulation a.rhplitude six to eight poorly resolved hjrperfine lines can

be observed. The possibility sugges‘ted by Muller et al. (5) that

=30
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r‘adicéls:alréady trapped ébsorb ehergy for a seéond timé, resulting in
a transformation or destruction of the radicals, fnight be an explanation.,
Thus, since no spectral éhanges or only very small ones were observed
for argon ions when‘ fhe stopping power is very large, it is‘-'rea.sonable |
to s'uppose that the fadicals first must be ?rapped and that the trans- v

‘formation can take plaée when a new ion hits in the neighborhood. That
is, high LET in the track is not enough to produce a transformation, it
~is also necessary to have a certaip time lag between the two absorption
events, This means that the transformation depends upon the density
of the bombarding particles rather than upon the stopping‘power, In

" accordance with this the spectral changes were first obselrved for the

helium ions.

A Model for the Formation of Radicals by Heavy lons

The data presented in Figs. 2, 3, and 4 are all based on the radia-
tion dose 1;5)(106 rad. If we assume that the bo.mbau'dingr particles were
homogenedusly distributed ovetr the radiation field, it can Be calculated
that the distance between two tracké for this dose varies from 150 A
(heliumklions) to about 1340 A(argon ions), Consequéntly, the ove.r-
41apping Betweeh two tracks is negligible and each track can be treated
as independent of all others. Frém the above results the number of
radicals per ion; Ns; or thé density of radicals along the traék can be

calculated from
N = N
s D/eZA

[#]

B

where N is.the observed number of radicals per gram, D is the dose,

.....

. given in coulgmbs', eZ is the charge of the bombarding particle, 'a'r}d A

is the beam a.‘ffrea.. The parameté‘r Nq can be correlated with the

N
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apparent inactivation cross sections of biological test objects. The

results of the work described here are presentéd in Fig. 7. All curves
seem to be straight lines in this special plot.

It would be of interest to arrive at a model for the production of

.radicals by these densely ionizing particles. The goé.-l wouid be to con-

struct an expected curve, for the concentration of radicals in the track

-versus the stopping power, which can be compared with the experimental

data in Fig. 7. In the following an attempt is made to construct such.a

: model. The number of secondary radicals trapped along the track of a

bombarding particle is assumed to be the sum of those produced by the
: i

energy deposited.in the track core and those produced by the & rays out-

.side the core. When the stopping power of the bombardingv particle in-

creaseé the radical denvsity increases and the saturation level is reached,.
with the result that the curve for yield versus stoppiﬁg po&_er starts to

go down (as 'in Fi\gs. 2,3, and 4)7 The saturation level is first reached
in the track core and then graduall-y. also’oﬁtside‘, the core. Conseguently,
an increasing region around the center of the track is saturated with
radicals, and only that i)ortion of the §-ray energy dissipated éutside*

this region is available for additional radical production. It is rea..son-

able to assume that, to a first approximation, the extra.‘energy deposited

in the saturated region is used to sustain a steady-state conceritra.tion of

radicals. However because of an increase of the "temperature' in the
track core, there is the possibility mentioned above that the radiation
also destroys trapping sites, with the result that the radical density in .

the track core decreases with increasing stopping power. It would

therefore be of considerable interest to obtain dose-effect curves for

radiations with different stopping power for other compounds than glycine,
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If, .onvr example; the concentration of ra&icalé’ in the track core variés
with th‘e .r_adia.tion we would expect that different saturation levels §vould
be reached, as for glycine.
_ ‘B‘ased_bn :t_his' qualitative model with a _é,aturé,ted region in the
center Qf‘t}vle track which in'creas'es' with the stopl;ing power, we ‘c;an_
. work out an expécted curve for the radicai concentrati?n along the t.ra.ck.
This calculation uses the 6—fay spectraf’ pre‘s'ented by Brustad (9) 'a.nd
" Dolphin and Hutchinson (8), as well as the experimental results foi‘
glyciﬁe in Figs. 3. and 5. According to Fig. 3 the radical concentra.f.ion
in the track increases linéa,rly with the stopping power up to about 200
MeV g-1 cm2 (the yield is constant). At this point the number of fadicalé
- in the track core has presumably reached its satuz;a.tiOn value and the |
‘LET density (energy dissipated per vdlum.e) in the . core r_epresen'ts the
maximum that can be utilized for the production of secpnd‘a.ryv radicals,
The next step is to c;lculate tile total»stbpping power for which the "6-ra.y
, energy-i‘eaches this maximum LET density in the first layer outside the
track core (the thickneé,s of t‘h.e lé.yefs should be infinitesimal, but m
these calcula.tions'a thickness of  5 A has been used), and then in the subs
sequer;t layers fur'gher out. This calculation necessitates kndwledge about
the following paré.meters: |
| (a) The maximum LET density that éan be fully utilized to produce
second‘a.ry-radi.cals. From these experiments we assume tha\t this value
is equal to that attained in the track core of helium ions,
(b‘) Theﬂ diétribuﬁioﬁ of the &-ray energy and its depositidn oufside the |
,tra.ck. core. “ | |
«kThe ma::‘:iiﬁcimum LET density can be calculated as follows. Approxi-
mately 54% of the total energy of fhe helium ion is dissipated in the track

core where the initial ESR centers are produced. These radicals then

SoX!
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participate in second_a.iy reactions and the seéondary radicals formed.
are trapped in a region around the cent;er of the track., This 1"egion is
called the "radical track core." The volume of this core can be calcu-
lated by assuming that the corxcentratipn and distribution of radicals in
the core of aﬁ individual helium ion is equal to the maximum overall
concentration of radicals that cah be trapped in the compound when larg‘g
doses are used in which there is cons.iderable overlapping Between the

tracks. This maximum concentration and distribution of radicals can

~ easily be obtained for glycine from Fig. 5. (Since the results of this

calculation are independent of the density of the compound, -the value

1.0 has been used here for brevity) For glycine the radicals produced

by the energy dissipated in the track core seem to be spread out in a
cylinder with radius 20 to 2.1 A. 1If this value is used the volume of the
radical track core and consequently the maximum LET density available
for radical production can easily be calculated. It is further assumed
that the 6-ray energy (46% of the_ total stopping power), to a first approxi-
mation, produces radicals: outside this track core. The distribution of
the 6-ray energy with the distance from the track cdre can be calculated
from ';hé 84ray spectra presented either by Brustad(9) or by Dolphin and

Hutchinson (8). These authors give the local energy dissipation as well

" as the LET of the §-ray electrons. . We can therefore roughly estimate

the range of the 6-ray electrons and the percentage of the total energy

deposited in the different layers outside the radical track core. The
value of the }-_stol'aping' power for which one of these layebrs has reached

its saturatiofi level is calculated from

t

VXLET . =F (dE/dx),

e
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where V isl.the‘ volume of thg iayer, aﬁa F is the.fra.cfion of t_he_ total
vs»topping power deposited in this layer. It is now possible to coAnstruct
the curve for the number of radicals per ion versus the stopping power,
since we assume that all extra : enei;gy deposited in the saturated
region is unavailable for production ;)f stable radicals. Since the &-ray
spectra calculated by Brustad and Dolphin. and Hutchinson are different,
we can construct two such curves; fhe resﬁlts of calculations for glycine
and alanine are shown in Fig. 8. The curves for alanine have been

" calculated by assuming that the maximum concentration of radicals that
can be ti'a,pped in this compound is three times that found,for glycine. The
reason for this is .the results obtained by Muller et al. (5). It appearé

that the experimental results fall between the two curves.

DISCUSSION

Two facts have been e.ast.a‘t;lished by these experiménts. Firstly,
-the types of secondary radicals p_foduced in solid biochemicals seem to
vary little with the type of radliation used. However, the results for
glutathione indicate that the relative yields of the iniﬁia.l ESR centers
may be influenced by the~stopping poWer. FSecondly, the curves for the
radical yields Qersus the stopping power exhibit the same form as that
previously feported for the inactivation of solid enzymes a_nd for the loss

of infectivity of T1 b:acteriophage. The total variation in the radical

yield within the LET range studied is, for the different substances, by

a factor of fr'_‘o.rn 2 to about 5. For the enzyme trypsin a surprisingly o "

good correlation between the production of secondary radicals and the

loss of enzyrr{e activity was observed (Fig. 4).
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From these data and from the inactivation data reported by

Brustad (12) it can be calculated that when the samples have been at

room temperature for approximately 20 minutes, 2.2 secondary radicals

are trapped for each enzyme molecule inactivated. Decomposition of the

spectra shows that there is approximately 0.7 sulfur radical per inactivated
molecule. However, the number of sulfur radicals increases with time,
and after one day at room temperature there are about 1.1 sulfur radicals

per inactivated trypsin molecule. We should, however, bear in mind

" that these calculations are based on observations in which different samples

have been used for the two types. of m’easurements. Furthe:moi'e, the
radiatic.)n doses in the inactiv‘atibn‘ experiments were much larger than
used in these experiments. Simila.; direct cox;relations betweeh the
number of secondary radicals and the loss of enzyrhe activity have also
been reported for ribonuclease by Hunt and Williams (21). However,
correlations of this kind, in which one secondary radical is cqrrelated with
the inactivation of one macromolecule, are uncértain, and mé.y lead to
éonsiderable error. The reason is that great problems still persist in

the determination of the radical concentration. Furthermore, param-

eters such as the stability of the radicals, the vacuum in the sample,

-the bound water, etc., may also cause uncertainties.

A model for the productioﬁ of radicals by heavy ions has been
pr‘opos.ed. It is assumed that the radical concentration in the track is -« .
the sum of those produced in the radical track core and those produced :

by the & rays outside this core. The results indicate that the concentra-

- tion of radicals in the core reaches the saturation level for helium ions

Ly o :
with a stopping power of 190 MeV gﬂicmz. With'increasing stopping power
the saturatior:‘i level will be reached in regions farther and farther out

i

sy
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from the center of the track, and the crosé section of the saturated area
will increase with the. stoppingv power. From the dose-effectb curves for
glycine in Fig. 5 it can be cai(*;ulated that the track area increases with
_,Z2 (Z is the atomic number of the bombarding particle). Norman and
Spiegler (22) have proposed a similaf relationship bet\;x/een the 'crossv - "
section of the decc;mposed area and the LET for fission fragments.
The model here proposed for the production of secbndafy ra:dicals
.embodies some - of the ideas 'suggested by Dolphin and Hutchinson (8).
These authors use the density and distribution of the primary ionizations
along the track of the ionizing particle as the basis for the biological end
effect, and pay little _atf,ention to the secondary reactions Ybetween thése
two steps. In our work we have studied the formation of the secondary
radicals, and Fig. 4 shows that there is a good correlation between these _
radicals and the biologicé.l end effect. There.ére still large gaps in o_ur;'
knowledge about what is occurring between the primary energy absorption
and the‘trapping of the secbndary radicals, as well gs between this step
and the inactivat‘i'on,. which can be measure‘:dv only after the solid sar'npl‘es
have been dissolved in water. We know from Brustad's experiments on
trypsin (12) that temperature influences some of the secondary reactions
between the initial absorption event and the end effect as measured by the
loss of enzymatic activity, 'aﬁd some recent ESR exper'iments. show that
the temperature similarly inﬂuencés the reactions leading to the forma-

tion of the secondary radicals (16). | ‘ ' L -

ACKNOWLEDGMENTS
I wish i-,to express my gratitude to Professor C. A. Tobias and his
group for the ilospitality and working facilities offered me at Donner Laboratory.

Itis a pieasure to ack-nowledge financial support from the U. S.

Atomic Energy Commission and the National Aeronautics and Space

Administration.

K

3
A



-19- UCRL-16280

REFERENCES

F. Pé.tten and W, Gord.y, Ternpei"a.ture effects on the formation

of free radicals in the amino:.acids. Radiation Research 14,

573 — 589 (1961).

F. Patten and W. Gordy, Temperature effects on the free radieal -

- formation and electron migration in irradiated proteins. Proc.

Natl. Acad. Sci. U. S. 46, 1137 - 1144 (1961).

T. Henrlksen, Radlatlon 1nduced free radlcals in sulfur compounds

ESR studies in the polycrystalhne state. J.‘ Chem.” Phys. 37, 2189 -

|

2195 (1962). ’ o

T. Henriksen, T. Sanner, and A. Pihl, Secondary process'es'iri

proteins irrédiated in the dry state. Rad'iationk Research 18,

147 ~162 (1963).

'A. Mtller, P. E. Schambra, and E. Pietsch, Comparative ESR

measurements of the radical production in amino acids by P021.O

- alpha and Coéo - _gamrﬁa_ radiation, Int. J. Rad. Biol. .7,

587 ~ 599 (1963).

K Stra.tton and A, Koehler, Free radical formation in proton
irradiated eriz'yfnes Radlatlon Research 22 240 (1964) (Abstract).
R. E. erkle and C. A Toblas, Effects of ploidy and LET on
radiobiological surv1val curves, Arch Blochem. Biophys. 47,
282 - 306 (1953).

G. W. Dolphm and F. Hutchmson, The action of fast carbon and.
heav1er ions on biological materials. Radlatlon Research 13,

403 -414 (1960).

- T. Brustad Heavy 1ons and some aspects of thelr use in molecula.r

and celiular radloblology. Advan Biol. Med. Phys. 8, 161 —224
(1962) - S k



10.

11.

12.

13.

14.

15.

16,

.47,

18.

) biologiical material. Radiation Research 24, 514 - 526 (1964).

-20- , ~UCRL-16280 .

'C. A. Tobias and T. R. Manney, Some molecular and cellular

effects of heavily ionizing radiation. Ann. N. Y. Acad:Sci.
114, 16 ~ 24 (1964). , | | o
C A. Tobias and P. W. Todd, Analysis of the effecté of higvh A

LET radiations on various strains of cells. In The Biological

Effects of Neutron Irradiation, Intern. Atomic Energy Agency, Vienna, .
1964.

T. Brustad, Heat as a modifying factor in enzyme inactivation by

ionizing radiation. In The Biological Effects of Neutron Irradiations,
Intefn. Atomic Energy Agency., Vienna, 1964, !
T. Brusta'd, P. ‘Ariotti, and J. Lyman, Experimental set\ip and

dosimetry for invesfigating biological effects of densely ionizing

, radiation. Lawrence Radiation Laboratory Report UCR..L-9454,'

Oct. 1960 (unpublished).

W. H. Barkas and M. J. B’érgef, Tables of energy:'losses and
ranges of .heav.y cha;rged.pa._rticles.; NASA report S'P -3010, 1964.

T. Henriksen,’b ESR studies on the formation of sulfur radicé.is in
irradiated cysteine, glutathione, and djenkélic .acid. J. Chem..

Phys. 36, 1258 - 126'2 (1962). | |

'f. Henriksen, Effect of the irradiation terripei'ature on the production
of free radicalé in soiid biological com;ﬁo.ux.lds exposed fo vé.riéus
ionizing radiation (subnditted to Radiation Research )

P. E. Schambra and F. Hutchi'nso-n,l The action of fast heavy ions on

T. Hen#iksen, On the mechanisms for radiation damage and repair

in solid ébiologicél systems as revealed by ESR spectroscopy. 'In

sy



19.

-20.

21,

C-21- : - UCRL-16280

Solid State Physics in Medicine and Biolégy, (S. J. Wyard, Editor)

McGraw Hill Book Co., New York (in press).
J. Rotblat and J. A. Simmons, Dose-response'. relationship in the
yield of radiation-induced free radicals in amino acids. Phys. Med."

Biol 7, 489 — 498 (1963).

J. W. Boag and A. Miiller, Changes in the electron spin resonance |

spectrum of glycine with .increa.sring doses of radiation. Nature 183,

831 (1958).

J. W. Hunt and J. F. Williams, Radiation damaée in dry ribonucléaée.
. .

Yields of free radicals and other chemical lesions .co.mpa.red-with‘

inactivation efficiency. Radiation Research 23, 26 — 52 (1964).

22, A. Norman and P, Spiegler, A thermal decomposition model for

radiation damage in solids. Radiation Research 16, 599 (1962)

(Abstract).



Table I. Effect of the stopping powei‘ on the radiation yield. a

Compound Irradiation Parameter Y1/Y2 Reference

) temperature measured
DNase Room temp Inactivation 2.3 9,12
Lysozyme Room temp Inactivation 2.1 9,12
Tryp‘sinb Room temp Inactivation 2.3 9,12
Trypsinb Room temp Inactivation 1.8 9,12
T1 Bacteriophage Room temp Inactivation 3.0 17
$X-174 Bacteriophage Room temp Inactivation 3.4 17
Try-psinC Room temp Radicals 2.4 This work .
TrypsinC Room temp Radicals 3.1 This work
Glycine 300°K Radicals 4.1 This work
Glycine 200°K Radicals 3.7 This work
Glycine 100° K Radicals 3.2 This work
Alanine Room temp Radicals 3.3 This work
Glutathione Room temp Radicals 3.0 This work .
Cytidine Room temp Radicals 2.3 This work
Cytosine Room temp Radicals 5.1 This work
Guanosine Room temp Radicals 3.6 This work

a. The radical yields refer to samples that have been at room temperature

approximately 20 minutes before the measurements.

for radiation with a low stopping power (the flat portion of the curves in Figs. 2,

Y1 is the yield observed

3, and 4),and Y, refers to the results obtained for argon ions with a stopping

power of approximately 1.6)(104 MeV g~

1 2

cm .

b. These data- refer to two separate experiments on trypsin.

The reason for

the differences may be that two different trypsin samples were used.

c. In order to test the possibility mentioned under b ESR experiments were
carried out with two different types of trypsin. The largest value (3.1) was
obtained with noncrystalline powder, whereas the other results are taken

from experiments on crystalline trypsin. It is therefore reasonable to sup-
pose that the physical state of the solid compound also can explain the differ-

ences observed by Brustad.
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FIGURE LEGENDS -
- Fig. 1. The qﬁalitati\}e spectra of reduced glutathione irrac'iiated'\.avi'th
differ_ent types of hea.v'y ions. Both the irré.diatipns and the meas- .
urérﬁents have been carried out'at room temper'ature'.' The spectra
were recorded after '_the salmples' had been kept at this temperature -
. fér about 20 minutes. Dose 1.5‘)(106 rad. |
' Fig. 2. The yield of secondary i‘adicals as a function of the stopping
power for several compounds. | The data are based on the spect;'a
recérded_ after the samples have been at room temperature for
a.pprbx'i-ma;te'l;y ZO‘rninutes. Tﬂe results for thje arom‘atic compounds
cytosine and cytidine have beén multiplied by a fé.ctor 10 in o‘rdver to
be plotted on the éame scale as tk.xe‘ others. The ordinate corresp;nds
to tile G value (number of radicals per 100 eV absorbed). However,
relative values are more reliable than the absolute determinations.

Fig. 3. The yield of secondary radicais as a function of the stopping
power for glyéine. C_onditibns as in Fig. 2. The different curves
indicate different irra_diatioﬁ temperatures.

Fig. 4. The radiation effect in solid try;psin, é.s measured by the loss of
enzyrﬁe activity [these daté. are taken from Brustad.(12)j' a.ndi by the
pfoduction of secondary radicals as a function of the stopping power."
The conditions for the radiqal measurements are the same as in
Fig. 2. The inactivation curve for solid trypsin is expon’ential with
respect to the radiation dose. Thé parameter used for the iﬁacti'va-l"‘
tion is t};e reciprocal of the D37 dose. In this figure the .original
data have been recalculated and are given in relative units in order

to be plo'Eted on the same figure. The flat portion of the curve was

given the value 2.5. -
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alanine (see text). The expected curves can,be given by
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~5.. Production of secondary radicals in solid glycine as a function

of the radiation dose of helilim, carbon aﬁd argon ions.

6. Qualitative changes in the p'o_lyﬁcrystallinev glycine épec_trum
with increasing doses of helium, carbon, .and argon ions.

.7. Th¢ density.of radicals along the track of a.~bomba.fding' particvle
as a function of the stopping éower. The data were calculated by
aséuming that the .ionizing particle penetrates 1 gram spread out
over an area of 1 cm2 ﬁyith uniform stopping power alongvthe traék.
8.: The cal(:ulateq nﬁmber of sevcondary radicals along the track of

the bombarding particle versus the stopping power for glycine and
. : : | _

N»s' = (1-k) dE/dx; ‘where the variable parameter k, for each value

of‘t_he. stopping power{’ gives the fraction of the deposited energy that
is ﬁnavailable for radical produ;:tion. For‘small LET valqes ks
zéro' (the. str"aight dashed lines), and it increases with the stopping
éower, éince the saturated regioh afound the tra?:k'gradually

becomes large'r. "The cu'r,ve'_D + H is based on the 6-ray spectrum

~ of Dolphin and Hutchinson ‘(8) and the curve B on the spectrum given

by Brustad (9). The data observed for the different ions used in these

experiments are also included.
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" This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or

. implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








