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SUMMARY
The effect of the irradiation temperature on the production of .\~
. secondary radical’s inlglycine, trypsin, and lysozyme has been studied.

The solid compounds were irradiated in vacuum, ‘with fast stripped helium,j

carbon, and argon ions at different temperatures in the range 77° to 320°K.

~ The number of secondary radicals was measured with an ESR epectr'ometer
after the samples had been‘kept at room temperature for 20 minutes,
It was found that the radlcal yield was independent of the 1rrad1at10n

temperature up to 100° to 120°K Above this level the yield increased and

in the temperature range 77° to 295°K the total vanatmn averaged a factor '

 of 2,2. This variation is assumed to be due to a temperature effect on the o

" radical reactions that take place during irradiation, It was found that the
- Iyield-versus-temperature curves could be ‘adequately described by a sum

- of exponential functions,

between the prodhctlon of secondary rachcals and the loss of enzymatlc
~activity when thex_lrradmtlon temperature varies. S1m11ar1y, a good

correlation was féund in eﬁcperiments in which the stopping power of the

radiationAvaried. Based on these results, a model for the inactivation of

The exper1ments on trypsm showed that there is a good correlatmn T
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solid enzymes has been proposed. It is assumed that the loss of enzymatic

‘.

activity is the result of a sequence of events in which free radicals are

"important intermediates.
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INTRODUCTION
When solid biological compounds are iArradiated at low ‘tempera’ﬁures'
the types and yielas of radiéals formed are usually differer;t from those
observed at room te‘mperature (1—4). However, the foom-fem?eréture

types are formed when the low-temperaturé—irradiated samples are annealed

for a few minutes at room temperature. It appears that thé yields of these

. radicals, which will here be called the '"secondary radicals,'" are influenced |

byfhe irradiation temperature. In a series of experiments, includfng more
than 40 diffe;ent substances, it was found that the yield of secondary radicals
after irradiation at 295°K was larger than that observed éfter irradiétion at
77°K followed by annealing at 295°K, by a factor o-f'approximately 2 tvo 3

(3, 5). It is of interest to note that fhe inactivation of so.lid enzymes {6) shows
a temperature dependence similar to that for-thé prociuc’tion of secon‘dary

radicals. Recently Brustad (7) studied the effect of the irradiation temperature

on the inactivation of trypsin in the temperature range 10° to 420°K, The

results show that above 100°K the. apparent inactivation cross section increased

with increasing temperature. The results were interpreted to indicate that
three different processes are involved in the inactivation mechanism--one

temperature -independent, and two that depend upon the irradiation temperature

but can be distinguished by different activation energies.

In the experiment reported here the enzymes trypsin and lysozyme as

well as the amino acid glycine have been irradiated with heavy ions at different

temperatures ranging fro',rn 77° to 320:"{(. ~ The yield of secondary radicals has

been measured by ESR spectfoscopy, and is given as a function of the

jrradiation temiperature, The purpose of thes_e experiments is first to study

the effect of the temperature on the reactions leading to the secondary’radicals,
and secondly to correlate the yiéld of secondary radicals with the loss of
enzymatic activity, It is hoped that such.correlations may 'shed:somée light on the

mechanism for radiation inactivation of solid enzymes. ‘ ' B
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EXPERIMENTAL PROCEDURE

The ESR spectrometer é.nd the.procedure' used to obtain quafxtit’ative
data ha.ve.i been described elsewhere (é).
| Glycine and tryp.sin were obtainé'd fr-om Nutritional Biochemical
Corp_ofation, and lysozyme from Worthington Bipchemiéal Corporation,
 The samples ;\Nefe irradiated in thin layers {20 to 50 mg/cr;mz),vir_l brass
héld.er‘s, in vacuum, During irradiationl_the samples were mouﬁted ona.
metal surbfa."ce where the temperature could be controlled by circulating
‘liquid nitrogen, nitrogeyn gas, or wafer in;ide the mi:etal plaite;_ During .
each run, 10 samples were irradiafed. The 'sample temperatureb\x./as
lowered in steps, between ekposure of éﬁccessive samplves, in order to
slow down or stop those secondary reactions that may begin during
exposure of a samp]&e to the radiation. When the samplesv subsequently
were brought to room température these readtions contiﬁued (an example.
is shown in Fig. ‘i) under conditions that were alike for all samples,

After exposure the samplés were first brought to liquid nitrogen
temperature, then transferred to glass sé.mple tubes, evacuated, and
sealed off, .During this procedure the samples reached rdom temperature
for appro.xima.t'ély 5 minutes. They were also exposed to air for 1 miﬁ
during the transfer process, Befgre the ESR measur_er{nen?sfhe samples

d above, this

&

‘were kept at 295°K for an additional 45 min. As mentioi
procedure allowed the secondary radical reactions to take plbace (Fig. 1),

and ensured that all samples of the same substance exhibited the same

g
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resonance spectrum characteristic of the secondary radicals,

Radiation Source and Dosimetry ‘ - Ty

The samples were irradiated with fast stripped helium, carbon, and

~argon ions from the Berkeley heavy-ion linear accelerator. The radiation i

dose was obtained by me.asuring the charge coliected» by a f‘afaday cup. In
these experiments the same dose was given to all samples irradiated with
one particular type of ions. The dose was in the range 2 to 5% 10 rads,
and was given in thé course of a 2-min irradiation. The numbers of ESR
centers produced per gram irradiated \%/ere obtained, and a'ré given in
relative units. A more detailed description of the quantitative procedure is

given elsewhere (8).

RESULTS -

When glycine is irradiated at room temperature, or atlow temperatures
< .

"~ followed by heat treatment at room femperature, the ESR spectrum of a

polycrystalline sample is the well—kﬁown triplet with a weak line on each
side (8). Experiments on single crystals (9—12) indicate that the two

radicals +NH CHCOO " and_*CHZCOO- may be responsible for this spectrum.

3
In these experiments the same resonance pattern was found for all three
types of radiation used (8). The yields of the secondary radicals at different

irradiation temperatures are shown in Fig. 2, It appears that the yield is

constant up to a température of about 100°K. Above this level the yield '

'seems to increase almost linearly with the irradiation temperature, and the

total variation i the temperature range here studied-is by almost a factor
of 3. The results in Fig. 2 show that the temperature effect is little

influenced by the fype of radiation, although it seems to be more pronounced

==
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for radiation with small stopping power.

In Fig. 3 the results for glycine are replotted in a semilogarithmic
plot, where the reciprocal of the irradiation temperature is given along the
abscissa. The purpose of this plot is to see if the yield versus the

irradiation temperature can be expressed by a sum of exponential functioﬁs,
YT = Z Y. exp(-Ei/kT) ,
1 .

" where YT is the radical yield at the irradiation temperature T, Thc-,;v
parameter Ei describes the slope of the"st.raigh't line .in- this Arrhenius
-i)lo-t. This parameter may a.l'so be interpreted as the apparent activation
enefgy for the underlying process (see below). A similar proceduz;e has
previously been used by Brustad (7) to describe the effect of the irradiation
temperature on the inactivation of solid try}gsin.

- It appears that the curves in Fig. 2 can be adequately. fitted by a sum
of two straight lines for which the values of E; are Ei"—' 0, gnd EZ =800
to 1200 cal/mole (see also Table I).

The two enzymes trypsin and lysozyme both exhibit a composite

resonance pattern when irradiated at Aroom temperature (Fig. 4). . The -
spectrum consists of a doublet with approximately 17-oersted (or gaussA)

" splitting and a g féctor of g=2.0028, and a broad resonance with principal .
g values g, =2.003 (masked by the doublet), g, =2.022, and g, =2.055. i
Good evidence is now available (13) for the interprétation tha; the broad ‘ﬂ\g,

. resonance is due to a sulfur radical in which the unpaired electron is
localized Inaini;.'*:;; on the sulfur atom in the cysteine residue, and that the
doublet is due fo_ a radical in which the unpaired electron is localized in a

7 orbital on an a-carbon atom in the protein backbone:
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"The group R is .primarily a hydrogen atom.

When the proteins are irradiated at low temperatures the ESR spectra
are _completely differ.ent froni those at room .ternperature' (the results for
iysozyme are shown in Flg 1) (2,4). When the sa.mples are annealed at
higher temperatures radical reactions take place, as indicated in Fig. {,
and the t§vo types of secondary radicals are formed. The e‘ffect of the |
irradiation temperature on the..' yield of these secondary radicals is shown
in Fig. 5. The curves.‘for both trypsin and lysozyme have the same shape
as that foux;ld for glycine. The total variation in the yield, within the

temperature range studied, is by a factor 2 to 2.5. The results for trypsin

- and lysozyme can also be fitted by a sum of either two or three straight

lines, and the values for the slopes of these lines (Ei) are given in Table I,

Correlation Between the Production of Secondary Radicals

and the Loss of Enzymatic Activity ‘ ' .

In Fig. 6 the production of secondary radicals in trypsin, irradiated

with fast stripped carbon ions, is correlated with the loss of enzymatic

;activity. Within the temperature range studied there appears to be a

surprisingly good correlation between these two types of measurements.

Thus, the yields seem to be constant up to about 120°K, and the yields at’

77°K is approgiilnately half that at 295°K for both types of measurement,
The radical mé“%}surements have been carried out ohly up to 320°K, because

the secondary radicals become unstable at elevated temperatures, We may

;i;";
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therefore expect that the rgdical curve will drdp below the inactivétion

curve at températures above 300°K. " -
A quantitative.‘measure for the correlatioﬁ between the production of

secondary radicals and the biological end effect can be obtained from

Arrhenius plots like those in Figs. 3 and 5. If the procedure of using a

sum of exponential functions is applied, the values for the slopes of these

lines can be correlated. In Table I are assemb_led the results so far’

obtained for the two types of meavsurements. The inactivation data for

trypsin are taken from Brusta.d*s expériments (7, \_.Nhereas the results for

» . ‘ . : ;

lysozyme and ribonuclease é.re taken from Flﬁke‘s:_experirﬁents (14). The ,

following observations can be made from this table: .

(a) The results for ali four compounds can be_déscribed by a sum of two

or three é#ponential functions. The aéparent activatiqn energies are zéro,

"about 1 kcal/mole, ana approxima’tely 3 to 5 kcai/méle. | |

. {b) In-some experiments, in which the radical measﬁrémen’cs were

carried ou‘é after the samples had been kept at room temperature for 20 min

é.ﬁd 2 days respectively, it was found'that the curves changed slightly ‘with

~time. However, the changes in the apparent activation energieé are |

small. | | |

(c) The results indicate that there is a good correlation between the

“a;

production of secondary radicals and thg loss of enzymatic activity. Tt is
therefor.e reas_qnable to aslsurrlg-: that the same processes are responsible
for both the obSerqu effelcts.'

The. data:_presented in Table I are, to the author‘s.knowle,dge,’ the

only experiments so far reported in which the effect-of the irradiation

temperature on the radiation yield has been described in detail. On the |
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her hand, a number of experlments have been revorted in which a few
specific temperatures, like 77°K and 295°K, have been used (356, 15 16).
Although the yield ratio Y295°K/Y 7oK cannot give a detailed descrlptlon
of the temperature effect, it gives an indication of how large the effect is
within this range. In Table Il are assembled the results of this work
together _With a number of other experiments. Again there appear's‘to be a
good correlation between the production of secondary radicals anci the. loss
of énzymatic activity, Tiius, the average value for all the radical d‘ata is
2.34, whereas the corresponding value for the inactivation <‘iata is 2.23.
The radical data include several small-molecule compounds, and if we take

only the ESR results for the different proteins the ratio drops to 2.24.

. DISCUSSION

The experiments described here have demonstrated that the préduction

_ of secondary radicals in solid biological substances is influenced by the

irradiation temperature. The observed radical yield is usually ind.ependent

3

" of the irradiation temperature up té_ 100° of.120°K. At higher t'er'nperalutures

the yield increases with the temperé.ture and the total variation in the fange

- 77° to 295°K is of order 2 to 3.

When radiation energy is absorb_ed in a compound a Vériety of ilr;itial
ESR centers are formed which sub_sequen‘cly take part ih several secondary .
reactions (1-—-—4)’1 These feaptiéns lead both to nonradical species and to the
seconc.lar‘y rédiéals here 'observed. Since these reactions certéinly have
different.activé.tion energies,l‘ their rél;tive irr.xport'anCe ‘can be vari.ed‘ by
changing the téﬁperature atlwhich they proceed, In ‘ches.e:T ¢xperimen‘ts‘

only the irradiation temperature was varied, and the subsequent procedure - |

was the same for all samples. Since previous experiments (3, 4) have
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shown that radical reactions may pro_ceé‘d_'in sélids; above 100°K, it can be
c_oncluded that radical reaétions are already taking place, to a greater or -
.‘ ‘lesser extent, during exposure. It seems reasonable therefore to ascribe

the results of this work to a temperature effect on t_he‘secon-d;fy radical
.reactions.

The yield-versus-temperature curves can be described mathematically
by a sum of exponential functions. One interpretation of this is that bsevebral |
processes are involved in the formation of -the secondary fadicais. Th¢ |
results in Table T may be interpreted to mean that we have one temperature-

1

irradiation temperature. However, whether this is a correct interpretation

independent process (E, =0) and one or tv&o processes that ?depend upon the
is que stio‘n_ablev.- Thus, the observation that the yield of secondary radicals
and the los s. of enzymatic activity are independent of the irradiation

: tver.nperature below approximately 100°K ma{y be due to another cause.
Absorption of radiation energy may lead to a localized heating of small
regions of the sample., This may allow radical)_ reactior.is Or energy transfer
to take place in av small volume near the site of the absorption at a rate
characteristic of a much higher temperature than the actual average
temperature‘ of the sample. Approximately 1OQ°K may then be“an "effective
temperature'' describing the rate at whic}m the secondary reactions take
place in the '"hot spot" prodﬁced by a localized absorption of radiation
energy. This means that the observed invariance of fhe radiation y.vie.ld
below 100°K is due to an‘”effe(v:tive‘_loca]‘.ize'd irradiation tenﬁpera,tﬁre" E f v
independent of.the actual sai’nple terhpératur'é. When thé yie,ld’-versus-‘ '

4 ;cemperature curves are analyzed we must therefore neglect the part below

100°K. It then appears tha't' the curves can be described mathema.tiéally by
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a sum of only two straight lines for which the E; values are rﬁuch smaller
than those obtained by the first interpretation (see Table I). According to
the latter interpretation we have only two temperature -depehdent proceéseé,
with activation energies E;.= 0.1 kcal/molé and E; =4,5to3 i(cal/‘mole. It
is not possible, at Present, to decide‘ which interpretation is the rhore
correct, but it should be pointe.d out that in either case .the‘re is a gooci

correlation between the production of secondary radicals and the loss of

_enzyrhatic activity.

A topic of general inferest is thé relation between the radicals produced -
and the observable biological damage. It is generally acce;téd that in
aqueous solutions the chemical damage is produced largelyi by the o
;‘adiation -inducevd free radicals. This has certainly prompted the assumption

that the radiation damage on solid biological systems is also caused full}f or

partly by the free radicals (17—22). However, so far we have relatively

" little experimental evidence for this assumption. | _ _ e

In a recent paper Braams (17) has outlined in more detail a free-radical ‘

“mechanism for the radiation damage in the solid state. Based on our ESR

experiments (3, 4); which demonstrate that a series of reactions takes place
before the secondar;; radicals are formeci, as well 'as on thé experiments
demonstrating. the intermolecular transfer of uﬁpaired spins (20), an exte-nded
free-radical mechanism has been proposed. The main steps in this |
mechanism, which has ceffain fea.tufe's in common with that bf ‘Braams, is
visilaiized in Flg 7. Itis va..s sumed that the radia'ﬁion inactivation of solid,.

enzymes is the.end result of a sequence of events in which free radicals are

transient intermediates. Although there are large gaps and unknown reactions

in this modelithe main idea is that the initial processes in the inactivation
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mechanism are the same as those leading to the secondary proteiﬁ radicals
| (stepé I and II in Fig. 7). These radicals‘ {step III) will éubsequently be
involved in new reactions either when the enzymes are still in the solid
§tate or when they are dissolved in an aqueous solution in order to 'allow _l
activity measurements, According to tIt;é present model it is assuméd that
the'secondary radicals are precursors tb the ehzyme inactivation, but we
. have so far no inforrﬁation about the reactions that take plaée between ‘
step III (Fig. 7) and‘step V. The assumption that the sec'oncjlarg;- radicals
" are intermediates in the inactivation mechénism can be »tes;ted in ex;ﬁerimen‘cs‘
in which the production of radicals is correlated with the loss of enzymatic
activity. |
The first attempts to correlate the producﬁon of free radicals with
the enzyrﬁe inactivation were reported by Hunt, Till, and Williams (21, 22).
Since they found that the yieid of radicals was of the same 6rder of |
: magnitude as the inactivation yiela, they concluded that a large fraction of
the biological damage can be accouﬁted for by the radicals, However, -the
most interesting part of their work, with regard to the free—radic_al
mechanism, is their experifﬁents on the oxygen e)ffect. With ribonuclease
they found that oxygen changed fhe ESR spectrum as well as the i.nac"civation

yield. They assumed that the sulfur groups lead to the formation of SH

[x 8

groups, and, si.nce the yield of SH groups was found to be aylmost'independeh.t. o
of oxygen, they concluded that the sulfur rgdicals are unlikely to .té.ke part . @
in the oxygen effect. The_assumi)tion was made that the cioublet-type fad‘ica.lé v
lead to inac.:t.iv%ftion when they react With oxygen., On the basis of this |

assumption, they calculated an expected inactivation curve for posttreatment

in oxygen by using the observed dose-effect curve for the radical concentration



transferred to

_1',1“ | ‘  UCRL-16281"

in vacuum. The good correlation betwgenl the expected and observed
inal.ctivationA curve, in a certain dése range, seems to support the free-radical
mechanism. However, as pointed outin a previéus.paper (13), a direct
correlation of‘this kind where one secondary raldical is corre_lated'with tl;;e
inactivation of one mac’fomolé_culeis uncertain, and may lead to cohsiderable
érrors because of the great i:ro’blems involved in. deter.rﬁining the concentration

\

and the stability of the radicals, In the experiments reported here efforts

‘have therefore been made to overcome the difficulties involved in direct

correlations. The physica_l' condit;lons for.’c’he reactions that take pléce
prior to the formation of the secondary radicals (that is, steps I and II in
Fig. 7) have been varied. | These variations resulted ;1n changes in the yield
of secondary radicals, and according to the model in Fig. 7 we onuld expect

similar changes in the inactivation yield.

In these experime‘.nt‘s it was found that the production of secondary

+ radicals exhibits the same relation to the irradiation temperature as that

reported for the loss of the enzymatic ‘activity (7, 14). Furthermore, a
good correlation between production of secondary radicals and inactivation

was found for trypsin in experiments in which the stopping power of the

1 2 4

radiation varied in the range 2 MeV g~ ~ ¢m” to about 1,6 X 10 I\/Ie'Vg—1 et (8).

Another source of support for the free-radical mechanism is the
4 v‘
experiments on molecular mixtures (20). Thus, it was found that the
reactions leading to the secondary radicals (step Il in Fig, 7) can be partly

intercepted in molecular mixtures by small-molecule substances, A large

fraction of the unpaired electrons initially formed in the proteins becomes

¥
W

sulfur compounds, with the result that the proteins were

protected against the formation of the secondary radicals. According to the

P
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modei in Flg 7 -this wpuld implvy that we also ha\}e a protection against the
bio.logical ’end effect (step _V).. It is well knoWn, frdm several experiments o~
on molecular mixtures, thét the radiosensitivity of solid. enzymes can be
changed by the presence of small-molecule compounds (23—27).

It would be of interest to discuss the model in Fig. 7 il"l view of some
of the other inactivation mechanisms proposed, In the target theory a hit
or an absorption event rﬁust take place within the rse'nsitive.‘carget {in the
case of enzymes it was assumed to be a primary ionization within the
inacromolec_ule), and. no attempts were made to describe eithe.r the primary

. : ' 1
species formed or the early secondary rveactipns. The model seems
incapable, in its .original férm, of accounting for the observation that the
enzyme ihactiva.’cioq can be influenced both by the presence of other solid:
’gubstances and by the irradiation temperature. Since we now have methods:
available forbst'udying secondar’y radical reactions and intermediate species,
" if is possible to take another step and either éxtend the old target theory or
introduce some. other models. The lé.ttex" po.s sibility has been adop_ted"by
Augenstein, Brustad, and Mason(6). These authors introduce a series of
processes in order to account for the temperature dej)endence of the enzyme
inactivation. They cast serious doubts upon the vaiidity of the one ~i§nization
model, and “sxiggest that nonionizing excitations may be more important at
room temperatufe; 'The inactivation is assumed to be completed when
enough radiation energy has been transferred frorn the place where it is
. absorbed to what they call 'the c;ucial sitve” in the molecule. The i.mpor‘tant Y

- step in'their model is the many processes they introduce for the transport of B

i

radiation energy in solid proﬁeins'. They assume that intermediate species,

'such as charges and excitons, can migrate in proteins, and that some of
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these processes take place during i.rradiation.' Sincge our knowledge about
the migration of charges and excitons in proteins is very limited, no
attempts alge.made here to discuss the reliability of these processes, It
should, however_, be pointed out that Augenstein, Brustad, aﬁd Mason seem
to give little room for the part played by the free radicals and radical
reactions in transfer of radiation energy and in inactivation, The radical
model in Fig, 7 represerits, therefére, an alterﬁative to the r;;any physical
processes proposed,

- It was mentioned above that the radical reactions in step II alsb
resulted in the disappearance of some of the initial ESR cen!ters. The
possibility that the nonradicai svpeCies thus formed may in turn lead to the
inactivation of the. enzyme should also be considered. Furthermore, the

secondary radicals produced in the proteins are very sensitive to oxygen,

and the radical concentration usually decreases rapidly when oxygen is

‘admitted to the sample. Except for the experiments on ribonuclease by

Hunt and'WiHiams (22), we have insufficient information to determine
whether the radicals that .féact with oxygen become unavailable for enzyme
inactivation, or wﬁether radical reaction with oxygen is an important step
in the inactivatiog rﬁéchanism. It would therefore_ be of‘considerable"
interest to ca.r'ry?.o'ut experiments on several enzymes in which the

production of radicals is correlated with the loss of enzymatic activity,

ACKNOWLEDGMENTS
T wish to ;express ﬁny gra.titude to Professor C, A. Tobias and his
group’ for the hospitality and working facilities offered me at Donner Laboratoif'ir.
Tlhanks' are due;‘,."%o Mr. T. Gunther for valuable discussionls,} |

Itis a pieasure to acknowledge the financial s’upport.from the U, S.

Atomic Energy Commission through the lL.awrence Radiation Laboratory.



44~ UCRL-416281

REFERENCES
F, Patten and w. GOrdy; Temperature effects on the formation of free
radicals in the amino acids. Radiation Research 14, 573—589 (49641).
F. Patten and W. Gordy, Temperature effects on tﬁe free radical
formation and electron migration in irradiated proteins. Proc, Natl.
Acad. Sci, U. S. 46, 1137—1144 (4961). | |
T. Henrik“se.n, Radiation-induced free radicals in sulfur ‘cornpounds.
ESR s‘tudies in the polycrystalline state. J. Chem. Phys. 37,
2189—2195 (1962). |
T, Heﬁljiksen, T. Sanner,-and A. Pihl, Secondary proé:esses in
proteins irradiated in the dry state, Radiation Research 18, 147—162
(1963).

T. Henriksen, Electron spin resonance studies on the formation and

properties of free radicals in irradiated sulfur-containing substances,

Oslo Unive;?;ity Press, 1963,

L. Augenst;:e,;;‘in, T. Brustad, and R, Mason, The relative roles of

ionization | excitation processes in-the radiation inactivation of
enzymes. Adv. in Rad, Biol. Vol. 1, 227--266 (1964).
T. Brus’cad,{; Heat as a modifying factor in enzyme inactivation by

i -
ionizing radiation. In The Biological Effects of Neutron Irradiations,

Intern. Atomic Energy Agency, Vienna, 1964.
T. Henriksen, Production of free radicals in solid biological substances

by heavy ions (submitted to Radiafion Research),

D. K. Gosh and D. H. thiffeh, The electron spin resonance spectrum

izFadiated single crystal of glycine. Mol. Phys. 2, 285—300

(1959).



8

10.

141,

12.

13.

- 14,

15,

16.

17,

18.

5. ' o UCRL-16281

G. Lomaglio and J, ‘Uebersfeld, La resonance paramag'n‘etique d'un
monocristal de glycocolle irradié pé.r des rayons gamma. J. Phys.
Radium 24, 802805 (1960). |

H. N. Rexroad, Yu Hak Hahn,‘ and Wade J. Temple, Aﬁisotropic
hyperfine structure in ESR spectra: Applications to irradiated crystals
of malonamide and glycine, J. Chem. Phys. 42, 324—330 (1965).

J. R. Morton, Electron spiﬂ resonance spectra of oriented radicals.
Chem. Rev, _6_fl__, 4534714 (1964)..

T. Henriksen, Electron spin resonance signals in irradiated proteins,
' o

In Proceedings of the Conference on the Correlation of Radiation-Induced '

Electron Spin Resonance with Biological Effects. Gatlinburg, 1965

(in press).

D. J. Fluke, Comparison of temperature dependence of 'direc’c action

of low-LET radiation on lysozyme and ribonuciease enzymatic‘ activities,
Radiation Reserarch 35_, 188 (1965) (Abstract).

R. Seflow and B. Doyle, The éffect of tempervature on the direct action ‘
of ionizing radiation on catalase. Arch, Biochem. Biophys. ié, 46—52
(1953). |

E. C. Pollard, W. F. Powell, and S. H. Reaume, The physical
inactivation of invertase. Proc. Natl. Acad. Sci. U., S. 38, 173—180
(@952).

R. - Braams, A mechanism for fhe direct action of radiations. Nature
200, 752754 (1963).

E. L. Powe;rs'and B. F. Kaleté, Re,ductionlof radiétion sensitivity of
dry bactef%all spores with hydrogen sulfide. Science ﬁ, 959—9‘6_0

(1960).

=



19.

20.

21.

22,

23,

25.

26.

28.

-46- | UCRL-16281

C. F. Ehret, B. Smaller, E. L. Powers, and R. B. Webb, Thermal
annealment and nitric oxide effects on free radicals in X-irré.diated § -
cells. Science 132, 4768—1769 (1%0)».'

T. Henriksen, T. Sanner, and A, Pihl, Transfer of radiation-induced
unpaired spins from proteiﬁs to sulfur compounds, Radiation Re'searéh
18, 163—176 (1963). |

J. W. Hunt, J. E. Till, ‘and J. F. Williams, Radiation damage and
free-ré.dical production in irradiated riboﬁuclease. Radiation Research -
17, 703—711 (1962).

J. W. Hunt and J. F. Williams, Radiation damage in d;y ribonuclease.
Yields of free radicals and other chvemicaLl lesions compared with
inactivation efficiency, Radiation Research 23, 26—52 (19\64).

A, N.orman and W. Ginoza, Molecular interactions in irradiated soli&s.
Radiatiokn Research ?_, 77—83 (4958). |

R. Braams, F. H}itchinsbn, ahd D. Ray, Changes in the sgnsitivi?:y of
enzymes in the dry state to radiation. Nature 182, 1506 (1960).

R. Braams, Changes in the radiation sensitivity of some enzymes and -
the possibility of protection against the direct action of ionizing

particles. Radiétion Research 42, 143—119 (1960).

A, Pihl aﬁd T. Sanner, Protection of sulfhydryl compounds against
ionizing radiatibn. Bioc_him. Biophys. Acta, 7_8_,}.537——539 (1963).

J. A. V. Butler and A. E. Robins, Effects of oxygen on the inactivation

of enzymes by ionizing radiation. II Solid trypsin and deoxyribonuclease.
Radiation Research 17, 63—73 (41962).

F. K. Knelsbiihl, Line s.hapes of electron paramagnetic resonance

" signals produced by powders, glasses, and viscous ligquids, J. Chem,

Phys. 33, 1074—1078 (4960).



-17- - UCRL-~16281

29. Y. Kﬁrita. and W, Gordy, Electron spin resonance in gamma-irradiated
| single crystal of L-cystine dihydrochloride. J. Chem. Phys, 34,

282—288 (1961).



-18= , UCRL-16281

_'fable I, "The apparent activation energies for the processes leading to the

productioh of secorida,ry radicals and the loss of enzymatic activity, 2

Activation energies

- Type . Type (cal/mole) AR
Compound of of : Reference
radiation measurement E, E, E, (}3;'1 ) (Eé )

Glycine He4 ions Radicals 0 800 —-— (130)_ (1250) This Work
" ctz "o 0 1200 —— (400) (4450) "
ST Ari0 " 0 900 —— { 80) (1550) "

" ~ Ari0 wb " 0 900 3700 ( 70) (2200) "

Lysozyme. He® 0 1000 5000 ( 90) (2600) "
oo get P ' 0 1000 4000 ( 90) (3200) Xt
" ciz - 0 1000 4000 {(100) (2150) "
Trypsin  He* 0 - 950 3600 ( 50) (4650) Su
"o ctz o« " 0 ©30 3300 ( 70) (2050) .-
" ctz wb 0 1150 —— ( 70) (2400) o
" © Ari0 " 0 1300 —— (420) (1700) - "
" Ari0 w P " 0 800 3100 ( 60) (2350) we
Trypsin ‘D% iorns Inactivation 0 1350 4700 (_110) (2200) Brustad (7)
" Het Y 0 1350 5200 (4110) (2200) w.
" st w " 0 1100 3400 { 70) (2300) "
RERY clz » " 0 1150 4200 ( 70) (2300) "
Y Ne2? " 0 1050 3800 ( 70) (2200) "
" Ari0 ", 0 1300 3700 (. 70) (2300) "
Lysozyme Electrons " 0 620 2540 —- - Fluke (14)
Ribonuclease " » n 0 1060 6100 ——  —— : "

2+ The. dependence of the radiation yields upon the irradiation temperature are given by

the curves such as those presented in Figs, 3 and 5. These curves can mathematically _

be described by a sum of exponential functions, The Ei values represent the slopes of
the straight lines in the semilogarithmic plot. The Ei values may also be interpreted

‘as the apparent activation energies of the underlying processes, In this table the re-

sults of fwo alternative interpretations are presented. In the first place ‘the ;tofal curve

is decomposed into a sum of exponentiil functions {the values Ei’ EZ’ AHd E3) In the
other alternative the results below 100°K have been neglected and the high-temper'ature

parts of the curves have been decomposed into two straight lines (see text).-

The apparent activaéion energies E; and EZ' are given in parentheses,

b ' ?

* These results refér to experiments carried out on samples kept at room temperature -

for 2 days between the exposure and the measurement,
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Table II. 'The effect of the irradiation temperature o

on the radiation yield.

, Type Type

Compound rad?aftion- mea.suofe ment Y295 °K/Y 777K Reference
Thiols (6)* ~ rays Radicals 1.6 Henriksen (5)
Disulfides  (9)? " " 2.1 " ‘
Other sulfur (10)2 & 3.2 "

compounds

Amino acids (8)% " . 2.7 "
Peptides (3)a " " 1.3‘ ,_»v "
Proteins  (10)® " " 2.3 SRR ‘
Glycine . I-Ie4 ions " 2.6 This work
Glycine clz n " 2.5 "
Glycine Ar40 P " 1.8 "
Lysozyme Het o " 1.7 L
Lysozyme clz n " 1.8 "
Trypsin ‘Electrons " 3.2 on
Trypsin Het ions " 1.9 "
Trypsin . -Ci_2 " " 2.1 "
Trypsin Art0 T 2.2 "
Trypsin D’ ions Inactivation 2.8 Brustad (7)
Trypsin - He? » " 3.0 "
Trypsin it " 2.0 "
Trypsin clz » " 21 "
Trypsin - ,Nezo 1 " 19 "
Catalse "pZ  w " 1.8 ~ Setlow and Doyle (15)
Invertase p? " n 2.0 ~ Pollard et al. (16)

2 The number in parenthesis represents the number of compounds studied for each

group, The value given in this table is the average. The largest ratio (7.5) was

found for S -fnethyl -cysteine.




-20- ~ - UCRL-16281

FIGURE LEGENDS

Flg 1. The ESR spectrum of lysozyme irradiated and measured at 77°K,
In this particular example the enzyme was irradiated in the solid
state, in vacuum, with 6.5-MeV elec.trons. ~An X-bamil spectrvo>meter
was used, and thé first derivative of the absorpfion spectrum is
given., The microwave frequency'was measured by a wavemeter ahd

the magnetic field by a proton resonance fieldmeter. After the first
measﬁrement (upper figure) the sample was annealed atA room
temperature and then measured again at 77°K.‘ The spectral ché.nges
re_\}eal, thereforbe,‘ the secondary radical reactions., ‘Thé dashed
curve represents measurement at high gain. The relative spectromefer
sensitivity is otherwise given by the columns to the left,

Fig, 2, The yield cf secondary radicals in glycine as a functién of the
irradiation téfnperature, Solid glycine was irradiated in vacuum with
fast stripped helium, carbon, and argor; ions at differ‘ent temperatures.
The savmples were kept at room ternpe'ratuz;e forHVZQ rhinﬁf'es before the
ESR measurements were carried out. The dose was the same'for ai‘l-_
samples irradiated wi.th one type o‘f ions. The results are given 1n
Arelat_i\;e units,'land the éverage value for the temperatﬁre reg.ion'v??_"»'
to 400°K has been set equa;'l to 1.0 in ?.il ‘é#pe‘rimenfs.f‘ ‘ |

Fig. 3. The yield of secon&ary-radicais invso'lvid glyc,irvxe_as‘ a function éf the | ‘
reciprocal of the irradiation ‘;empel'ature.. Th¢ curves were dééompo'sed e
into a sum of straight lines and the apparent ac‘gi.v.éti'on energii.es. 6.btjained~ 1 :
froﬁ the slopeé of these lines are given in vTabler I. |

Fig. 4.. The ESR spectrum of trypsin irradiat_édl a‘n;l mea;sﬁred at room

‘ tempefatui‘e. According to Kneubiihl (28) thg" principal. g ya.iges for a
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poly;rystalline sample correspond to maxima and zero poinf in the
| derivative curve. The principal g values for the broad resohance. in

the protein spectra are in excellent agreement with those found for
organic sulfur radicals (29). M

Fig. 5. The yield of. secondary radicals in solid trypsih as a function of
the reciprocal of the irradiétion temperature; Otherwise as in
Figs‘. 2 énd 3.

Fig. 6. Effect of the irradiation temperature on both the production of
secondgry radicals and the loss of enzymatic activity for trypsin,
The enzyme was irradiated in the solid state, in vacullurr;, with fast
stripped carbon ions. The inactivation curve is exponential with

- respect to the radiation dose. The parameter used for the

inactivatiqn is therefore either the reciprocal of the D37 dose or, as
in this figure, the apparent inactivation cross section, All'inactivation
data, which were taken from Brﬁs_tad’s experiments (7), have been |
recalculated and are given in relative units in order to be plotted on
the same figure. .The average value of’the data below 100°K has been
s.et equal to 1.0, |

Fig, 7, An attei’npt to visualize a free-radical model for the radiation
inactivafiqn of solid enzymes. The biological end effect is assumed

to be the result of a sequence of events in which free radicals are

im'pdrltant intermediates,
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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 Comnmission:

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

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.








