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' FREE RADICAL INDUCED IN ENZYMES
BY ELECTRONS AND HEAVY IONS
_‘Thormo.d Henriksen

'Donner Laboratory and Donner Pavilion
- Lawrence Radiation Laboratory
University of California
Berkeley, California

August 23, 1965 s S '-."'
INTRODUCGTION i '
It is well knowi_u that free radicals are produced and tré,pped in solid
. biOl;)gical sysfems when eprosed to ionizing radiation, Enzymes répresent
‘an ix_npdrtant ‘and sﬁitai)le group of molecules for stud’ying certain aspects of
radiation da:tha.ge; since the formation and fate of free radicall:, as revealed
~ by elgctron épin resonance (ESR) Spectroséopy, can be correlated to a bio-
logical damage s'uch as the loss of enzyma.ﬁc activity,

- Previous work has shown thé.t the in:'\t"ia.l ESR centers formed by the
radiation react rapidly at roofn temper.a.ttire'.(i ~2). These reactions lead both to. -
tiie disappearance of ESR centers and td the formation of some more stable -
rgdicals, which here wiil be called the '"'secondary rad_icals. " Most ESR work 'v
so far has been concentrated on the determinzation of the types ahd_ yields of |
the secondary enzyme radicals, and very little is known about the formation
arid‘Atypes 6f- the initial ESR centers and ti;eir subsequent.rea;ctions. Further-~
-mo're, both, the fate of theA secqndary'radiéals and their role in the final steps :
of the inactivation mechanism are largely unknown, In this work the three
enzymes ribonuclease, lysozyme, and trypsin have been irradiated with
‘different types of ionizing radiations. Efforts ha;re been made to study the
effect of temperature on the early secondary reactions and on the formation’

of enzyme radicals, .

PO
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In a previous study on glycine-and trypsin irradiated with helium,

carbon, and argon ions, it was found that;'vthe irradiation temperature had.
a pronounced effect on the yield of secondary radicals (3). The results indi-

cated that the temperature effect was more pronounced for radiation with
low LET. This work therefore represents an extension of these studies be-

. !
cause the enzymes have been irradiated with various types of radiations, in-

cludmg 6.5-MeV electrons, in the temperature range 77° ito 3308K..iIn: a.ma.ttempt ;

to elucidate the 51gn1f1cance of the seconda.ry' radicals for the inactivation
mechamsm, the radical data are correlated wlth the inactivation results

previously reported for the same three enzymes by Brustad (4) and Fluke (5)

!
EXPERIMENTAL PROCEDURE

The f.SR spectrometer a.hd the experimental procedure used to oBtain .
. the radical concentration have been described elsewhere (6).‘ Siece the
enzyme spectra are very sensitive to microwave saturation, these expe_ﬁ-
ments have been carried out at a low micfowave power level. Furthermore,
" in-order to resolve details in the high-field part of the spectra, the modula-~
tion amplitude was kept small.

Ribonuclease and trypsin were obtained from Nutritional Biochemical »
Corp. and llysozyme from Worthington Biochemical Corp. The enzymes wei'e =
irradiated in the polycrystalline form in the variable-temperature irradiation
apparatus shown in Fig. 1, This irradiation equipment can be connected directly
to the exit port of the heavy-ion linear accelerator (Hilac), and represents a
part of the "main Faraday chamber; " The same apparatus, which in these
experiments was used also for the electron irradiation, had previously been

used in the 1na.ct1va%10n expenments on trypsin reported by Brustad (4).

The enzymes were irradiated in thin layers in brass holders mounted on -

a metal plate. The temperature of this plate was changed by letting different

O
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' liquids or.gases circulate inside the plate; liquid nitrogen, nitrogen gas, and -
hot water were used. The temperature of the metal plate was measured by
a copper-constantan thermocouple. The temperature variation during ex-

posure was negligible. After each exposure the temperature was lowered

in steps of approximately 20°., The irradiation chamber was evacuated during g

irradiation.

After'exposure the samples were brought to liquid nitrogen température;
transferred to glass sample tubes, evacuated, and sealed. When not other- |
wise stated the ESR measurements were carried out at room temperature after
.the samples had been kept at 295° K for 20 to 30 minutes (3).

The samples were irradiated with 6.5-MeV electrons and fast stripped
- helium, carbon, and argon ions from the yBerkeley Hiia.c. The Quality and
dos.imetry of the radiation have been described previously (6). ] 'i'he dose was
of the or'der of 1 to 3 megarad given at a dose. rate of 1 megarad per minute. ,

‘The radical concentration is given in relative units.

RESULTS AND DISCUSSION

Types of Enzyme Radicals

Ribonuclease, lysozyme, and trypsin are all relatively small enzyme
molecules with a molecular weight of less than 25000. They all contain the
sulfur amino acids cysteine or cystine (or both), and when irradiated at room

temperature they exhibit a composite ESR spectrum consisting of a broad

- resonance and a doublet, as shown for lysozyme in Fig. 2 (upper spectrum) (3). '

As previously pointed out (7), the broad resonance in the protein spectra has
been ascribed to a sulfur radical in which the unpaired electron is localized
mainly on the sulfur atom in the cysteine residue, whereas the doublet has

been ascribed to a radical in which the unpaired electron is localized in a
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T orbital on an dfcarbon atom in the protein backbone ('either‘ a > CH or-
a..' > CR fragment). The support for this inté rpretation can briefly be
summarized as follows (see also Fig. 2 and Table I):

1. When thiols and. disulfides of thé cysteine-c.:ysteamine group are irradiated,
the sulfur radical RCHZS° is usually formed (8-9). The unpaired electron in
this radical can interact with one of the two protons in the CI—I2 group adjacent
| to sulfur with the result that a doublet, with a splitting of approximate.ly 9 gauss _4 »
is observed for single crystals (8). For polycrystalline substances the doublet
is smeared out at room temperature, but can be detected when the observa-

- tion temperature is below about 160°K (9). A similar doublet was also ob-

: ! .
served for the enzymes (the bottom spectra in Figs. 2 and 3) when the meas-

urements were carried out at 77° K. )

2, The sulfur radical RCHZS~ has a large anisotropy, which in polycrystallihe
samples gives rise to a broad resonance. The principal g values can be réughly
d_eterminéd by using Kneubiihl's method (10}, and in ’i‘é.ble I the results for the
é_ulfur radicals formed in some thiols and disulfides are given together with
the data obtained for the broad resonances in the enzyme spectra. The good
agreerﬁent between these results strongly supports the interpretatibn that
sulfur radicals are formed in all the three enzymes here studied.

3. It appears from Table I that there is a good correlation between the
g value for the doublet (gD) in the enzyme spectra and the average gvvalue for
the doublet induced in irradiated dipeptides. This observation, together with
the fact that the doublet splitting is allso the same for tﬁe two 'types of sub-
stances, is the main evidgnce for the assumption that a radical of the same

type is formed. Single crystals were used in the dipeptide studies, and it

was concluded thata radical of the type > CH was formed (7).

When the three enzymes are irradiated at low temperatures and meas~

ured before any heat treatments, completely different spectra are observed.
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In Fig. 3 the resﬁlts for ribom')..cleas.e‘ are given {upper spectrum). The
spectra observed for trypsin (7) and iysozyrx:xe (3)'sﬁow that there is éome
spectral variationfromone enzyme té the othe r, although the main resonance
‘consists of a broad-single line, like that shown for ribonuclease, with a g value
of approximately 2.006 to 2,008, The ESR centers giving rise to these spectra
have not been identified, but they are assumed to be the precur'sors for :tht_a
- secondary radicals. Thus, when the sarnples are annealed at room temper-
ature the resonance spectra. change rapidiy and the sulfur .radicals and the
doublet-type radicals ére formed as shown in Fig, 3. The bottom spéctrum
in this figure indicates that a third radical is also formed. Tbus, the main
doublet is poorly resolved and a new resonance line appears 01:1 the high-field
side (see the dashed curve). In order to study this resonance in more detail
the observation temperature was changed to 295° K., In Fig. 4 it is clearly
shown that a-resonance is superimposed on the main protein doublet. Al-
though it was not possible to identify the resona.—nce, a few characteristics
should be noted. |

a. The resonance, w.hich‘ results in the chéracteristic splitting of about .
5 gauss in the center of the maiﬁ douhlet, is spread out over appro;cimately v
70 gauss. Thus, the weak line on the low-field side of the doublet. (t;he line
located 11.3 gauss from.one of the sulfur peaks) is a part of the J;-esonance and
has nothing to do ‘with the temperature-dependent sulfur doublet discussed.above.

b. The resonance (or resonances)-consists of three or more lines and seems
to be centered at a g value approximately that of the free electron,

c. As demonstrated by the three spectra in Fig. 4, the resonance is rela-
tively unstable and'?disappea.rs more rapidly than for the two other secondary
radicals at room fé‘énperatu’re. This implies that \yhen the enzymes are

ig

irradiated at room temperaturé, or at higher temperatures, the resonance .=

sy
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is much weaker and has almost disappea‘r’ed before the first measurement
c,;an be made. This may partly explain the failure tc obse‘rve this resonance
in previous studies, |

d. The same resonance:was also found for lysozyme and frypsin, although
it was much weaker for these enzymes; ::I‘his observation suggests that the
radicals responsible for this transient reé;onance may frequently be formed
in irradiated proteins..

From the qualitative ESR studies if.» can be concluded that at least three
aiffe_rent types of secondary radicals are formed when solid enzymes are ex-
posed to ionizing particles. When the type of radiation was varied from 6.5-
MeV electrons up to the densely ionizing argén ions no other t;rpes of second-
ary enzyme radicals were fouﬁd. The reiative_importa.nce of the radicals
varies from one enzyme to another, and--for one particular enzyme--with
the treatment of the *san"xple befdre an actual meas'urement. For the three
enzymes studied here, the backbone-type radical is the most irﬁportant.
However, the sulfur resonance graduallyb.econ'-les miore important upon heat
tre;.tment, ér upon storage of the sa.mplés at room temperature, When the
Aenzymes were irradiatédAWith 6.5-MeV electrons in these experiments, it
was found that sulfur radicals accounted for approximately 37% of the ribo-
nuclease resonance, 30% of the lysozyme pattern, and about 16% of the |
trypsin spectrum. The resulté also seem to indicate that the relative per-
centage of the sulfur resonance decreases slightly with increasing stopping

power of the radiation (6).

The Yield of Enzyme Radicals

The radicé‘,if‘; concentration was obtained from the integrated spectra by

?

comparison with réference samples measured under the same conditions, The "

yields of secondary radicals depend upon the stopping power of the radiation.
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Thus;_ it was found, for a number of different substances, that the yields
were constant up to about 200 MeV g-1 cmz, -whereé,s above this level the
yiélds decreased with increasing stopping power. The radical yield varied

by a factor of from 2 to 5 for the different substances over the range of LET -

studied (6).

In Fig. 5 the yiéld of secondary radicals produced in trypsin irradiated
with 6,5-MeV electrons and fast stripped argon ions is given as a functi.on of
the irradiation temperat-:ure.' For both types of- radiation the radical yield
increases with the irradiation temperature above approximately 100° to
120° K. It. appears that the effect of the irradié.tion temperatufe is larger for

radiation with small stopping power. "This observation has previously been

made for glycine (3), and similar results were also obtained for lysozyme, as .

shown in Fig. 6. Thus,, the relative increase in radical yield as a function of

irradiation temperature over the yield observed at 77°K is higher for electron

i:rradiation than for helium and carbon ions.
h One possible explanation for thetva.riatic;n‘ in the temperé,ture effect

with the stopping power may be suggested by a.ssufning that the radicals
formed along the track of the ionizing particle is the sum of those formed in
the track core and those produced by the: ) ra.ys. It is reasonable to expect
that the fadica;l production by the § rays .Woul'd exhibit the same temperature
dependence as that foi'_ electroﬁ irradiation, v In lthe' track core, howevgr, thc_a
situation may be differ‘ent. quman.and Spiegler (11) use the expression
"thérmé,l'spike" to indicate that.the "temp‘arature" in the track core (if a

concept:such as temperature can be used for these small regions) initially is -

Pt

much higher than the ambient térnperature. 1f we adopt this view it is reason~ -

able to assume thaéf some of the secondary reactions in the track core take

place at a temperature, and a rate, higher than that characteristic for the
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8 rays (see below). Consequently, for the heéx}y ions we proﬁably have a
‘mixed situétion in which the radical production by thé 6 rays dependé upon

the ambient temperature more than does the radical production in the track
core. This would'imply that the sample temperature during irradiation would
be less important the larger the stopping power of the radiation, i.e., less
important for argon ions than electrons, etc.

In the above discussion it was assumed that the v#ria.tion in radical”
yield with the irradiation tempefature could be ascribed to secondary reac-
tions that take place, to a greater or lesser extent, during irradiatién. In |
an attempt to get some information about these processes the radical yield |
versus the irradiation temperature wa'i;s plotted in so-called A;“rhenius plots. )
In Fig. 7 the results for the two enzymes ribonpcleas-e.and lysozyme, irra-
diated with 6.5-MeV electrons, are presented. In this semilogarithmic plot '
the experimental data may be fitted by a cu;cved line which can be described
mathematically by a sum of exponential functions, i.e., straight lines in thi.s
ﬁlot.' It appears that the lysozyme data can be adequately fitfed by the sul;n
of the three lines marked 1, 2, and 3, whereas for the ribonuclease only the
two lines,1 and 2, are necessary. The slopes of these lines can easily be
‘determined.. One possible interpretation, which'emérges from the Arrhenius
plots, is to assume that two (or three) processes are responsible for the
radical production and that t;he activation energies for these processes are given
by the slopes of the straight lines (see Table [I). According to this interpretation
the temperature-indeéendent érocesé (the "lines marked 1 in fig. 7) is the most
important one up to temperatures of about 295°K. Because ESR measure-~
ments have been carried out only up to 330°K (at higher temperatures the
decay of secondar%?%ﬂradicals becomes too serious), most of the radical data
can be adequately f}ftted by a sum of only two straight lines. This would in-

dicate that the secondary radicals are mainly formed by two processes with
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activation energiés 0 and approximately 1 kca.l/mole.[Aé shown in Table 1I, -

the apparent activation energies for radical production are almost the same
for all three enzymes here studied. k |

It was pointed out in a p‘reviou..s paper (3) that the above interpretation
was questionable. Another explanation was -prqposed in which the tempera-
ture-independent parts of the curves in Fig. 7 (i.e., temperatures below
100°K, or above 10 in this figure) were neglected. The reason for this may
be somewhat speculative, and involves the above-mentioned thermal spike
" model. Thus, absorption of radiation energy leads to a transient '"'localized
heating'" of small regions of the samplé_. For eﬁcample; Ingalls et al. ("12),.
using 6000 v r.ays, estimated the temperaturé in the "hot spoté" to be several
hundréd degrees above the ambient temperatﬁre in a time interval less than
10-10 sec. This would imply that some of the.secondary reactions take place,
partly or completely, in the hot spots before they become thermalized. The
"effective temperature'" for the secondary reactions may be somewhat be-
tween the initial temperature in the hot spots and the average sample tem- ‘
perature. This is the reason for assumiﬁg that approximately 100° K is the
lowest effective terhperature attainable for the secondary reactions. If the
results below 100°K are neglected‘ the ribonuclease cllata.ICa.n' be adequately
fitted by a sum of the two lines I and 1I {Fig, ;7)». Conseciuently, another
interpretation of the radical data is to assume .that they are produced by. twc;
procésses with activation energies about 100 cal/mole aﬂd 2 k_cal/rﬁole (see
Table II).

Brustad (4) and .Fluke" (5) have shown that the inactivation of the th‘ree‘
enzymes here studi@_ed depends upon the >irradia.t‘ion temperature in a fashion
similar to}th’a.t deriffénstrated for the raciical' production, If the inac;tiva.tibn

’ §:‘; ’
' data are plotted in Arrhenius plots the same two types of interpretations can

'
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"be applied.  In Table II the apparent activati_on energies observed from these
plots are presented. Since in the i_nactivatiozi'experimenfs temperatures up

to 440° K were used, a sum: of three straighf_ lines seems to give the best

v
;

fit to the experimental data.

There appears to be a goo& correlation between the inactivation data
a;nd the radical data, independent of the way the temperature curves are
-analyzed. The only discrepancy is in the results obtained for lysozyme irra-
diated with electrons. Fluke's inactivation data .for this enzyfne resulted in
much smaller activation energies thgn those found for ribonuclease and tryésih.
The good correlation obtained makes it reasonable to suggest ;that the same.
processes are responsible for the formation of secondary radicals as well as
for the lloss of enzymafic activity. It may be that the secondary radicals
somehow are connected 1/:0 the final steps in the inactivation mechanism (3),
However, nothing is known so far about which one of the three types of second->
ary radicals discussed above may be important for the loss of the enzymatic
activity. Furthermore, it is not known to what ‘extent the ilnactivation depends
upon the free-radical formation. If the formation of a certain type of secondary
radical subsequently leads to inactivation, itis.also of interest to know how
many radicals are necessary in order to »inactiv'a.te one macromolecule.

The results presented here, as well as previous ESR experiments
(1-3), have shown that the radicals we bbserV'e at room temperature (here
‘called the secondary radicals) are the result of a sequénce of events initia.téd

by the energy absorption. The reactions in this sequence have relatively

small activation energies in the range zero to about 7 kcal/mole. Unfortunately“.‘

little is known aboyﬁt the nature of these processes, because the ESR centers

formed prior to the secondary radicals have not been identified. The formation . .

of these ESR centers and their interactions in subse'quent heat treatments are
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curréntly Eeing 'studied by irradiating éicilycrystaliine s.ar‘nples and single
crystals at liquid helium temperatures. - | |
SUMMARY |

Thebfree radicals produced in the thre‘:e enéymes .ribonuclea.Se,,
lysozyme, and trypsin,- exposed to various types of ionizing radiations, have
been studied by ESR spectroscopy. The enzymes were iz;rédiated in thé solid
state, in vacﬁum, at different temperatures in the range 77° to 330° K. |

‘For all three gnzyfnes it was found that the resonance spectra at room
'temperature can be ascribed mainly to'sulfur radicals and to a radica_l in
whiéh the unpaired elect;on is localized on an a-carbon atom in the protein
ba.ckbon'e. However, for ail three enzymes anofher unidentified ‘resonanc_e
was found. The resonance is spreé,d out Oﬁez' about 70 gaﬁss, is centered af o
ag va_lue approximately that of the free electron, and is more unstable than

the two other secondary radicals. - B

- The yiéld of secondary enzyme ra:dic;11,s increases with increasing.

- irradiation temperature. The temperature effect.dependsl upon the t.ype‘ of
radiation, and 1s larger when the.stopping powejr is tlr_;é smaller., A plot of

the radical yield versus the irradiation temperature can be described by a

sum of exponential functions, One possiblé interpretation is that the sé_cond—
.ary enzyme ra.dica.l; are 'producea by several processes with activation energies
from zerd to approximately 7 kcal/mole. A good correlation was found be- |

‘tween the production of secondary radicals and the inactivation of the three

enzymes.,
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Table I. Observed g values for ’tlﬁe enzyme spectra. a

Compound : g4 g, g3 gD Reference |
Ribonuclease ~ 2.024  2.056 2.0029 . This work
Trypsin , - 2.022 © 2,055 2.0028 This work
Lysozyme - 2.025 2.056 12,0030 This work -
Cysteine 2,006 2,025 2,052 - ~ = Henriksen (9)
Cysteamine ' 2.005 2.027 - 2.054 - o | Henriksen (9) -
Penicillamine 2.004 2,026 2.053 . - | _ Henriksenv(‘))
Cystine, single ‘ : R ' ._ : .
crystal 2,003 2,025 2,053 - - “'Kurita and Gozdy (8)
N -acetylglycine i - - 2.0034¢ Miyagawa et al. (13) |
Glyeylglycine - - - © 2.0032 Katayama and Gordy (14)
Glycylglycine: HC1 - - o - 2.0029  Box et al, (15)

a. The enzymes and the three thiols were studied in ‘the poiycrystalline state.
According to Kneubtihl (10), the principal g values correspond to maxima and
zero point in the derivative curve, It'was not ’possibie to determine_ the g4
value for the enzymes, since the high-field part of the sulfur resonance is
masked by the doublet. The doublet, and the unidentified resonance, will alsd
to a certain extent influence the determination of gz. The gn corresponds to
the center of the doublet in fhg_ enzymev spectra. A small anisotropy was found
for the dipeptides, which were studigd és singie crystals, and the values

quoted in this table is the average of the principal g values.



Table II.

Apparent activation energies for the processes leading to the formatlon
of secondary enzyme radicals and the loss of enzymatic activity. 2

Enzyme Type o.f Type of Ey E2 E3 EI. EII Reference

radiation measurement .

' ' cal/mole

Ribonuclease Electrons Radicals 0 1100 --- 90 1900 This work .
Lysozyme Electrons  Radicals 0 1200 6600 100 2400 This work
Lysozyme 4tHe ions Radicals 0 1000 5000 90 2600 Henriksen (3)
Lysozyme 126G jons  Radicals 0 1000 4000 100 2150 Henriksen (3)
Trypsin Electrons  Radicals 0 1450 --- 120 1900 This work
Trypsin 4He ions  Radicals - 0 1050 --- 50 1650 This work
Trypsin 12C jons  Radicals 0 1000 3900 70 2400 Henriksen (3)
Trypsin - 40Ar jons  Radicals 0 1300 --- 120 1700 Henriksen (3)
Ribonuclease Electrons ~ Inactivation 0 1060 6100 --- - Fluke (5)
-Lysozyme Electrons  Inactivation 0 620 2540  --- - Fluke (5)
Trypsin 2D jons Inactivation 0 1350 4700 110 2200 - Brustad (4) .
Trypsin " 4He ions  Inactivation 0 14350 5200 140 2200 ‘Brustad (4)
"Tryps;ln 118 jons Inactivation 0 1100 3400 70 2300 Brustad (4)
Trypsin 12C ions  Inactivation 0 1150 4200 70 2300 Brustad (4)
Trypsin 20Ne jons  Inactivation 0 1050 , 3800 70 2200 Brustad (4)
Trypsin 40A r jons -Inactivation 0 1300 3700 70 2300 Brustad (4) .

a. The radical data refer to measurements after the samples have been kept at room temperature

for 20 to 30 minutes. Because the enzyme radicals become unstable at temperatures above room-

temperature the radical experiments have been carried out only up to 330° K, whereas the inactiva-
tion experiments go up to 440° K. This implies that the radical data very often can be adequately
described by a sum of only two exponential curves. In those experiments for which three lines seem

to give a better fit, the third line and its activation energy E,, are however, very uncertain. The .

results were interpreted in two different ways (see text). The three values E4, E2, and E3 refer to
the first interpretation, where the full curves were fitted by a sum of either two or three straight

.lines, and the two last figures, Ej and Ejj, refer to the high- temperature parts of the curves (above

100° K)

a4
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FIGURE LEGENDS
F1g 1. The variable-temperaturé irradiation aI_Spara,tus. The irradiation :
chamber can be mounted directly to the exit port of the Hilac. =

Fig. 2. The ESR spectrum of lysozyme, irradiated at room temperature, and

'm.easured at 295°K (upper spectrum) and 77°K respectively. The spectra’

presented in thislpaper represent the first derivative of the actual ab-
‘sorption spectra. The microwave, frequency was measured by a wave-
meter and the magnetic field by a proton resonance field meter. The
“principal g values for the sulfur radicals corr’e.spond to maxinia. and
zero péint in the derivative curve.. gp is the g va.lﬁe fox'ithe‘center of
the doublet. The dashed curves represent measurements ‘a.t high gain:
The temperatu.re -dependent hyperfine splitting of‘the sulfur radical
RCHZS' i-s easily observed in the Bottozn spectrum. |
Fig.. 3. The ESR spectrum of ribonuclease irradiated with 6.5-MeV ‘electrons‘
at 77° K. All spectra in this figure are recorded at 77°K. After the
first measurement (upper spectrum) the sample \»;as annealed at room -
temperature for the period of time indicated and. then measured again
at 77° K. The relative spectrométer sensitivity is given by the column‘s
-to the left.
‘Fig. 4. The ESR.sp.iactrum of ribonuclease iziradiated at 77°K and measured
| at room temperature. The same sample as that used in Fig. 3 has
been followed after more heat treatments at 295° K. In éontra'ét to
Fig. 3, all s!p'h‘éctra were recorded at 29A5°K,. A high gain was used in -
oréler to stuéiy the weak va.nd unstable resonance superimposed on the h

high-field pirt of the spectfum.
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Fig. 5. The yield of secondary radicals in trypsin as a functipn of the
~irradiation temperature. The enzyme was ifradiated in vacvuum with = -
6.5-MeV electrons and fast stripped argon ions. 'The samples were
keApt at room temperature for 20 to 30 minutes before the ESR méasure*—x;z,.t’
ments were carried out. The dose was the same for all samples
i_rradiated with one particular type of radiation. The results are given -
in relative units and the average value of the data below 100° K was
set equal to 1.0.
Fig. 6. The yield of secondary radicals in lysozyme irradiated at different :
| temperafures with electrons and fast stripped helium a.néi carbon ions.
Otherwise as in Fig. 5.
Fig. 7. The yield of secondary radicals in ribonuclease énd lbyso’zyme,
‘irra.-dia.ted with electrons, as a function of the recip'rocal of the
irradiation temperature. ‘Otherwise as in Fig. 5. The curves were
decomposed into a sum of straight lines (see tgxt). For ribonuclease
two different types of interpretations have been appl.ied.‘ In the first
place, the total curve was analyzed in.to a sum of the two lines marked
1 and 2. According to the other interpretation only the high-temperature
part of the curve was analyzed into the two lines I and 1. | The slopes .

for these lines are gii(en in Table II.
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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:

v 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.








