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INDIRECT ACTION OF IONIZING RADIATION ON SOME ORGANIC
COMPOUNDS CONTAINING THE C-N BOND

By Warren M. Garrison

Crocker Laboratory and Lawrence Radiation Laboratory
University of California, Berkeley, California

ABSTRACT

Observations on the indirect action of ionizing radiation on compounds
containing primary amine, secondary amine, N-alkylamide, 2nd peptide-
bond configurations are correlated in terms of related mechanisms involv-
ing the C-N linkage as the locus of chemical change. The radiation chemisg-
try of aqueous solutions of various amino acids and proteins is considered
in detail from this viewpoint. Effects of oxygen and other solutes are dis-
cussed. Particular reference is given to: (a) studies of the radiation-induced
oxidation of protein in oxygenated solution, (b) studies of radical-radical
reaction in oxygen-free protc,m solutions containing a simple cl4.1abeled
organic solute such as CH_—!‘C1 OOH.

INTRODUCTION

Of the various classcs of organic compounds containing the C-N bond,

- certainly the a-amino acids and derivatives--largely because of their Lio-
logical import--have received the greatest attention in radiation chemistry.
Thm paper develops certain spccific aspects of mechanism in the radiclysis
of aqueous amino acids, both free and combined as native protein. The
treatment is based on various literature sources and on information derived
from investigations at this laboratory. :

The latter have involved (a) detailed radiation chemical studwq of partic-
ular chemical bonds and groups in the simpler compounds and (b) parallel
studies of corresponding processes as they occur in increasingly comple:
systems. One of the specific objectives of this rescarch has been the devel-
opment of experimental approaches that will provide detailed and precise
information on the loci of radiation-induced reaction in protein systerns,

It has often been noted that the radiation chemistry of even the simpler
aquo-organic systems may be complicated considerably by the fact that a
multiplicity of products can be formed. Further, these products may be
encountercd in small arnount and at low concentrations. Iortuaately, the
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use of Cl4olabe1ed materials in conjunction with appropriate radiometric
and chromatographic techniques can greatly facilitate the experimental study
of these systems. In large part, the conslderations presented herein have
been derived through various applications of such methods.

A

THE INITIAL REACTION

Studies of radiation-induced reaction in aquecus solution are generally
consistent with the theory that the earlieat detectable products of water de-
composition include H atoms, OH radicals, Hp, and H0,, The init{al_
chemical reaction i3 conveniently described in terms of the notation** 2

The 100-ev ylelds of the initial products are denoted by Gy (H), G,(OH),
Gy (Hy)» Gw(H05)i the yields of final products are denoted G(product).

GENERAL ASPECTS OF INDIRECT ACTION

The following brief summary of the intermediate proceases of indirect
action will serve to establish the viewpoint of subsequent discussion.

In oxygen~free solutions, the removal of H and OH in reactions with
organic golute may involve simply the hydrogen-abstraction steps

RH+H — R+H2a
RH + OH ~— R+HZO.\

However, with certain solutes other {competing) processes such as dis-
placement,

RH + H—> R'H + R",
and addition,
' RH + H— R°,

can be of importance in the removal of both H and OH. Regardless of other
possible intermediate steps which often complicate the picture, ultimate
romoval of the organic fres-radical intermediates involves either dispro-

portionation,
2R— RH+ R'H,
and (or) combination,
2ZR— R-R,
depending on the nature of the solute. It is to be noted that products of
radical combination in some systems may be relatively unimportant in

determining over-all product stoichiometry and yet may be of considerable
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interest when considered in relation to the question of reaction mechanism,
 Often, information on the naturc of the free-radical intermediates can be
deduced directly from the chemical structure of high-molecular-weight prod~
ucts formed in radical-combination processes.

. In oxygenated solution, reactions of H atoms with solute can be effec~
tively blocked by the competing process

H+ OZ——-’ HOZ'

whereas reaction between OIl and organic solute is unaffected,  The chemis~
try of the oxygenated system, then, is determined primarily by the properties
of intermediates formed via

R+ O, — RO,.
For certain systems this reaction may simply be written

— D!
R+O, R'H + HO,.

In such cases the ultimate radical-removal step involves only

ZHOZ———~ H O + OZ’ '
Generally. however, removal steps involving both HOZ and ROZ must be in-
voked.

Some gpecific applications of these congiderations to the radiation
chemistry of nitrogenous compounds are described in the following sections.

OXYGEN~FREE SOLUTIONS

The major effects of indirect action on a-amino acids of the general
type RCH(NH;)COOH result in the formation of MNH3, RCHOCOOH, RCH;COOH
and Hp as principal products. Smaller amounts of RCHO and CQO; have also
been found, 3+ : ' '

Quantitative data are most complete for the particular case of glycine,
Radiolysis studies have been made with x-rays, y rays, p rays, and cy-
clotron-produced helium ions. The radiation chemistry of the oxygen-free
solution has been shown$8 to be in accord with the mechanism

H,0-w+ H, OH, H,, H,0,,

H+ NHZCHZCOOH——» HZ + NHZCHCOOH

— NH, + CHZCOOH.

3

OH + I IZCHZCOOLI-——» HZO + NI—IZCHCOOE-I.

CHZCOOH + NI-IZCHZ;COOH — NHZCHCOOH + CI‘I3COOH,

HZOZ + NHZCHCOOH—> ~HZO + 01 + NHCIICQGC1,
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zmﬂzcmco‘on—'» NHCHCOOH + NH,CH,COOH,

H,0 + NHCHCOOH— NH3 + CHOCOOH.
Substantiating evidence for the formation of the proposed intermediates
CH,COOI1 and NHaCHCOOH came from detailed chromatographic studies of
the hi«h-molecular-weight product fraction. 8 The entire spectrum of
nitrogen-~containing products was examined by a procedure which was es=-
gentially 2 modification of the mcthod of Moore and Stein, 7 The {rradiated
glycine solution containing NHpC14H2CO0H or NH,CH,C1400H was added
to a Dowex-50 column (hydrogen form) and the radiolysis products plus
parcnt glycine were eluted by hydrochloric acid in progressively increasing -
concentration (0-to 4 N), Effluent samples were dried to yield the hydro=
chloride salts, and product peaks were determined by assaying for C
activity and (or) by titrating the hydrochloride salt with 0.01 N sodium
hydroxide. Figure 1 shows a typical elution curve for oxygen~free 0,25 M
glycine solution irradiated with 30-Mev helium iona. A qualitatively sira-
flar curve was obtained with Co®0 y rays. An interesting feature of these
chromatographs is the relatively large number of products peaks obsgerved
at a radiation dose corresponding to a removal of less than one percent of
the paront golute. Two of these activity peaks from their approximate
positions were suspected of being aspartic acid and diaminosuccinic acid
respectively. - An exact correspondence between the cl4abeled product and
authentic carrier in titratable amounts was subsequently observed in both
cases, Thege elution curves are reproduced in Fig. 2. The nonnitrogenous
organic-acid fraction which passed through the ion-exchange column with
little or no fractionation or retention (peak 1, Fig. 1) was mubsequ»nﬁly
separated by partition chromatography on a silicic acid column throuph
application of methods adopted from the procedure of Marvel and Rande.
Activity peaks were found in the regiona corresponding to acetic, glyoxylic,
and succinic acids, Subsequent co-chromatographs of each fraction with the
‘appropriate authentic carrier confirmed these identifications., The simplest
cxplanation for the formation of succinic acid, aspartic acid, and diainino-.
succinic acid is that small fractions of the CHpCQOH and NH;CHCOCH
radicals undergo the competing combination reactions

2CH,COOH— succinic acid,
NH,CHCOOH + CH,COOH — aspartic acid,
2NH,CHCOOH —= diaminosuccinic acid. '

It is noted that the formation of succinic acid via dimerization of CH>COOQH 1
is a principal reaction in the radiolysis of ozcygene-free acetic acid golutions.

The above considerations sucdestcd the possibility that loci involved in
the indirect action of radiation on protein molecules could be ascertained
through study of radical~radical rcactions in protein solutions containing a
second organic solute. For example, in the radiolysis of ox/ncn-frce
solutions containing protein molecules RH and a simpler orga*nc sclute
R'H, there is a given probability of radical combination of the type
R+ R' = R = R'. If the nature of the radical R! ig known from independent
studieg, information on the configuration of the protein radical R could be
obtained through identification of products fermed in conventional hydrolysis
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of the modified protein R-R', It is obvious that the use of cl4.1abeled
solutes, R'H, would greatly facilitate such studies, We have at this lab-
oratory undertaken studies of the radlation chemistrz of a number of pro-
tein systems in which ilh second solute, R'H, is C}3-labeled acetic acid,
(C14H3COOH or CH3C'%0O0H), This solute species as mentioned earlier
yields the radical CHZCOOH on H and (or) OH attack. Reactions of
CH,COOH with radicala derived from pepsin, gelatin, and p-lactoglobulin
,have been studied,

The oxygen-free solutions containing acetic acid and protein at con-
centrations of 10°%¢ M and 10~4 Mto 10°° M respectively were {rradiated
with 40-Mev helium Tons from the Crocker Laboratory cyclotrqlri Irra-
diation techniques have been described in earlier publications, The
irradiated solutions were distilled to dryness in vacuo to recover cl4.
labeled acetic acid, The residue was redissolved in 1 N hydrochloric acid
and dialyzed for 3 to 4 hours in cellophane against running water in the cold.
The Cl activity decreased rapidly to a limiting value which did not cha.nge
appreciably after about 2 hours. (There was negligible retentfzn of Ccl4
activity in duplicate manipulations of unirradiated protein - C**Hjy COOH
solutions). The dialyzed material was made 4 Nin hydrochloric acid, e
vacuated, and hydrolyzed for 24 to 36 hours at a temperature of about 90°C,
The hydrolyzate was taken to drynesgs in vacuo and chromatographed on
Dowex-50 as described above., Elution curves obtained with gelatin, pepsin,
and p-lactoglobulin are reproduced in Figs. 3, 4, 5 respectively., Each
chromatograph shows a geries of distinct cl4.activity peaks, The fraction
designated peak A in each figure was found to co~chromatograph with au-
thentic aspartic acid. A typical curve is shown in Fig. 6. An aliquot of
fraction A from pepsin was trecated with nitrous acid to obtain the corre=~
sponding hydroxy acid, The material was then chromatographed on the
silicic acid column with 35% butanol (v/v) in chloroform. Correspondence
between Cl4 activity and authentic malic acid titer was observed. The
simplest explanation for the formation of C14-labeled aspartic acid under the
conditions of this study is that CHCl400H radicals combine with protein
radicals containing the ~-INH-CH-CO- configuration. The fact that a series
of Cl%4-labeled nitrogenncontaining products is produced in the radiolysis of
prc»tein~~CI~I3<3l OOH solutions suggests that the formation of aspartic acid
represents but one path of the general radical-radical reaction which can
be written

CH,COOH

«-NH-C(R)-CO-~ + CHzC_OOH———-' «NH-C{R)«CO-

~where R represents any of the amino acid residues. An extensive study of
the relative contributions of these various possible protein free radicals is
being made. In this regard it is noted that peak A, as would be expected,

is the major cl4.1abeled product from gelatin, since thias protcin containas

a large proportion of glycine residues. However, the fraction of alanine
-residues {s also relatively high. In attempting to measure the relative con-
tributions of -NH-CH-CO- and «NH-C(CH3)-CO~ in the formation of observed
products we were surpriged to find that aspartic acid and methyl aspartic
acid are not completely resolved on the fon-exchange column, at least under
the conditions employed in this study. Analysis of such unresolved amino-
acid pairs is now being made after conversion to the corresponding hydroxy
aclds by nitrous acid treatment. Partition chromatography on the silicic
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acid columnt® is then employed to effect a separation.

OXYGENATED SOLUTIONS

The indirect action of radiation on amino acids in oxygeﬁated solution
can be represented to a first approximation by the net over-all reaction: !

RC'H(NHZ)COOH + 0, + HyQ = RGOCOOQOH{RCHO + CO,) + NH, +H,0,

Tha following detailed reaction scheme? has been derived primarily from
studies of oxygenated glycine solutions:

H,0—=+ H, OH, H,, H,0,,

OH + NH CHZCOOH-————@' NHZCHCOOH + HZO'

2

O2 + NH,CHCOQH — NHCHCOOH + HOZ’

2
H,0 + NHCHCOOH— NH, + CHOCOOH,

2HO, — H,0, + O,.
It is noted that reaction of NH,CHCOOH with O, to give the imino intermediate
NHCHCOOH merely representa the simplest path for removal of NH;CHCQOH
radicals consistent with the fact that ammonia and glyoxylic acid are formed
in approximately equal yields in oxygen-gaturated solution. ! Formation of

an unstable peroxide intermediate via

O +NHZC]§~ICOOH———-—° I‘JI~IZCI~I(OZ)COOH,

2
HOZ + NHZCH(OK)COOH———“ NHZCH(OZH)COOH + OE

followed by
HZO + NHZCH(OZH)COOH———-» NH3 + CHOCOOH + HZOzo
would of course lead to the same stoichiometry.

Cleavage of the C-N bond by the indirect action of radiation is not con-
fined to the primary amino configuration. Secondary amines, for example,
undergo radiation-induced reaction in oxygenated solution to give primary
amine and aldehyde, 14 '

2

and one of the reactions involved in the radiolysis of aqueous solutions of
protein under appropriate conditions apparently leads to cleavage of the
peptide chain to form the carbonyl and amide functions:

1 e & 7
RINHCH,R' + OZ + HZO RNII_2 + R'CHO + HZOZ'
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«CO-N-CEH{)- + -OZ + H, O s nCONHa + RCO-~ + HZOZ
Evidence for the latter radiation-induced oxidation has been derived largely
from studizs of carboayl production in oxygenated solutions of pepsin wund
gelotin, 15,106 The carbonyl function is found to be associated with high-
molecular-weight (aonm.alyzcxble) products which on conventional acid
hydrolysis yield a series of a-keto acids. Carbonyl compounds in addition
to the simple a-keto acids are also observed.

Bec‘ause of the probable importance of these reactions in radiation
biological phenomena, we have undertaken extensive studies of the produc-
tion of > C=0 bonds in the radiolysis of oxygenated protein systems. :

Irradiations were made with C060 y rays at a dose rate of
~ 2x1017 ev/ml/min. The solutions were exposed under one atmosphere
of oxygen in secaled Pyrex tubes mounted in a2 motor-driven reel gituated at
standard distance from the source.

Immediately after irradiation each of the protein solutions (5 mn/ml)

was treated with platinura black to destroy hydrogen peroxide and then
treated with 2, 4-dinitrophenylhydrazine-hydrochloric acid solution to form
the hydrazone derivatives. (Control runs established that protein oxidation
is not induced by the addition of platinum black to thege systems.) The so-
lution was dialyzed rapidly in cellophane againet running water in the cold
to remove excess reagent and possible reaction products of low molecular
weight. An appropmtzu, alic pzoi of the dialyzed protein was then added to
methanol—potassium hydroxide coTut,mn for spectrophotometric analysis after
the method of Lappin mu,.d Clark. A typical abgorption curve {filled circles)
for irradiated pepsin colution ix eated in thig meanner i shown in Fig. 7.
Similar curves were obtained with gelatin, The aboorption spectrurn of a
representative monocarbonyl derivative (acetaldehyde 2, 4-dinitrophenyle
hydrazone) i3 shown for purpoeses of comparison. The upper curve (open
cwclos) shows the absorption spectrum of 2, 4-dinitroephenylhydrazine reoa-

gent under identical conditions. - The absorption curve of irvadiated pepsin
tr@ ated with 2, 4~dinitrophenylhydrazine is seen to be characteristic of the
> C=N-NH~CoH (10O5); chromophore. Lappin and Clark have shown for
mmmca.rlmnyl 2, 4 ~dinitrophenylhydranoncs that the position of the absovption
maximura (as well as the value Eyn ) i nearly independent of the structure
of the carbonyl compound. If the cecetaldehyde derivative is used as a standard,
an initial yiold of 1.2 cakbonyl groups is obtained pex 100 ev absorbed in the
pepsin gelution. Pepain in vnirr'uh ated controls showed negligible retention
of 2, 4~dinitrophenylhydrasine. Unirradiated gelatin solutwnu. on the cther
hend, always showed a sma2ll retention.

To climinate various uncertaintics involved in the above determination,

a method wasg developed to measure G{>C=0) dw@ctly ia terme of -G(2, 4~
dnntrorhunylm'd;.a zine). The protein solutions were treated with 2, 4-dinitro-

phenylhydrazine-hydrochloric acid, and afier reaction was complete, any
excess reagent was removed for assay by successive extractions with equal
velumes of ethea Thae time reguired for steichiometric rcaction was deter-
mincd in separate hinetic studics. Figure 8 shows tu\, optical dengsities (in
methanol-potossivm hydroxide) of control and irvadiated gelatin solutions as
a function of tiie initial concenivation of 2, 4~ d».mx,».ozl enylhydrazine, The
data of Fig. 8 give -G(2, 4~dinitrophenylhydrazine) = 1.5. This value is

~Tn
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esgentially the scame as that obtained by the method in which acetaldehyde
2, 4-dinitrophenylhydrazone ie used as a reference standard. Figuvre 8 also
showa that there i3 some interaction between unirradiated protein and

2.4 dimtrophenylhydrazine reagent. _

- Part of the carbonyl function measured by thé above techniques has been
found to be associated with e~keto acida liberated on hydrolysis of the {rradi-
ated and dialyzed protein. In these studies the irradiated protein solutions
were hydrolyzed in 4 N HCI (in vacuo) for 24 hours prior to treatment with
2, 4-dinitrophenylhydrazine reagent. (We found it necessary to add the
hydrazine reagent afier hydrolysis, since hydrazone derivatives are gener«
ally rather rapidly destroyed by heating in mineral acids.) The hydrazone
derivatives were extracted with chloroform and examined chromatographical-"
ly. 18 1t was found that the irradiated sarnples yield a series of a-keto acids,
The relative yields of these products roughly reflect the amino acid com-
position of the initial protein. It is of interest to note also that control runa
with unirradiated pepsin showed the presence of measurable amounts of
pyruvic acid, This apparently arises from the decomposition of serine dur-
ing acid hydrolysis. Pyruvic acid was observed only in trace amounts in
gelatin hydrolyzates, presumably because of the lower serine content of the
latter. Most of the keto acid identification studies were therefore made on
the irradiated gelatin system. The following keto acid products have been
identified: oxaloacetic, a-ketoglutaric, glyoxylic, pyruvic, and phenyl-
pyruvic, Identification was based on the fact that in each case the 2, 4-dinitro-
pheaylhydrazone derivatives could not be distingrished chromatographically
from the corresponding authentic material.’ Typ1ca1 chromatographs of the
a-keto acid hydrazones recovered from an irradiated gelatin solution and an
identical control solution are shown in Fig. 9. As a second independent
method of identification, each of the separated keto acid hydrazones was cone
verted into the corresponding amino acid by catalytic hydrogenation. Chro-
matographic characterization of the amino acid in each case confirmed the
original product identification. We also considered the pogsibility that
transmutation reactions may occur during hydrolysis once a particular keto
acid has been released. If such a reaction did occur it would, of course,
introduce an uncertainty in the identification of the initial carbonyl products.
The results of a series of control runs, however, vitiated this possibility.
(See also reference 19). Carbonyl products in addition to those associated
with the a-keto acid fraction have also been ghserved. Studies of these cther
fractions are in progresa. ' '

Substantiating evidence for the proposed radiation-induced oxidation of
the peptide bond has also becn obtained from studies of the amide content of
reaction products formed by y-ray-induced oxidation of aqueous gelatin.
Commercially available lime-process gelatin was found to be particularly.
suitable for this study since most of the amidé groups of the glutamine aml
asparagine residues of the parent collagen are removed through hydrolysi
during the manufacturing procesa. Unmodified proteing, in gcncral contain
.amide groups in sufficient number to mask the radiation-induced reaction at
the-lower radiation dosages necessarily invoked in studies of initial reaction
products. Analyses were made for "free' aramonia and for amide groups,
both Lefore and after irradiation. Analytical methods esacntially were those
developed by Vickery. The dota indicate that the formation of amide gr oup"
(G=1) corresponds to one of the principal reactions involved in the radiolysi
of aqueous solutions of gelatin, The G value for this product group is very

;.
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close to that obtained for total carbonyl formation under equivalent {rradiation
conditions. Although the simplest explanation for this correspondence would
secm to involve the postulated reaction we cannot conclude at the present

time that other undefined reactions do not contribute to the amide yield as
measured, Ammonia formation (G ~ 0.3) may be attributed to a radiation-
{nduced oxidation of terminal and (or) side-chain amino groups.

This work was performed under the auspices of the United States Atomic
Energy Commission, .
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Typical elution curve of nitrogen-containing products formed in the
hel'u.m -wrl irrodiation of 0.25 M glycine solution containing

NH, cl LIZCOOH (*) Diamirosuccinic acid is eluted {n two “fractions.
(Irom Wecks and Garrisorn. 8)

' Cooelutmn curves of authentic aspartic and diaminosuccinic acids

with c14 -lnbeled products from glycine. (From Weeks and
Carrison. ¥)

Typical elution curve of Cmolabeled compounds obtained from
irradiated gelatin-CH3zcl4o0H solu‘iions after dialysis and hydrolysie.
{From Weeks, Cole, and Garrison.

Typical elution curve of CM-la.beled compounds obtained from
irradiated pepsin-CIig,Cl OOH solutions after dialysis and hydrolyeis.
(From Weecks, Cole, and Garrison, UCRL-8265, April, 1958,)

Typical elution curve of CI;]l —labeled compounds obtained from
irradiated @-lactog,lobuhn—CHsC 40O0H solutions after dialysis and
hydrolysis. (From Weeks, Cole, and Garrison. 13)

Co~clution curve of authentic aspartic acid with (.‘03‘4 activity from
peak A of Fig. 4. (From Weeks, Cole, and Garrison, UCRL-8265,
April, 1958.)

Absorption spectra of hydrazone derivatives. (From Jayko and
Garrison, UCRL-8265, April, 1953.)

Effect of irradiation on the reaction of 2, 4 -dinitrophenylhydrazine
with gelatin. (From Jayko and Garrison. 16)

Chromatogram of 2, 4-dinitrophenylhydrazones of a~keto acids from

contrel and irradiated gelatin solutions. (From Jayko and Garrison. 36)
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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

BR. 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.



