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Reaction Mechan,isrns in the Radiolysis of Peptides, Polypeptides and 

Proteins I Reactions of the Peptide Main-Chain in Model Systems 

Abstract 

Warren M. Gar.risont 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

I· 

The object of this review is to bring together and to correlate our . . -
' 

present knowledge of products and mechanisms in the radiolysis of 

peptides, polypeptides and proteins in both aqueous and solid-state 
.,, . ' 

systems. Results obtained with various experimental techniques such 

as product analysis, competition kinetics, ESR spectroscopy and pulse 

radiolysis are included. Here in part I the emphasis is on the various 

radiation-induced reactions of the peptide main-chain in model systems. 

In Part II the emphasis is on the radiation chemistry of side-chain 

loci of the aliphatic, sulfur-containing, aromatic and other 
. ' 

unsaturated amino acid residues in similar systems. And, in Part III 

this information on model systems is used in interpreting the 

mechanisms of chemical change in the radiolysis of proteins in aqueous 

solution and in the solid state. 

t Consultant 
l • 

\ . . 

This work was supported by the Director, Office of Energy Research, 
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1. Introduction 

Studies of the chemical actions of ionizi~g radiations; oh 

biochemical systems over the· years have focussed primarily on the amino 

acid-peptide-protein sys tern and the base-nusl eqti de-nucleic acid 

system. During the past decade, the major emphasis in radiation 

biology at the molecular level has been on the nucleic acid system 

because of its primary genetic importance. The radiation chemistry of 
.. 

DNA, RNA and their constituent compounds is now known in considerable 
··.l.,.... . . ·-· 

detail.1- 3 
.~. 

In recent years it has become increasingly evident that the 

proteins which are associated with DNA in chromatin also have important 
,·: 

f~nctions in determining both the structural and transcriptional 

properties of the chromosome. The evidence is that the binding of 

chromosoma 1 proteins to specific operator sites of DNA represses gene 

express ion. The repressor-operator recognition process involves 

specific secondary bonds (hydrogen bonds, salt linkages, van der Waals 
·. ' 

couplings, etc.) between protein and nucleic acid. Chemical alteration 

of .particular sites of either the protein or the nucleic acid component 

can lead to marked changes in the stability constant of the repressor­

a per a tor camp 1 ex. 4- 7 

Bacteriophage and other viruses provide useful model systems for 

obtaining information on the locus of radiation damage in nucleo­

protein •. Virus inactivation in aqueous solutions appears to arise 

almost exclusive·ly from protein damaged caused by attack of radical 
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species derived from water.8- 10 These findings _are consistent with 

earlier studies which showed that when dilute aqueous solutions of 

thymusdeoxynucleohistone are irradiated, relatively little destruction 

of the purine and· pyrimidine bases is observed. The destruction of 

histone amino acids ·is the predominant reaction and this leads to a 

labilization of the DNA-histone binding. 11- 13 The direct action of 

ionizing radiation on nucleoprotein appears to involve chemical change 

in both components; the production of DNA protein cross-links by both 

the direct and indirect action of radiation has been observed.B-14 

A detailed understanding of reaction·products and_reaction 

mechanisms in the radiolysis of proteins and related substances is 

becoming of increasing importance in radiafion biology and related 

areas.15-17 The objective of this review is to bring together and 

to correlate our basic knowledge of products and mechanisms in the 

radiolysis of pepJ:i_d~~' polypeptides and proteins in aqueous and solid­

state systems. Resul'ts obtained with the various experimental 

approaches such as product analysis, competition kinetics, ESR 

spectroscopy a~d pulse radio lysis are included. Her·e in· Part I, the 

emphasis is primarily on the various radiation-induced reactions of the 

peptide main-chain in model systems. In Part II the emphasis is on the 

chemistry of side-chain loci in similar systems. And, in Part III, 

this information on model systems is used in interpreting the 
,• 

mechanisms of product formuation in the radiolysis of aqueous and solid 

proteins with particular reference to chromosomal proteins--the basic 

histones and the acidic non-histones. 
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2. Background Chemistry 

2.1 Aqueous Amino Acids 

Studies of the chemi~al actions of ionizing radiations on the 

peptide main~chain. have. evolved from earlier studies of the radiation 

chemistry of the simpler ~-amino acids as·monomers both in aqueous and 

solid-state systems. 

· < Chemical change in dilute .~queous 'Solution is initiated by the 

radiation-induced decomposition pf waterlB,l~ 

where.eaq represents the hydra~ed electron. For y-rays and fast 

electrons the.lOO eV yields (G) of the radical products correspond to 
\ 

G(OH) = 2.8, G(e;q) = 2.7, G(H)~=-0.55. The reactions of the 

major radical products e;q and OH with the aminoycids glycine and 

alanine in oxy.gen-free solution yields ammonia, keto acid and fatty 

acid as major products. Detailed _chemical studies20- 23 of these 

systems including the use of second solutes for the preferential 

sc;avepging of e;q and OH led to identification· of the principal 

reaction modes 

(2) 

(3) 

subsequent reactions include 

,...,. 

( .I 
--
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CH(R)coo-+ NH;cH(R)coo~ ---~ cH2(R)coo- + NH;c(R)coo- (4) 

cH(R)coo- + NH;c(R)coo- ---~ cH2(R}coo- + NH;=c(R)coo- (s) 

2 NH;C(R)COO- ~--~ NH;=C(R)COO- + NH;CH(R)COO- . (6) 

A small fraction of the NH;C(R)COO-, radicals undergo dimerization · 

to yield «,« 1-diaminosuccinic acid. The labile imino acid derivative 

produced .in the disproportionation steps 5,6 hydrolyzes spontaneously 

(7) 

The overall stoichiometry of reactions 2~7 gives 

G(NH3) = G(~COCOOH) + G(CH2RCOOH) = 5 

which corresponds very closely to the experimentally observed values. . ' ~ . ~ 

In an extension of these studies21 ,23 it was found that amino 

acids such as a-alanine and £-aminocaproic do not undergo the 
. . 

reductive deamination reaction 2. _Nor doth~ simpler al.iphatic amines 

such as ethylamine. It.was concl~~ed that e;q adds to the C=O 

bond of the simpler «-amino acids 

. + + • /0-
e;q +_ NHlH(R)COO- --~ NH3CH(R)C'" . (2a) 

'a-
and that the radical cation·intermediate then dissociates 

+ • / o- • . 
NH3CH(R)C ---~ NH3 + CH(R)COO- (2b) 

'a-
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If there is more than one carbon unit between the amino and carbonyl 

groups reductive deamination does not occur. 

The radical products of reactions 2,3 have since been studied quite 

extensively by the pulse radiolysis technique. 24 Reactions 2a, 2b 

have also been observed in ESR studies of the reactions of photo-

generated electrons with amino acids in aqueous glasse~ at low 

temperatures. 25 

With the aliphatic a-amino acids of higher molecular weight, i.e., 

with a-amino butyric, valine, leucine, etc., the reductive deamination 

reaction 2 continues to represent a major path for removal of e~q 

(ref. 26). However, with the longer aliphatic side chains the attack 

of OH via reaction 3 is no longer confined to the C-H bond at the 

a-carbon position, other C-H bonds along the side chain also become 

involved. With the unsaturated a-amino acids such as phenylalanine, 

tyrosine and histidine, the side chain represents a major competing 

locus for reaction of both e~q and OH. 28- 31 With the amino acid 

cysteine the reactions of e~q and OH occur exclusively at the SH 

function. 32 Detailed reaction mechanisms' involved in the radiolysis 

of the various amino acid side chains are treated in detail in Part II 

of this review. 

The presence of dissolved o2 at a sufficiently high relative 

concentration results in the blocking of the reductive deamination 

reaction 2 since the hydrated electron, ~~q' is preferentially 

scavenged to yield the hydroperoxy radical, H02 

( j 



..... 

7 

(9} 

(lO) 

(11) 

The OH rea~tion is not i~~ibit~d by o2 and in the case· of glycine and 
. . +• 

alan~ne the a-carbon radicals NH3C(R)COO~ formed in reaction 3 

reacts with o2 to yield ammon.ia and k,eto acid. 

(12) 

(13) 

The product stoichiometry in oxygenated solution is approximated by 

G( NH3) = G(Carbonyl). = G(OH) = 3_26 

2.2 ,Solid State Amino Acids 

The identification of reaction 2 in aqueous systems led to the 

proposal that dissociative electron capture is also involved in the 

formation of ammonia as a major, product in the radiolysis of the 

a-amino acids in the solid state. 20 ,26 Ionic processes in these 

irradiated polar solid~ would then be represented by: · 

(14) 
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where reactions 14, 15 are the stoichiometric equivalents of reactions 

2, 3 above. Reactions 4-6 which may occur in part in the solid are 

completed on dissolution of the irradiated solid in o2-free water ••. 

It has since been established that keto acids and fatty acids are 

indeed formed as major products in the y-radiolysis of solid glycine 
. . { . 

and alanine with G(NH3) = G(RCOCOOH) + G(CH2RCOOH) = 5 (ref. 33). 

Recent results obtained with ESR techniques provide phys1cal evidence 

of reactions 7,8 in the solid st~te. 34 ,35 On irradiation at n•K the 

initially observed radical corresponds to the electron adduct 

NH;cH(R)coo= which dissociates on warming to yield NH3 + CH(R)Coo-. 

The similarities between the radiation chemistry of these simpler amino 

acids in the solid state and in aqueous solution are quite striking. 

Reductive deamination of most higher molecular-weight amino acids 

also yields free ammonia as a major product of radiolys is in the solid 

state. Ammonia yields from solid aspartic, serine, phenylalanine', 

cystine and cysteine, for example, are all in the range G- 2 to 

G _ s.26,33 

3. N-acyl amino acids 

3.1 ·Oxygenated Solutions. Specific chemical evidence for 

oxidative degradation of the peptide main-chain through OH attack at (I 

C-H bonds along the chain to yield amide and keto acid functions was 

first represented in terms of the overall stoichiometry36 

(16) 
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Much of the subsequent information on the detailed mechanismS of 

oxidative rna in.:-chain degradation has been derived from 'studies · 

invol'vfng the N-acetyl ,derivatives of the simpler a-amino acids.-

Rad'iol¥si.s of N-acetyl glycine and N-acetylalanine in oxygenated 

· solution results in the' formation of labile peptide derivatives which 

are readily degraded .on mild hydrolysis to yield ammonia and carbonyl 

products (ketoacid plus aldehyde). Free ammon'ia is not a major 

initial. product' in the radiolysis of these systems. The proposed 

react ion me chan ism3 7 includes the radiation-induced step 1 followed 

by: . 

The reducing species e;q and H are scavenged preferentially by 
. • .. :_. . 

o2 to give 02 and ·H02 which are related by the equilibrium 
. + ... 

H02 ~ H + o2 , •.. · Th.e subsequent steps were written: 

H02 + RCONHC(02)R2 ---~ RCONHC(OOH)R 2 + 02 

H20 + RCONHC(OOH)R2 ---~ R~ONHC(OH)R 2 + H2o2 

(17) 

(18) 

(19) 

(20) 

(21) 

If the rapiation degradation of the peptide main..:chain does occur 

predominantly through the sequence formulated in eq. 1, 17-21, then it 

is clear that ammonia and carbonyl yields'with y-rays should be in the 
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relationship G(NH3) = G(R2CO) = G(OH) = 3. Quantitative assays of 

the ammonia and carbonyl yields from a series of model peptide 

derivatives including acetylglycine; acetylalanine, glycine anhydride, 

etc., consistently show G(NH3) = 3 for each system.36- 38 However,·. 

it was also found that the yield of carbonyl products from these simple 

peptide systems is not in accord with the quantitative requirements of 

the reaction sequence 17-21. The carbonyl yields (keto acid plus 

aldehyde) are consistently low with G(R2CO) = 1. There was then the 

question as to whether this apparent discrepancy arises from (a) an 

incorrect formulation of the locus of initial OH attack or from (b) an 

unspecified complexity in the chemistry of removal of the peroxy 
• 

radicals RCONHC(02)R2• 

To obtain specific information on these questions, the radiolysis 

was carried out using ferric ion instead of o2 as the scavenger of 

intermediate radicals formed by OH attack on N-acetylglycine and 

N-acetylalanine. 37 Heavy metal ions Felli and Cull oxidize organic­

free radicals in aqueous solution by electron transfer and by ligand 

transfer. Such reactions in the case of the peptide radical 

RCONHC(R2) would correspond to 

(22) 

The oxidation product of reaction 22 is identical to the postulated 

product of reaction 20 and would then yield amide and carbonyl on 

hydrolysis. It was found that the 1-radiolysis of 0.1M N-acetylglycine 

and N-acetylalanine in o2-free solution containing .05 M Feiii gives 
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the product stoichiometry -G(peptide) =G(NH3) :: G(RCOCOOH) :: 3.2 = 
' ' 

G(OH) + G(H2o2). ln the presence of Felli the values G(NH) 3 ~nd 

G(RCOCOOH) are greater than G(OH) since molecular hydrogen peroxide 

formed in the radiation step, yields additional OH through reaction 

with Fell (generated in step 22) via Fell + H2o2 ---• Felli + OH + 

OH-. The fact that much lower carbonyl yields are obtained with 

o2. in place ?f Fe I II shows then that the chemistry of removal of the 

peroxy radicals RCONH~(02 )R2 is indeed more complicated than that 

represented in reactions 18-21. 

More complete and detailed examination of the oxidation products 

formed in the y-radiolysis of the peptides in oxygenated solutions have 

established that organic products in addition to keto acid and aldehyde 

are present. 38 In the case of N-acetyl a 1 an ine the organic products 

identified include pyruvic acid, aceta 1 dehyde, acetic acid and carbon 
' \ 

dioxide. The evidence is that the reaction of the peroxy radicals 

RCONHC( 02)R2 with H02 via step 19 occurs in competition with 

(23) 

In the case of theN-acetyl amino acids, the alkoxy radicals··formed in 

step 23 are removed in turn via . 
? ?H R 

02 + RCONH y - c = 0 ---· RCONHT + C02 + H02 
. R R 

(24) 

to yie.ld a diacetamide derivative. In the case of N-acetylalanine the 

diacetamide product RCONHC()R is hydrolytically labile and under mild 
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differential hydrolysis in dilute base at room temperature is converted' 

to acetamide and acetic acid. 

H20 + RCONHCOR --~ RCONH2 + RCOOH 

The parent N-acetylalanine is stable under this condition. In this 

way, it was possible to quantitatively separate and measure all of the 

products formed in the y-radiolysis of o2-saturated N-acetylalanine 

so 1 utions: 38 , 

The formation of several compounds with different oxidation states as 

initial products is frequently observed in oxidation processes involv­

ing peroxy radicals. 39 

Evidence for reactions akin to step 24 have been identified in the 

radiolytic oxidation of the polypeptide main-chain (Sec. 4.2). 

3.2 Evacuated Solutions 

The chemical evidence is that in the absence of o2 and other 

electron scavengers, the hydrated electron, e~q' formed in the 

radiation induced step 1 adds to th~ carbonyl group of the peptide 

bonl0 

e~q + RCONHCHR2 ---~ RC(O-)NHCHR2 

H+ + RC(O-)NHCHR2 ~==~ RC(OH)NHCHR2 

(25) 

(26) 

v 
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More recent studies of reactions 25, 26 using pulse ra_diolysis, tech­

niques have established pKa 212 forth~ equilibr.iumr~action 26.41 

· A major path for ·removal of RC{OH)CHR 2 radicals appears ,~o -~e~ · · 

the reconstitution· reaction26 ,40 

..... 

RC(OH)NHCHR2 + RCONHCR2 --~~ 2RCONHCHR2 

where.RCONHCR2 represents the product of OH attack at the a C-H 

position via step 17 above.· Product analysis reveals lit'tle net 
. . 

(27) 

radiation chemical degradation of the peptide mai(!-chain in dilute 

o2-free ~olu.tion. For example, the y-radiolysis <;>f neutral, 

o2-free solutions of N-acetyl.glycine and N~ace~ylal anine at s~l ute 
. . 

concentrations below -0._1 M gives G(amide) ::: G(carbonyl) = 0.5. The 

. formation of amide and carbonyl (keto acid p~us ald~hyde) in low yield 

in these systems is attributed to the further oxidation of a small 

fraction of the RCONHCR 2 radicals.through, for example . 

(28) 

RCONHC(OH)R 2 ---+ RCONH2 + R2CO (29) 
·, ' 

,'r-

where the H2o2 in reaction 28 is· produced with~ G.= 0.8 jn the 

primary step 1. "'--

Addition .~f an electron scav-enger such as, N2o at concentrations 

sufficient to remove e;q preferentially v fa 

.•. 
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eliminates the ~po_ss ibility of r.econstitution via reaction 27 and in the 
( -

case of N-acetylglycine results in the pr-oduction of the diamino-

succinic acid derivatives (DA) through the dimerization (cross-linking) 

reaction 

• 
2RCONHCR2 --~ RCONHCR2 . I 

{30) 

. RCONHCR2 

Similarly in acid ~elutions 

which also abstracts at the a C-H position· 

• H + RCONHCHR2 ---~ H2 + RCONHCR2 

the diaminosuccinic yield is again approximated by G(DA} = 
[G(OH)+G(e~q)]/2 = 2.5~ 42 

(31) -

- (32) 

Neither the chemical-product analysis nor the pulse radiolysis data 

referred to above give evidence for any appreciable dissociation of 

the carbonyl-electron adduct-formed in reaction 26, f.e., 

•. . . 
RC(OH)NHCHR2 ---~ RCONH2 + CHR2 (33) 

.. , 
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in peptide solution~ at concentration below 0.05-0~1 M. However, if the 
• 

rate of dissociation ofRC(OH)NHCHR2 in the first-order reaction is 

relatively slow, then such dissociation would be favored at low dose 
. ~ 

rates since the competing reconstitution reaction 27 is of secohd 

order. 

Evidence for main scission of simple peptides via reattion 33 has 

recently been obtained in studies in which t-nitrosobutane is used as 

a radical scavenger43 e.g.: 

1HR2 
CHR2 + tBu-N=O ---~ tBu-N-0 (34) 

The more stable radical products of reaction 34 are then identified by 

ESR spectrometry. 

Chemical studies of ~acylamino. acid soluti.ons at concentrations 

above -0.1 M indicate that chemistry in addition to that initiated by 

reactions of e~q and OH become_s involved at the higher solute 

concentrations. 44 For example, in the y-radiolysis of o2-free 

solutirins of N-acetylalanine it is found that th~·yield of (amide) 

ammonia increases rapidly with increasing peptide concentration from 

G( NH3) = 0.4 at O.lM to G(NH3) _= 2.8 at 2 .5M and then tends to 

level off at higher concentrations. This increase in G(NH3) is not 

accompanied by a corresponding increase in the yield of carbonyl 
, I . ' 

i , , ,' . . r 

proqucts which is essentially constant at G(>CO) = 0.5 over concentra-

tion range 0.1 to 3M. Propionic ·acid is the principle concomitant 

product associated with this increase in the amide yield; the fatty 
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acid yield increases from G < 0.1 to G - 2 over the same concentration 
, , 

range. Addition of various second solutes of concentrations sufficient 

to preferentially scavenge e~q and OH,has relatively little effect 

on this elevated amide yield in concentrated aqueous solutions. All 

of the data en toto suggest that a new reaction mode(s) sets in as the 

peptide concentration is increased above -.OSM. 

There is evidence44-46 that the production of-amide and fatty 

acid in concentrated solution may involve excited molecular states 

* (RCONHCHR2) formed through solute interaction with 

"sub-excitation" electrons47 

e- + RCONHCHR2 ~--+ (RCONHCHR2)* + e;q 
-+ . 

and/~~ through charge transfer reactions48 

. . + * 
e + (RCONHCHR2) ---+ RCONHCHR2 

The ensuing chemistry is represented by 

(35) 

(36) 

(37) 

* .. • 
RCONHCHR2 + RCONHCHR2 ---+ RCONHCR2 + RCONH2 + CHR2 (38) 

. 
CHR2 + RCONHCHR2 ---+ RCONHCR2 + CH2R2 (39) 

to give G(amide) = G(fatty acid) = 2. 
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Aromatic compounds are known to be effective scavengers of excited 

molecular states prov.ided an energy level of .the aromatic is lower than 

that of the excited species. It has been found that naphthalene 

sulfonic acid·, benzoic acid, and benzaldehyde are effective at mill i­

molar concentrations in quenching the formation of amide ammonia in 2M 

acetylalanine. Phenol and·benzene sulfonic acid on the otherhand are 

without effect even at'high concentrations. Naphthalene sulfonic acid 
' 

benzoic acid and benzaldehyde have lower triplet levels as compared to 

phenol and benz~ne sulfon1c acid. The- change froni quenching to non-· 

quenching occurs-b'etween'benzoic acid (27,200 cm-1) a'nd phenol 

(28,500 cm-1). In' other words the energy ~f the excited state 

RCONHCHR; corresponds to -28,000 cm-1 ~ 80 kcal ~ 3.5 ev. 46 

Chemical quenching of RCONHCJ1R; b~ o2 atid Felli in concentrated 

N-ac~tylalanine solutions via t_he ~toichiometries 

.·. 

I 

(40) 

2Felll + RCO~HCHR; + H20 -~-+ RCONH2 + R2CO + 2Fell + 2H+ (41) 
' • ' ; ; 1 • 

has been invoke~5 ·to account for the production .of amide ammonia 

with·G(NH3) .- 5 in 2M acetylalan;.ne solution containing o2 or Felli 

(cf. sec. 3.1). 

3.3 Solid State 

Main-chain cleavage with formation of amide and fatty acid as major 

products was first identified in radiation chemical studies of the 

N-acylamino acids. 49 For N-acetylglycine and .. N-acetylalanine 
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products yields measured after hydrolysis correspond to G(amide) == 

3 G(fatty acid) = 2, G(keto acid) = 1, G(diamino acid) = l. The 

products are accounted for in terms of the stoichiometries:· 

• 
3RCONHCHR2 ---~ RCONH2.+ CH2R2 + 2RCONHCR2 ' (42) 

RCONHCHR2 -..:.-~ RCON=CR2 + H2 
( 43)' 

where the radical products of equation 42 represe,nt the lo,ng-1 ived free 

radicals observed by ESR .spectroscopy. The dehydropepti de. formed in 

43 reacts with water on hy~rolysis to form amide and keto acid 

(44) 

The yield for total amide production has been determined for a series 

of aliphatic, aromatic and sulfur-containing amino acids in the 

N-acetyl form. 50 In the case of the aliphatic series, the length of 

the side chain has relatively little effect on the yield of main-chain 

degradation. The effect of aromatic groups of acetyl phenylalanine and 

tyrosine is to ·quench in part the production of amide function. The 

presence of the sulfur moiety of methionine appears to have 1 ittle 

effect on the cleavage reactions. ESR studies of y-irradiated 

N-acetylamino acids at low temperature suggest that the stoichiometry 

of equation (42) arises from the intermediate processes51 ,S2 

• + -
RCONHCHR2 ~ RCONHCR2 + H + es (45) 

(46) 

.. 
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. ·- - . RC(O )NHCHR2 .---+ RCONH + CHR2 (47) 

(48) 

~ '' .. :. . . :. -,. . . . 
The peptide electron-adduct, RC(O-)NHCH~2 is observed initially at 

77°K. On warminq, t~e dissociation step 47 and then the a~straction . 

step 48 can be followed. Simqar findings have been obtained with 

photo-generated electrons in aqu~ous ~lasses at low temperature. 52 

On the other hand, chem.ica.l studies of the role of ionic processes 

in the y-radiolysis of solid peptides.suggest tha~ such processes may 
0 •' 0 ' T ,' 

not be of major importance at room temperature. In these studies, 50 

advantage was taken of the fact that the simpler N-acetylamino acids 
I ' -.. • 

can be prepared in the form of a clear glassy solid at room temper-
r . .' 

ature. In the case of N-acetylalanine the glas~ has the composition 

RCO,NHCH(R)CO?Na. 2H2o and gives product yields that are essentially 

the same as those .obtained in the y-radiolysis of solid polycrystalline 

acetylalanine, i.e., G(NH3 = 3, G(propionic) = 1.8. Chloracetate ion 

which has been shown to be an effective electron scavenger (e- + RCl 
I , .. 

---+ R + Cl-) in other polar glas.ses is soluble as the sodium salt 

in the N-acetylalanine glass. On irradiation of this system it is 
" :; ~ ,. . 

found that G(Cl-) increases rapidly with chloracetate concerttrati9n 

from 1 to 12 mole percent which repr.esents the solubility limit. A 
,n '• '~ 

reciprocal yield plot of the data gives a limiting value of G(Cl-) = 

3 which is a reasonable value for ion-pair production in this system. 

The amide ammonia yield, however,. remains essentially constant at 

G(NH3 = 2.9 over the entire chloracetate concentration range. The 

results are not in support of reductive deamidation by e- via steps 

46, 47 in this particular systems at room temperature. 
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Also, if polycrystalline N-acetylalanine is irradiated at 77•K and 

subs~quently warmed to room temperature prior to -chemical analysis then 

the observed50 propion~c acid yield drops from G(RCOOH) 290.K to 

G{RCOOH) 77•K ~ 0~1.· The amide a~nia yield shows a corresponding 

drop from G(NH3 );go~K = 3.2 to (NH3)77•K = 1.3. The ·yields 

of carbonyl 'products are ·unchanged with G(>C0)273 ·K = 1.3 ~ G{>C0) 77•K 
·' ·,. - . ' . . 

and in fact account for essentially all :the amide ammonia produced at 
0 . - ' . . • 

77 .K. The chemical consequences of reactions 46, 47 appear to be 

relatively 'unimportant' under the conditions in which they ~ere observed 

by ESR spectroscopy. 
* . Reactions of excited molecular species RCONHCHR2 as discussed 

in section 3.3 also gives the product stoichiometry of reactions 42, 
~ 

43 and at the present time cannot be ruled out as major reaction 
' intermediates in the radiolysis of solid peptides at room temperature. 

4. 01 igopeptides and polypeptides 

4.1 Oxygenated Solutions 
' . 

t ... 

Rate constants for reaction of OH with N-acetylglycine and 

N-acetylalanine are -102 times the rate c~nstants for reaction of OH 

with the corresponding free amino acid zwitterionus. Hence, it was 

anticipated that the reactions of OH with the dipeptide derivatives of 

glycine and alanine would occur preferentially at the peptide C-H 

1 ink age: 

.j ' 

( ' .... 
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(47} 

( 48) . 

• The peptide e 1 ectron~ adduct, RC ( o-) NHCH~2 is observed . in it i a 11 y at 

77·K. On warminq, the dissociation step 47 and then the abstraction 

step 48 can be followed •. Similar find~ngs· have been obtained with 

photo-generated electrons .in aqueous glasses at low temperature. 52 
·-

On the other hand, chemical studies of the role of ionic processes 

in the y-radiolysis of solid peptides suggest that such processes may 

not be of major importance at room temperature. In these studies, 50 

advantage was taken of the fact that the simpler N-acetylamino acids .. \ . 

can be prepared in the form of a clear glassy solid at room temper-

ature. _In the case of N-acetylalanine the glass has the composition 

RCONHCH(R)CO?Na 2H2o and gives product yields that are essentially 

the same as those obtained in the y-radiolysis of solid polycrystalline 

acetylalanine, i.e., G(NH3 = 3, G(propionic) = 1.8. Chlo:acetate ion 

which has been shown to be an effective electron scavenger (e- + RCl 

---+ R + Cl-) in other polar glasses is soluble as the sodium salt 

in the N-acetylalanine glass. On irradiation of this system it is 
l., 

found that G(Cl-) increases rapidly with ~hloracetate conc~ntra~ion 

from 1 to 12 mole percent which represents the solubility limit. A 

reciprocal yield plot of the data gives a limiting value of G(Cl-) = 
3 which is a reasonable value for ion-pair production in this system. 

The amide ammonia yield, however, remains essentially constant at 

G(NH3 = 2.9 over th~ entire chloracetate concentration range. The 

results are not in support of reductive deamidation by e- via steps 

46, 47 in this particular systems at room temperature. 
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Also, if polycrystalline N-acetylalanine is irradiated at 77•K and 

subsequently warmed to room temperature· prior to chemical.analysis then 

the observed50 propionic acid yield drop~ from G(RCOOH) 290.K to 

G(RCOOH) 77.K ~ 0.1. The amide ammonia yield shows a corresponding 

drop from G(NH3)290.K = 3.2 to (NH3)77.K = 1.3. The yields 

of carbonyl products are unchanged with G(>C0) 273 .K = 1.3 = G(>C0) 77•K 
and in fact account for essentially all the amide anrnonia produced at 

77~K. The chemical consequences of reactions 46, 47 appear to be 

relatively unimportant under the conditions in which they were observed 

by ESR spectroscopy. 

Reactions of excited molecular species RCONHCHR; as discussed 

in section 3.3 also gives the product stoichiometry of reactions 42, 

43 and at the present time cannot be ruled out as major reaction 

intermediates in the radiolysis of solid peptfdes at room temperature. 

4. 01 igopeptides and polypeptides 

4.1 Oxygenated Solutions 

Rate constants for reaction of OH with N-acetylglycine and 

N-acetylalanine are -102 times the rate constants for reaction of OH 

with the corresponding free amino acid zwitterionus. Hence, it was 

anticipated that the reactions of OH with the dipeptide derivatives of 

glycine and alanine would occur preferentially at the peptide C-H 

1 ink age: 

• 
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The chemical evidence53 is that -go percent of\the OH radicals are 

so removed. With the tri, t~tra, ~tc. derivatives the reaction of OH 

at peptide C-H linkages is essentially quantitative. The formation of 

11 peptide 11 radicals -CONHC(R)CONH- through the reaction of OH with 
• ,' • "' L ' • ' 

oligopeptides has been extensively studied by pulse radiolysis 

techniques •54 

In the presence of oxygen 

D2 
+ • + . . I 

02 + NH3CH(R)CONHC(R)COO- ---• NH3CH(R)CONHC(R)COOH (49) 

The subseque~t chemistry i~ in part quite analogous to that observed 

in the radiolytic oxidation of N-acetylamino acids via the sequence 

17-24 to yield amide and the lower fatty acid. However, with the 

oligopeptides the am~de y~eld approaches G(NH3) = 5 which fs 
. . . .. 

considerably higher than the value G(N'H3) = 3 ~ G(OH) observed with 

the N-acetylamino acids. The chemical evidence is that with oligo and 

polypeptides an intramolE!cular reaction occurs. 

R R 
I • I 

- C -H 0 - C· OH 
I I f I (50) 
CONH - C - ---• CONH - C -

R R 

in competition with reaction 24. This leads to formation of additional 

ammonia and keto acid. With diglycine the major product stoichi­

ometries.correspond to G(NH3) = 4.8, G(HCOOH) = 1.7, G(CHOCOOH) = 
1. 9. 53 
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With the N-acetylamino acids reaction of type 50 can only occur 

intermolecularly and is of negligible importance in competition with 

reaction 24. In agreement with reaction 50 as formulated, an analysis 

of the carbonyl fraction from a mixed dipeptide, glycylalanine, shows 

that both keto acids, glyoxylic and pyruvic are indeed formed in 

approximately equal amounts with a combined yield of G(>CO) = 2 with 
53 G(NH3) = 4.8. 

Product yields in the y-radiolysis of polyalanine are consistent 

with the reaction sequence formulated above, i.e., G(NH3) = 4.0 

G(RCOCOOH) = 1.2 G(RCOOH) = 3.0, G(C02) = 2.4. 38 With poly;lanine 

at molecular weight =3000 it must be assumed that alkoxy-radical . . . 

formation via reaction 17, 18, 23 must occur more or less at random 

along the peptide chain;_ The equivalent of reacti-on -24-then must 

involve an adjacent peptide bond (enol form), i.e., 

. 
0 OH 0 
I I II --

o2 + RCONH-C-C=N-CHR2 ---~ RCONH-C + 0=C=N-CHR2 + H02 
R R 

where 

follows essentially instantaneously. 

4.2 Evacuated Solutions 

In extending the earlier chemical studies of the reductive 

determination of the a-amino acids by e~q via step 2, 2a,b 

(51) 

(52) 

(sec. 2.1) it was also found that such deamination is a general and 

characteristic reaction of compounds containing the grouping 

.. 
• 
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where X represents 0-, OH, OR, ~HR, etc. 22 , 23 ,55,56 . 

With di and triglycine fqr example G(NH3) = 3 = G(e;q), i.e~, 

is essentially quantitative fortbrith di _and triglycine~ Reaction of 

OH occurs preferentially along the chain away from the N-terminal 

residue as formulated in step 48,. Subseq~ent steps in o2-free 
")·.' 

solution include 

• + • 
CH2CONHCH2coo- + NH3CH2CONHCHCOO- ---~ 

CH3CONHCH2coo- + NH;cH 2CONHCOO- (54) 

• . . . + . • 
CH2CONHCH2Coo- + NH3CH2CONHCHCOO- ---~ 

NH;~H~CONHTHCOO-
. . CH2CONHCH2COO- (55) 

(56) 

The combined yield of products derived from the CH2CONHCH2coo-

radical, i.e., acetylglycine (reaction 54) and aspartic acid derivative 

(reaction 55) are markedly dependent on the glycylglycine concen-

tration. For example, in O.SM solution the acetylglycine and aspartic 
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derivative are produced in essentially the same yield. However, in 1M 

solution G(acetylglycine) = 2.9, G(aspartic) = 0.3. The cross-linking 

reaction represents the major path for radical removal in l.OM solution 

with G(diaminosuccinic) = 1.7.55 ,56 The free ammonia yield from 

dilute tetraglycine solutions is somewhat less than G(e;q), i.e., 

G(NH3)f = 2.4 and with polyalanine the free ammonia yield decreases 

to G(NH3)f ~ 0.3. There is, however, no corresponding increase in 

the amide ammonia with increasing chain length. This indicates that 

electron addition along the chain does not lead to reductive 

deamidation (cf. sec·. 3.2}~ Similar conclusions have been arrived at 

from pulse radiolysis studies57 ,58 which also provide evidence for 

intra-chain electron transfer that is concentration dependent. 

4.3 Solid Systems 

Free ammonia and the corresponding acetyl derivatives are major 

products in the y-radiolysis of solid di, tri, and tetrapeptide 

derivatives of glycine and alanine. 55 ,59 Product yields range from 

G(NH3)f = 4.5, G(acetylglycine) = 3.2 with solid glycine to 

G(NH3)f = 2.5, G(acetyltriglycine) = 2 witb soli,d tetraglycine. 

The observed chemistry is consistent with the reaction 

(57) 

(58) 
• 
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followed by reactions 55-56 on dissolutions of the irradiated solid in 

02-free water. 

The decrease in G(NH3)f from 4.5 with diglycine to - 2.3 with 

tetraglycine is attributed to an increasing probability for capture of 

e; at peptide C ~.0 bonds along the chain. With polyglycine and 

polyalanine G(NH3)f ~ 0.4. At the same time, the production of 
j 

amide ammonia gradually increases from G(amide) = 0.4 with the 

dipeptide to G(amide) = 1.8 with the polypeptide. 59 These results 

are consistent with a competin.g r·eductive deamidation by e- as 

formulated in reactions 46,47.59 ,60 Here again the alternative is 

the excited molecule reaction sequence 35-39. Further work should 

clear up these uncertainties in the intermediate processes. 

A detailed chemical study49 ,50 of products formed in the· 

y-ra~iolysis of solid polyalanine gives as major products 

G(amide) = 3.1; G(propionic acid)= 1.8, G(carbonyls) = 1.4. These 

findings are wholly consistent with the overall reaction 

stoichiometries observed with solid N-acetylalanine as summarized in 

sec. 3.3. 



26 

REFERENCES 

1. Photochemistry and Photobiology of Nucleic Acids, S. Y. Wang ed. 

Academic Press, ~ew York, 1976. 

· 2. Effects of Ioriizing Radi~ti6ns on DNA: Physical, Chemical.and • 

Biology Effects. J. Hutterman et al. eds. Springer-Verlag, 

New York, 1978,. 

3. Molecular Mechanisms of Radiation-Induced Damage to Nucleic Acids, 

J. F. Ward, Advan. Radiat. Bi~l. ~' 182 (1975). 
[ 

4. Deciphering the Protein-DNA Recognition Curve, M.H. Caruthers, 

Ace. Chern. Res., 13, 155 (19SO)~ 

5. Chromosomal Proteins and Their Role in Gene Expression, G. S. 

Stein, L. J. Kleinsmith eds. Academic Press, N. Y. 1975. Biol. 2, 
1 (1975) .-. 

6. Histones, Chromatin Structure and Control of Cell Division, E.M. 

Bradbury, Curr. Topics in Devel. Biol. 2, 1 (1975). 

7. Chromosomal Proteins, R. C. H~ang and R. P. Hjelm Jr. in Handbook 

of Genetics Vol. V, R. C. King ed. Plenum Press, N.Y. 1976. 

8. Mechanism of Poliovirus Inactivation by the Direct and Indirect 

Action of Ionizing Radiation. R. L. Ward, Radiat. Res. 83, 330 

( 1980). 

9. The Viability of T4 Bacteriophage after Irradiation of Head 

Component and Tail Component, C. E. Clarkson and D. L. Dewey, 

Radiat. Res. 54, 531 (1973). 

10. Radiation Inactivation of T7 phage, D. Becker, J. L. Redpath, and 

L. T. Grossweiner, Radiat. Res. 73, 51 (1978). 

• 

• 



... 

'0 

27 

11. Irradiation of Deoxyribonucleohistone Solutions I Amino Acid 

Destruction, M. G. Robinson, J. J. Weiss and C. M. Wheeler, 

Biochim. Biophys. Acta 124, 176 (1966)' • 

12. Irradiation of Deoxyribonucleohistone Solutions I1 Labilization of 
' . 

the DNA-Histone Linkage, M. G. Robinson, J. J. Weiss, and C. M. 

Wheeler, Biochim, Biophys. Acta 124, 181 (1966). 

13. Alteration of DNA-Histone Interactions Following Irradiation. 

R. D. Bauer, R. Johnson, W. A. Thomasson, Int. J. Radiat. Biol. 

16, 575 (1969). 

14. Protein Damage in Irradiated Deoxynucl~oprotein. M. Kuwahara, M. 

Hagashi ~nd G. Yo~hi, J. Rad. Res. I, 342 (1977). 

15. Radiation Chemistry of High Protein Foods in Food Preservation by 

Irradiation, Vol. I, pg. 371, IAEA, Vienna, 1978. 

16. Radiation Sterilization of Medical and Biological Materials, IAEA 

Pub. No. STI/DOC/10/149, IAEA, Vienna, 1973. 

17. Radiation Immobilization of Enzymes, Antibodies and Drugs, IAEA 

COt1ference, Grenoble, France, September (1981). 

18. The Radiation Chemistry of Water, I.G. Dragnii and Z. D. Dragnil, 

Academic Press, N.Y. (1971). 

19. An Introduction to Radiation Chemistry, J.W.T. Spinks, and R. J. 

Woods, J. Wiley and Sons, N.Y. (1976). 

20. Actions of Ionizing Radiations on Nitrogenous Compounds in Aqueous 

Solution. W. M. Garrison, Radiat. Res. Suppl i' 158 (1964). 

21. Reactions of Alanine with the Reducing Species Formed in Water 

Radiolysis. B. M. Weeks, S. Cole and W. M. Garrison, J. Phys. 

Chern., 69, 4631 (1965). 



28 

22. Effect of Cupric Ion on the Radiation Chemistry of Glycine, R.L.S. 

Willey and W. M. Garrison, J. Phys. Chern. 69, 1579 (1965). 
'- -

23. Chemistry of the Hydrated Electron in Oxygen-free Solutions of 

Amino Acids, Peptides and Related Compounds, R.L.S. Willix and 

W. M. Garrison, Radiat. Res. ~' 452 (1967). 

24. Pulse Radiolysis of Aliphatic Acids in Aqueous Solution IIt, 

Simple Amino Acids, P. Neta and E. Hayon. J. Phys. Chern. 74, 1214 

(1970). 

25. Radicals Formed by the Reactions of Electrons with Amino Acids in 

an Alkaline Glass. M. D. Sevilla, J. Phys. Chern. 74, 2096 (1970). 

26. Radiation Chemistry of Organo-Nitrogen Compounds. W. M. Garrison, 

Curr. Top. Radiat. Res. i' 43 (1968). 

27. Radiolysis of Aqueous Solutions of Phenylalanine. G~ A. Brodskaya­

and V. A. Sharptyi. Russ. J. Phys. Chern. (Eng. Trans.) 43, 1343 

(1969). 

28. Pulse Radiolysis of Phenylalanine and Tyrosine, J. Chrysochoos, , 

Radiat. Res. 33, 465 (1968). 

29. Pulse and Gamma Radiolysis of Aqueous Solutions of Tryptophan. 

R. C. Armstrong and A. J. Swallow, Radiat. Res. 40, 563 (1969). 

30. Polargraphic and Optical Pulse Radiolysis of the Radicals Formed 

by OH Attack on Imidazole and Related Compounds. K. M. Bansal and 

R. M. Sellers, J. Phys. Chern. 79, 1260 (1975). 

31. Pulse Radiolysis of Imidazole and Histidine in Water. P .S. Rao, 

M. Simic, and E. Hayon. J. Phys. Chern. 79, 1260 (1975). 



•• 

29 

32. The Cobalt-60 y-Radiolysis of Cysteine in Deaerated Solution. 

V. G. Wilkening, M. Lal, M. Arends and D. A. Armstrong. J. Phys. 

Chern. 72, 185 (1968). 

33. Radiation Chemistry of the a-Amino Acids. D. B. Peterson,- J. 

Holian and W. M. Garrison. J. Phys. Chern., 73, 1568 (1969). 

34. Electron Paramagnetic Resonance Study of L-alanine Irradiated at 

Low Temperatures. J. W. Sinclair and M. W. Hanna. J. · Phys~ Chern. 

l!.t 84 (1967). 

35. Paramagnetic Absorption of _Irradiated Glycine. H. C. Box, H. G. 

Freund and E. E. Budzinski, J. Amer. Chern. Soc. 88, 658 (1966). 

36. Radiation-Induced Oxidation of Peptides and Proteins in Aqueous 

Solution, W. W. Garrison, M. E. Jayko, and W. Bennett. Radiat. 

Res • .!§_, 483 (1962). 

37. The Radiation-Induced Oxidation of Peptides in Aqueous Solution. 
iV ' ~! • . f< 

H. L. Atkins, W. Bennett~Corniea and W. M. Garrison, J. Phys. 

Chern. 71,, 772 ( 1967). 

38. Radiolytic Degradation of the Peptide Main Chain in Dilute Aqueous 

Solution Containing Oxygen. W. M. Garrison, M. Klaud-English, 

H. A. Sokol and M. E. Jayko, J. Phys. Chern. 47, 4506 (1970) • . 
39. Free Radicals in Solution, C. Walling, John Wiley and Sons, 

New York (1957). 

40./0n the Radiation-Induced Reduction of Amide and Peptide Functions 
\ 

in Aqueous Solution. oJ. Holian and W. M. Garrison, J. Phys. Chern • 

J1., 4721 (1968). 

41. Interactions of the Hydrated Electron with the Peptide Linkage. 

P. S. Rao and E. Hayon,~J. Phys. Chern. 78, 1193 (1974). 



30 

42. Radiation Chemistry of Compounds Containing the Peptide Bond. 

W. M. Garrison and B. M. Weeks, Radiat. Res • .!l, 341 (1962). 

43. ESR and Spin-Trapping Studies of the Reactions of Hydrated 

Electrons with Pept ides. S. Rustgi and Peter Riesz. Int. J. 

Radiat. Biol. 34, 127 (1978). 

44. Excited-Molecule Reactions in the Radiolysis of Peptides in 

Concentrated Aqueous Solution. M.A.J. Rodgers and W. M. Garrison, 

J. Phys. Chern. !1_, 7.58 ( 1968}. 

45. Role of Excited Species (RCONHCHR 2)* in the Radiolytic 

Oxidation of the Peptide Main-Chain in Concentrated Aqueous 

Solution. W. M. Garrison and M.A.J. Rogers, J. Radiat. Phys. 

Chern • .!_, 54 (1969). 
. ' 

46. Radiolytic~Cleavage of the Peptide Main-Chain in Concen~ated 

Aqueous Solu.tion: Energy Level of Excited Molecule Intermediates. 

M.A.J. Rogers and W. M. Garrison, Biochim. Biophys. Res. Conm. 46, 

622 {1970). 

47. Sub-excitation Electrons. R. L. Platzman, Radiat. Res.g, 1. 

(1955)~ 

48. A Model for the Radiolysis of Water. W. H. Hamill, J. Phys. Chern. 

73' 1341 (1~69). 

49. Chemical Evidence for Main-Chain Scission as a Major Decomposition 

Mode in the Radiolysis of Solid Peptides, W. M. Garrison, M. E. 

Jayko, H. A. Sokol and W. Bennett-Corniea. J. Phys. Chern. Z!., 
154 6 ( 196 7) • 



... 

• 

31 

50. Ionization and Excitation in Peptide Radiolysis. W. M. Garrison, 

M. E. Jayko,, M.A.J. Rogers, and H. A. Sokol, Advan. Chern. Ser. 81, 

384 (1968). 

51. An ESR Studies of Free Radical Conversions in Irradiated Single 

Crystals of N-acetylalanine in the Temperature Range 77-300KL G. 

Saxebol Int'. J. Radiat. Biol. 24, 475 (1973). 

52. Radicals -Formed by Electron Attachment to Peptides. M. Sevilla, 

J. Phys. Chern. 74, 366 (1970). 

53. Radiolytic Oxidation of Peptide Derivatives of Glycine in Aqueous 

Solution. H. A. Makada and W. M. Garrison, Radiat. Res. 50, 48 

(1972). 

54. Reactions of Hydroxyl Radicals with Oligopeptides in Aqueous 

Solution. A Pulse Radiolysis Study. P. S. Rao and E. Hayon, J. 

Phys. Chern. 79, 109 (1975). 

55. Reductive Deamination in the Radiolysis of Oligopeptides in 

Aqueous Solution and in the Solid State. W. Bennett-Corniea, 

H. A. Sokol, W. M. Garrison, Radiat. Res. 43, 257 (1970). 

56. Radiation Chemistry of Glycylglycine in Oxygen-free Systems. 
-

W. M. Garrison, H. A. Sokol and W. Bennett-Corniea, Radiat. Res. 

53, 376 (1973). 

57. Reductive Deamination of Oligopeptides by Solvated Electrons in 

Aqueous Solution, M. Simic and E. Hayon, Radiat. Res. 48, 244 

( 1971). 

58. Reaction of Hyd~ated Electrons with Amino Acids, Peptides ~nd 

Proteins in Aqueous Solution. II. Formation of Radicals and 

Electron Transfer Reactions. M. Farragi andY. Tal. Radiat. Res. 

62, 347 (1975). 



32 

59. Chemical Actions of Ionizing Radiations on Oligopeptide 

Derivatives of Glycine in the Neutral and Zwitteriou Forms. W. M. 
-,.,. ,., 

Garrison and H. A. Sokol. Lawrence Berkeley Laboratory Report, 

LBL-10410 (1981). 

60. An Electron Spin Resonance Study of Electron Reactions with 

Peptides, J. B. D'Arcy and M. D. Sevilla, Radiat. Phys. Chern. 13, 

119 (1979). 

• 



Ill)' 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~-~~ 

TECHNICAL INFORMATION DEPARTMENT - .... _.,. 

LAWRENCE .BERKELEY LABO_RATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 
:i 

__/ 

.. ~··. :l:4~, 
-.._::~~ "'"~-- ·- ~ ~~' 

~ -..~:... 

\,,,~:~:~ 

. •. 




