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. Warren M. Garrison, Michael E. J~ko, and Winifred !ennett-Corniea 

Lawrence Radiation Laborat017 
University ot California 

Berke ley I California. 

ABSTRAC'J! 

Gamma. r5.diolysiG ot po~eptides under oxygen. leads .to chemical . 

degradation of the peptide cb&in Wi tb the rema.rkably. high oxygen consumption ' 
. . ~ 

of about one molecule per 2 eV a.bsorbed energy e The chemical evidence I both' 

qualitative and quantitative is consistent with a rea.ction mechanism in which . 

. excited sta.tes of the polypeptide aggregate undergo chemical quenching by 

molecular oxygene 
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Excited states involving delocallzed '71' electrons ot the extended . 
~gen bond system (CO--BN)n 01' polypeptides have been proposed as 

intermediates in the processes ot energy transfer, photosynthesis, vision 

.' and carcinogenesiS (1-6). Measurements ot semiconduction activation energies 

indicate that the excited levels ere 1., to , eVabove the ground state in 

dry proteins (7). Mason (6) treats ,"-electron delocal1ze.t1on in polypeptides 

in terms 01' a triplet-state excitation wb1ch is assumed to involve enol1ze.tion 

01' the peptide bond, i.e. -CO(OH).I~ or -c(n)aC(OB)-N5- or both. Mason eJ.so 

supposes that such states represent essential intermediates in the re.d1ation­

induced denaturation ot protein. Now, loW-lying excited states of the peptide 

bond system as envisaged here would not be expected to lead to net chemical 

/ . 

change in the rediolysis of peptides ~ vacuo. There is, however, the possibil1ty 

that these excited states may be chem1caJ.ly reactive toward molecular oxygen. 

Yet, the available evidence obte.1ned from the work of Alexander end Hamilton (8) 

end Bowes end Moss (9) indicates that the radiation-induced destruction 01' 

.amino acids in solid proteins is not significantly greater under oxygen than 

it is ~ vacuo. But, in the one study (8) the irradiations were made at the 

very b1gh dose rate ot "" x l021eV /p/mln and 1li the other (9) the solidS 

were 1rred1ated in a compacted fom. In neither case would we expect the . 

oxygen effect to be more tba:n m:Sn'maJ.. We have, therefore, re-examinedth1s 

question by 1rrad1at1ng a polypeptide, gelatin, end a polyam1no acid, poly­

D,L-a.J.anine (10) as h:1eblT dispersed tlutts (sverage' bul..k density ",.O,gm/cc) 

~ vacuo end in an oqsen atmosphere under ",(-rays at the relatively loY dose­

rate ot 1 x 1016 eV / f!J1J./m1D. 

The W'1:7 str11d.ng result show in 'table I 18 the remarkab~ high C 

Talues tor o,Xygen uptake and far oxidative degradation of both gelat1D and 

.I ' 
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poly-D ,L-alanine. Chemical. ane.J.;rsis ot the 1rrad1a.ted pept1des f'ollow1ng / 

a , ho~ hydrolysis in 2! tiydrochloric acid estabUshed ammonia and a-ketoae1d(s) 

as princ1pal degra.da.t1on products. The quant1tat1ve procedures were those 

,developed in our previous studies CJf the ra.diolyt1c oxidat10n ot po~t1des . ' 

in aqueous solut10n' (11) • Oxygen uptalte and carbon dioxide produetionwere 

followed mass spectromet:r1eal.ly. '!'he observed 0(-02) values correspond to 

an energy requirement of pnly L;, and 2.0 eV per molecule ot ox;ygen removed 

by gelatin and poly-D,L-alanine respect1vely. These energies mee much lower 

than can be explained in terms of homolytic or heterolytiC dissociations of 

specif1c groups or bonds. 

Evidence against a chain reaction as the cause' of the high O(-Oe) 

vaJ..ues is as f'ollows.. We note first that in the ra.diolys1s of polypeptides 

in aqueous solution (11) the' radical spec1es RCO~e are formed b~ OR 

attack and are degraded in the presence ot ox\ygen via. 

The ammonia. yield from oxygenated :peptide solutions approaches but never 

. exceeds the primary yield of OR radicals der1ved from the radiation 
• 

decompos1t10n ot water. Neither RCONliC(Oe)Re or HOe radicals abstract B . 

. rrom the lab1le C-B pos1 tion €X to the pept1de bond and no cha.1n ox1~tion 

is observed in aqueous systems. Now, the radicals RCONlJCR
e 

are also 

produced in the rad1olys1s of soUd peptid.es in vacuo. (12, 1').' The - . 

formation of amide ammonia end. carbonyl products reported in part A . 

'rable I involves the rad.1at1on-1nduced step 2 ~;' , , 

. r 
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---. (2) I 

followed by 

RCoNR + RCONRCBR2 --~ RC~ + ltC~2 

Cmt
2 

+. RComlCBR
2 

. > ORh + RCONHCR
2

' 

. . . .' 
where RCOm.TCR2 represents the long-lived radicals observed by .ESR 

methods (14) 1ti irradiated pept1des at room temperature. Exposure of 
,'- , . 

the irra.d1ated peptides to air dur1ns the d1ssolution prooess resul.ts, 

as in the . re.d1olysis of the oxygenated solutions I in the degradation ot 

RComroR2 radicals vie. reaction 1 to give the product yields shown in 

part A Table I. These product yields are in ,essential. accord with the 

ESR measurements (14) .of RCONHCR2 yields and here e.gain lie' find no erldence 

tor chain oxiclation. Since neither RCONl1C(62)R2 nor H0
2 

abstract B from 

the labile C-H position we conclude tha.t the high G values for oxygen 

consumption shown in part B ~ble I do not arise trom a chain oxidation 

under the condi tiona of the present study .. 

Both the queJ.it8.tive and quantitative' evidence 18 in accord nth 

the idea that the greatly enhanced degra.d.atioD yields obtained 1n the 

rad10lysis of high.1.y dispersed pomeptideunder o~en is related to the 

mobUity and to the chemical reactivity towards oxygen of low-~ 

excited state. "Which are chem1~ \Uld.etected.!!!~ • . We represent the 

oxidation ot the excited. .tate of the peptide bond system in terms ot the 

schematics H0
2

0,; 
OIl . f It 
I ~~-C-C-mr. 

"-mI-caC-Im- + 0 . . . I _. , 
I 2~ R , R . (I) OK 

. , . . . :mi-O + O.c-~ 
(II) (III) 

(6) 
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. where on bydro~1s the emmonia is derived from I and n, a-ketoacid from 

I, and carbon dioxide from III.· . The magnitude of the observed G values for < 

reactions 5, 6 prompted us also to give particular a.ttention to the quantitative 

basis of the present work. Dose was determined ~ extrapolation on the basis 

of the ratio of the electron densities of the solids and the Fricke dosi-

meter (15). The validity of the extrapolation for the low-density solids 

and the geometries used here waS extablislled experimentalJ.y in a series of 

control runs in which the density and the volume of the 1rre.d1ated samples 

was varied from -.025 (gIl/cc to 0.6 f!I!l/cc 'and from lcco to 80 co respectively. 

The possibi11 ty that Dot all of the observed chemical change arises as a 
. 

result ot the direct action of the radiation on the polypeptides was examined 

in some detail. The fact toot the degradation yields in oxygen are indepen­

dent of pressure from 65Qmm down to 20mm indicates that energy absorption by 

oxygen is not a. major contributing faotor. At 20mm pressure the oxygen in 

the gaspb.a.se plus that absorbed on the solid peptide represents less than 

l~ of the mass of the total sample (16). The possibility that part of the 

energy absorbed by the pyrex cell is transterred to the peptide through 

exoited states of oxygen is negated by the observed pressure independence 

and by the observation that add1 tion of a glass-fibre plug above the peptide 

sample does not resul.t in any change in the degradation yields. There is 

eJ.so the question as to whether or not the amide and carbonyl yields g1 yen 

in 'l'able I includes some contributions from "dark-reactions" induced in the 

hydrolysis step. Both peroxides and. carbonyl compounda for example, are 

'\ knOwn to degrade amino acids via. the Strecker reaction nth fomation of 

ammonia under certain oonditions (17). We found, however, in. a series of 

oontrols that added hydrogen peroxide I organic peroxides and. ca.rbo~l 

/ 
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compounds iIi emounts .corresponding to· Ov4odo .not .lead to oxidation of the .I 
. ~ " 

peptide chain under the acid :bydrolysi0 cond.1 tiona employed in th1sstu,W •.. 
l 

'We also found that· treatment ot the 1rrediated polypeptide with O.:mNa2S0, J 

. to destroy peroxides prior to ~lys1s dOe& not· J.ead to any. d1m1nut1on 

in product yields. ~Be f1nd1ngsare.in ·accord with eej:l1er oberserve.tions 

(U) on the negative role .ot dark-reaotions in the ·cheni1ce..l determ1nation 

of rac11a.tion-induced. Oxidation :111 Bqueous peptidesyBtems. (18). .. .. 

o' I ," .. ' 
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Ta.blel. ", Product' y1eld.s1n :theiY:"rad.io~is ··~t. geJ.at1nand po!:y-D,Ir-aJ..an1ne 

in the solld state. 'A, 1rrad1ated in vaeuoanc1. then .exposed to oxygen prior -. . . 

to chemical manipulation. B, 1rred1ated'111 oxygen at a. pressure ot 5OmmlI8.,' 
,Dose III l~44 x lo20 ev/f?J1J.. G -molecules per 100 eV a.bsorbed eJlergy. 

, A. .Eva.cue.ted 

gelatin 

poly-D ,L-a1.a.n1ne, 

B. ~gen atmosphere, 

gelatin 

, .~ .. 

G(~ .. 0) 

2.' :t ., 
4.8 :t ., 

" , 

,.6 ± ., 

,c>.9 :J: 1.7 

1'.7 * '".0 

".8 :J: '., 
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Table 2. Effect ot oxygen pressure on· product yields .1ft the y-rad1olys1s . . / 
.' .~ . 

ot gelatin. Dose. 1.44 x.10 eV/e/lh. G • molecules .per 100 eV absorbed. 

energy. 

Pressure (inmHg) 

·20 

,0" 

600 

. , ' 

G(> C ,- .0)-

17~9 :t: .9 

18.8 !t' :.9 I'· 

16.4 :1:' 1.0 

G(~) G(-02) ) 

.' 

42.1 :l: 1.8 :·70.8· 

42., :!: 2.0 72.4 :1:., 

.. 40.0 :I: 2'., 
! . 

/ 
/ 

./ . 
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