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ABSTRACT

: Reactioﬁ_méchanismé in the r&éiolyéis of amino acids, peptides and
related_compoﬁndsvare réviéwéd. - Information on aquéous ard solid state syétems
is included;‘ In.aqueousvsolutibns the reactions induéed by attack of OH, H
‘and e;é'ohlthgge séverai 9lassés of biochemical compounds are formulated along
with a descripfion of’the‘éffécts of oxygen and other seccnd solutes. Evidence
.for thé folé of excited-molecule reactions in the radiolysis of peptides in
concentratedbaqueous sblutibns is presented. Specific roles of ionization and
excitaﬁion in the radiolysis of aminélacids and peptideé iﬁ the solid state are

fornmulated,
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Duriﬁg the past féw years there has Been-a very marked increase in the
amounﬁ of work béing‘done on the radiation chemiétry of bio4organic compounds
both in aqueous'solution éhd in thé solid staté. We cannot, of courée, review
this éntiré figid in thé space alloted us here. However, one specific area of
such reséarch fhat'our group.#t Berkeiéy has been particularly interested in
is fhe chemistry of N;C bpnd cleavage in the‘radiolysis of amino acids, peptides,
and reiatéd édﬁpounds.v A.variety'of réactioh modes have been established at
our 1aboratory and elsewheré and thése studies are the subject of the present

vfeview. |

_The radiolytic deamination bf the simpler a-amino acids glycine and
alanine ih.dxygen—free soiutiéns wes observed some twenty yeérs ago by Stein
and Wéisshs and by Déle'and.co—iorkers.la These early X-ray studies were limited
primarily to the determination of ammonia yields which for both glycine andv

alanine approach G(NH ) :-Bbat-the higher solute concentrations. Subsequent

3
work by Sharpless gz_gi.h3 and by Weeks and Garrisonh8_established the over-all

reaction stoichibmetfy.. Major.préduct Yields in the y-radiolysis of glycine
and alanine in okygén—free solution are summarized in Table I.

Chemiétry in these aqueous systems is initiated by the radiation-

induced decomposition of water3’;l’23

H,0 —M—> H,0,, H,, OH, H, e;q, ut (1)

'whefe G., = 2.Th, G . =2.76, G, = 0.55, G, = 0.40, G l.OO.5 The

OH " PR HyOp ~
magnitude of the G(NH3)-va1ves observed in Teble I and the fact that both fatty
‘acld and keto acid are'observed as-méjor organic products indicate that

deamination by both e;q and OH occurs. To separately evaluate the processes
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chemically, it is convenient to add a second solute ﬁhich'preférentially

scavenges OH (and H) but at the same time is relatively unreactive toward

- o N 22
eaqf Formate ion is such a scavenger in that the rate constants = for the
reactions
OH + HCO0™ > H,0 + C00” (2)
 H + HCOO™ ——> H, + C00™ | (3)
are 1 X 109 Mt sec™t and 3'>'<'lO8 M-; sec™t respectively, whereas the rate of
e '+ HCOO > HCO, | (4)
aq v . 2 ,
is < 106 ML sec™ . The effect of added formate on G(NH,) from oxygen-free

3

46 It is seen that G(NH

solutions of glycine and alapine is shown in Fig; 1. 3)
in both caées.drops rapidly wifh increasing formate concentration and then'zsf
lefels.off and becomes esséntial;y independent of the conbenfration,of the B
rgdical_scavenger. The keté acid yield drops eésentially to zerc with the

| drop in G(NHB) while'the'fafty acid yield is unaffected by formate ion even at

high concentrations as shown in Fig. 2. If now, increasing concentrations of

an electron scavenger such as chloracetate ion

e + 010Hécoof -

—> €17 + CH,C00™ o (5)
' are addé@-ét the higher formate.concentrations, then the yield ofvfatty a@fa

decreases to zero. The evidence is then that a major fraction_of:the hydrated.

electrons reaét with these amino”acids according to the stoichiometry
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e” + NH(CHRCOO™ —> NH, + CHRCOO™ - = - (6)

We see in Table I that G(H2) from heutral glycine solutions is appreéiably

H H . This is accounted for in terms of the branching
2 S -
L6 “

reaction

‘ g' + NH;

CHRCOO ™ > NH,CHRCOO™ +H (7).

. : v : DR b N
Reaction T is analogous to the conversion of eaq to H by NHh as observed by

' Jortner.gi.gggeT' Both OH and H react with glycine and alanine at the aQCarbon

yield diaminosucéinic vacid, aspartic acid, and succinic acid in low yield.

‘A small fraction'of’the NH

positiOnh6
OH + NHJCHRCOOT ——> NH,CRCOO™ + H,0 (8)
H + NHJCHRCO0™ ——> NH,CRCOO™ + H, 9
Subsequent réactions ineclude
NHJCRCOO™ + CRCO0T ——> NKJ=CRCOO™ + RCHCO0™ © (20)
. + . 4 = + - .
2 NH,CRCO0 > NH,=CRCOO _ + NH, CRCOO - (11)
. + - Y | - o
H,0 + NH,=CRCOO > NH, + RCOCOO . - (12)

+

BéRCOQ- and CRCOO™ radicals undergo dimerization to :

L8

If:the yield‘of‘the branchirng reaction is adjusted to conform to the observed;

 hydrogen yilelds, then the above reaction scheme accounts both qualitatively and

el
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quentitatively for the radiation chemistry of glycine ana aianine in aqueous
solution. Recent studles in whlch the radical products of reaction 6 are
observed directly-by means of optical spectrosc0py33 and esr spectroscopy
cleerly subetantiate the formulations derived in the chemlcal studies.
Oﬁe might assume on the basis of the above formulations that redoctive
cleavage of the N-C bond represents a characteristic radiatioﬁ—chemical feaction
of amines genefaily. However, Rieéz36 has foundbno.evidence‘for such reaction
in the fadioleis of oxygenefree solutioné of methyl ammonium ion and we have
found that reQuctive‘deemination is uniﬁportaﬁt in the radiolysis of B-amino
acids in aqueous solufion.h6 Apparently, the C=0 function must be a to the
N-C linkage; We have speculated on the poss1billty that eaq adds to the C=O
function ‘of the a-amino acids and that dissoclation of the reduced intermediate

then ensuesh6 50

- + - + ) B o
e~ '+ NH_CHRCO0~ ——> NH.CHRC. > NH. + CHRCOO (13)
aq 3 3 N 3 . :

The recent esr stﬁdies by Sevillah; are in support of this formulation.

The simple oligo peptide derivatives of glycine and alanine also undergo

- reductive deamination by e;q. It is of interest here to compare the ammonis

- yields from glycine and glycylglycine in oxygen-free solution under Y-rays. We

have'found50 as shown in Fig. 3 that ammonia is produced as a major product in
the Y-radiolySis of glycylglycine bﬁt the value is lower than with élycineL
However, there is relatively little effect of added formate on G(NH ) from
.glycylglycine ag shown in Fig. b. Apparently almost all of the free ammonia

from glycylglycine is produced‘via reductive"deamination. In agreement with

32,Lk1,4¢2

&'
L
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this we fin@Ifhaf addition of the eiectron scevenger,.chlerecetate ion, reduces
G(NH3) essentiellyvﬁovzere as shown in Fig. 5. The reascn that OH attack in
this system dees not yield ammonia is because such attack dees not occur at
- the carbon position a to the NH

the peptide bond 50

}

3 group but rather at the carbon position o to

4 - - . + ‘v . — )
. > -
OH + NH3CH200NHCH2000 > H,0 + NH,CH,CONHCHCOO - (1k)
The chemistry of the peptide radicals, RCONHCRe, is treated in a fOllOWlng
section.
Reductive deamination is a general and characteristic reaction of

‘electrohs_with compounds containing the groupingso

0

4

X.

NH;CH(R)C

where x represents 0", OH, OR NHR, ete. Studies of Clay and Kab19 indicate

that e aq reacts with benzyldimethylamine cation and benzyltrlmethyl ammonium
ion to yield dimethylamine and trimethylamine respectively This‘suggests

that the reactive grouping in the. general case corresponds toso

X

' V4
R3N - C(R2)C :

\

- Many examples of the reductive cleavage of the N~C bond rave recently been

H

2 L
. .studied by Neta»and Fessenden3 and by Sev1lla usling esr.spectroscopy to

p observe_direetly the free radical,intermediates._
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~The intfoduction of oxygen at sufficiently high relative concentrations
results in a blocking of the reductive deamination reaction since the reducing

species are préferéhtially scavenged to yield the hydroperoxy radical

®aq + 0, > o2 . (15)
- _ - - -
0, + H0 HO, + OH .(16)

The OH reaction .is not inhibited by oxygen and in the case of glycine the -

carbon rgdicalé formed via OH attack (reaction 8.) react in turn with oxygen

to yield ammdnié and keto acidl6’)*7

C 3] - .
NH CHCOQ + 02 + H20

.+ - ’
W > NH) + HCOCOO™ + HO, (7).

The intermediaﬁé'procesées involved in the over-all reaction 17 remain to:be
:éStabliéhed »»in any'cése,'the maJor‘pfoduct‘stoichiomefry in oxygenated solutions
of glycine is approximated by (NH ) =‘G(carboriyvl) ::GO
Although the OH reaction is localized at the a-carbon positlon in the
case of. glycine, it is clear that with the more complex amlno acids other
competing.loci are available for reaction.. For example, 1ncre551ng the length
of the_aliphatiélside-chain.incréases the number of C-H bonds susceptible to
OH atfﬁck.. Héncé, the relative importance.of oxidative deamination would be
.expected:to deérease. This effect is shown in Fig. 6 where G(NH3) for a number
of aliﬁhatig amino acids 1s plotted as a function of the mumber of C-H bonds in
* the amino scid residue. Liebster and Kopoldova’" have made extemsive studies

of the effects of side-chain substitution on the deamination yield.
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- Let us turniourkattention now to some of the radiation chemical
| o - . 12, ..
properties of the simpler a-amlno acids in the solid state. Dale in his
early studies observed that the X-radiolysis of solid glycine in vacuo produces

free ammoniavﬁith G(NH,) = 5, This is a remarkably high yield fof.the

3
productiog/of heavy fragments in the solid state and it seems quite unlikely

- that ammonia-production involves a homolytic cleavage of the N-C bond via

' + ' e ._, . ) . 3 . - .
NHBCH(R)COO ——m—> NH + CH(R)C00 : (18)

. since caging effects in the solid state would lead to a preferential
recombinatidn of the radical pair formed in Eq. (18). The finding that the
hydrated electrdn,‘e;q, reacts with the o-amino acids via reductive deamination
prompted the_suggestionl5 that reaction of secondary electrons in solid a-amino
acid systems may also lead to deamination. Ionic processes in the solid state

"would then be-pepfesented by

NESCH{R)CO0™ —m—> NHSG(R)CO0™ + K + & (19)

e + NH;c,H(R')COO' —> NH, + CH(R)C00™ (20)

The subseéuent“reactions of the radicals NH;é(R)COO_ and CH(R)CO0™ may occur

via'steps lO,l;:in_partvin the solid-and are complétéd élong with reaction 12

onvdisso;ution of the irradiated solid. This scheme leads to.the'stoiChiohetry'

| G(NHB)': G(keto acid) + d(,fétty acid) = 5; Glketo acid) = G(fatty acid) = 25

~ Soon after this proposal fij)made'it‘was shown by Meshitsuka gﬁ_é;.3olthat
glyoxylic acid and écétic acid are indeed produced a$ major_productsvalong wi#h

ammbhia:in thé>Y¥rad101ysis of solid glycine. Data are summafized_in Table II..
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The simple oligopeptlde derlvatlves of glycine and alanine also undergo

reductlve deamination on radiolysis in the solid state.- ;lycylglycine, for

~ h
example, yields G(NH3)'= G(acetylglycine) = 3.

Recent results obtained by esr methods provide coavincing physical

evidence of the importance of reaction 20 in the radiolysis of the simpler

6,44

‘0—amino acidS'in the solid state: on irradiation at T7°K the initially

observed radical has the electron located at the carboxyl group

NH;CH(R)C.’/

" and on warming to intermediate tempcraturés the initial radical dissociates

to yield

NH, + CH(R)CO0™

The radiation chemistry of cysteine in aqueous solution is confined to

1,13 A fairly detalled study

of the effects of Y-rays on s0lid cysteine has recently been made 3 Yieids

the sulfur moiety, deamination is not observed.

of major products are summarized in Table ITI. We see that ammonia is among'v
the majcr.prodﬁcts The fact that carbonyl products are not llberated in any
_appreciable yield indicates that little of the observed ammonia G(NH ) 1. 8
arises through the formation of labile ‘imino derivatives of the type
.NH2=C(CHQSH)COD . Apparently reaction ekin to steps lO ll of the "glyc1ne

mechanism do»not contribute to the radiation chemistry.of s0lid cysteine.

-
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The low carbonyl ylelds also show that the over-all. stoichiometries

RSH —m—> K, + NHy=C(CH,SH)COO™ ~ ~  (a1)

RSH —mw——> H,S + NHy=C(CH;)C00™ | (22)

are ﬁnimportant sincé fhévorganic productsvof reaction 21,22 are imino aéids
and hydfol&;é to yiéld carbonyl products (and ammonia) on dissolution of the
solid. | . |

The foilowing réaction scheme appéars'to satisfy the experimental"

'-requirements of this system

ot R ()
RSH f——ﬁ&4—-§ RS+ (1)
followed by
:ﬁ +>RSH' > Hy + RS v, - (25)
>-H23 4'NHQCH(6H2)060‘ R | (26)
e + RSH > NH, + éH(CHéSH)cdo' | “: - (27)
.e_ f_Rsﬁ —> H, +FNH2CH(CH2é)COO_’ _ i B | : (28)
> H,S + NH,CH(CH,)C00™ .f‘ i (29)

2

For purposes of simplicity we use the symbol RSH to represent the cysteine
zwitterion NH*CH(CH SH)COO0™. : , .
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and by the radical removal steps

RSH + CH(CH,SH)CO0™ ——> RS + CH,(CH,SH)C00 (30)
. 'RSH + NH,CH(CH,)C00™ ——> RS + NH,CH(CH,)C00™ (31)
' 2RS > RSSR (cystine) ~(32)

We neéd n§t'¢onéider all of the detailed'aréuments forlfhis pérticular
mechgnisﬁ;‘.Tﬁé méinvpoiht héré is that ammonia libération from'CYSféine appears
to be produééa.alﬁbst excluéiﬁély thrbugh thé diésociaﬁion capfure of e via
step 27. The liberation of ammonis in this reaction ylelds the CH{CH,SH)COO™

_rédical Vhiéh aﬁétracts H:from cysteine to give B-mercaptopropio#ié'acid'which
is a maJor-componént of the "NH2—free" product fraction of‘Table IIi;

| It'is.éésumed'fhat deéﬁinafion via reaction 27 in&olvgs the addition
of e t§ thé“C=dvlinkége éf cysfeine.followed by dissociation.of-the'N-C bond
as in the feacﬁion ofve‘fwith glycine. Some support for this aréuﬁentvis to
. be found in'the-resﬁlts obtéihed in thé Y—radiolysis of solid cystamiﬁe. This
comfound whichfdoés not contaln the C=d groﬁr as a frapping center for e does
not yieid'aﬁmonia in any apprmciablé yield as‘shown in Table IV.Y

» Thé Sﬁ sroup of cysteine represents a competing trapping center for e .
'.Iﬁ'fact,.as.ye hgve noted, e;q in aqueous solutions of cystgine reacts

L1360 the

exclusively through dissociative attachment to yield HS—(HQS)J
S S , o o L 2

~other hand, recent studies of the radiation chemistry of thiophenol ? and
ethyl mercaptan3l in the pure liquid state indicate that dissociative capture:

reactibns'of the type
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| RSH + e” —> R+ HS® - (33)

 RSH + & ——> RS™ +H .. . ' (34)

‘do noﬁ-oééurvin these rélatively non-polar liguids. .The évidence is that
reaétidns:33,3h bééome exothermic only 1f solvation enérgies in a polaf
medium can be utilized in thé over~-all energetics. It is not'cléar that such
| f;étors'afe.inVOlved in feacticns of e 1in a polar solid such as cysteine.
HoweVér, siﬁple dissééiative ﬁttachment of e need not necessarily

5é invbi?éd in stepé'28,29.V'An'alternéte explanation isvthat'é_ is captured
by the sulfhydryi éroﬁp t6 give RSH- and that chémistry thenvénsaés as a
: conseqﬁénce_of_pfofoh‘tranéfér from an:adjacent NH;'group. Soﬁe evidence for
‘such céhéerted.éétion'is.to be found in the fact‘that_G(Hz).+ G(H2S) from.
N-aqetyiéysteiﬁe»,is markedly lower than the'corrésponding valués for”cysteiné
as seen in Table IV. |

‘ Lét us considér‘n6W'some aspects of the radiation chemistry‘of peptides.
The N;aCYlamino acidé rebréseht the simplest models for such étudy. Radiolyéis
of simplévpeptiéesbsuch as Nnacetyléiycine and N~acetylalanine in diluté.02- |
free Qolﬁtion.does not‘léad to N-C bon¢ cleavagé in any appreciable yield in
‘the abseﬁce of 6fher solutes, However, in oxygenated solution'the peptide
chéin isAdegfaded with formation of amide—like produéts.lé’17
| The production of amide ammonia in the y-radiolysis of NAacetylélanine
.in'oxygenated ao;utién is shown in Fig. T as a function of peptide concentration.
- The émmopia yieldvincreases'abruptly with increasing solute concentrétion and
u

‘levels off at G(NHB),= 2.9 = g,
species H and e;q which are formed in the radiation-induced step 1 are

In these dilute solutions the reducing
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scavenged via

0, + €5 (E) —> 03(0,) - )

o e 10
where the products of reaction 35 are related by the equilibrium

HO

+ - . L " ‘
> Iy .
o H +‘02. The OH radicals attack ﬁhe peptide at the carbon p031§10n

o to the NH function

OH + RCONHCHRQ > H,0 + RCONHCR, | (36)

The peptide radicals RCONHéRQ_are then_scavenged by oxygen

5 (37)

0, + Rconnga > RCQNHC(OQ)R2 .

In earlier work16 it waé suggested that the simplesf scheme for subsequent

chemistry involves

HO, + BCONHC(QQ)R2 — > RCONHC(OOH)R,,

+ 0, | | (38)'

H,O + RCONHC(OOH)R2 } RCQNHC(OH)Ra + H202 - (39)

‘where the dehydropeptide derivative RCONHC (OH)R,, is lebils and yields ammonia

‘and carbonyl on.mild hydrolysis.

RcoNHc(oH)R2 > RCONH2 + R0 (%0)

(L41)

HQQ + RCONH2 > BCOOH + Nﬁ3

If degfadation‘of the peptide chain does occur predominantly thrbugh_the.

' scheme formulated in Eqs. (38-41), then it is clear that the ammonia and carbonyl
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yields should be in the relationship G(NH ) = G(R CO) = 2.9 = OH': However,
the combined yield of carbonyl products, pyruvic acid and acetaldehyde, is. quite
low with G(R CO) = 0.4 as seen in Fig. 7.

20 of-the oxidation productS'from.N—ecetylalan;ne reveals

rther study
' thaﬁ the prlncipal nitrogen-free erganic cempounds produced»in this-syspem are
acetic acid and carbon dioxide. Yield data are sumarized in Table V. To
.account for £hé proddction of these oxidation products in the observed yield

it has been proposed that the peptide peroxy radicals RCONHC(O )R are removed

not through. xeaction 38 but rather via

2 RCONHC (0, )R, —> 2 RCONHC{O)R,, + O, (hz)
In the case of N-acetylalanine reaction 42 is followed by

- 0 o
0, + RCONHC—C=0

2
R

> RCONHCOR + CO, + HO, T (k3)

to yield the diacetamide derivetive which is labile on mild hydrolysis

- _HéO + RCONHCOR > RCONH, + RCOOH -~ (bh) -

2

‘I‘he-HO2 radicals formed in reactions 35 and 43 ere removed via

2 HO, HO, + 0, o (45)
'The'sequence”offreactions'l 35-37 followed by reactions h2-L5 yield'an over-all
fstoichiometry in good agreement with the N-acetylalanine data of Table V

The similadity in the nature of the oxidation products derived from ‘

vN—acetylalanine and polyalanine as observed in Table-V 1ndicates that the
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scheme of rcactions'l,35—37 and 42-45 also applies to the ;adiolytic;ox;dcticn
of the polypeptlde mein-chain. With polyalaﬁine“(moleculcr wcight 2000) we'"'
must assume that OH removal through reaction 36 occurs at random along the chaln."
" The peroxy radicals RCONHC(OZ)R2 s0 formed are then removed‘as shownlln recctlon
42 to yield the alkoxy radical, RCONHC(b)Rz. We envisage the next step, i.e. the

analcgué.of reaction h3, as involving the enol form of the adjacent péptide

linkage
, ? OH . ‘ ,
RCONHC- c N-R + 0, — > RCONHCOR + 0=C=N-R + HO, . (46)
l ) i ‘ : L
R
where
0=C=N-R + H,0 CO, + RNH, | : (47)

fcllowc'essentialiy_instantaneoﬁsly.
| Additioncl support for.the argument that theVOH fadical‘aﬁtacks the
peptide main—chain at the a-carbon position as fcrﬁulated'in Eq. (36) is to.bc
found 1n studles in which FeIII 1is used 1n place of oxygen as the ox1d121ng
'solute.2 » Heavy metal ions such as FeIII and CuII ox1dlze organlc free radlcals
Vin aqueous solutlon by electron transfeg and by ligand transfer. Such rcgctions
in the case of the peptide fadical RCONHCR

o would correspond to.

FeIII + RCONHCR, ——> RCON=CR, + FeIT + H' =~ = - (L8)

H20-+'Fé111'+ RCONHCR

5 > RCONHC(OH)R,, + FeII + H' = (ip)
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The organic products of reactions 48 and L9 are dehydropeptide der1Vatives

which readily decompose on mild hydrolysis .

v2 B0 + RCON=CR2 > RCOOH + NH, + R,CO _‘(50)

H,0 + RCONHC(OH)R, > RCOOH + NHy + R,CO | (51)

The formation of ammonia and pyruvic acid in O. M N-acetylalanlne
solution containing FeIII is shown in Fig. 8. At the hlgher Felll concentrations'

.the reducing,speCies eaq and H are preferentially scavenged via

e + Felll > Fell A (52)
aq . _

H + FelIl —> Fell + H | (53)
Under these conditions the yield for peptide oxidation via reaction 36 followed

' by reactions h8 49 is in accord with

—G(peptide) = G(NH ) G(RCOCOOH) =3.2= GOH GH202' Hydrogen peroxide formed

in the radlation-lnduced step 1 reacts rapidly with Fell to give an addltlonal

yield of OH radicals

FeIl + H,0, > OH + OH + FeIII (54)

The maximum in thehyield eurve in Fig. 8 ig attributed to the onset of the

reaction

> RcoNHéR2 + He" | (55)

H + RcoNHCHR2
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in competition with reaction >3 at the lower FeIIl concentrations. We |
conclude'ﬁhen from these findings that both H and QH étizck fhe peptidé chain.
at the a position to yield the radicals RCONHéRz vhich are then quentitatively
oxidized by FeIII of shown in Egs. (48,L9).

Quite recenﬁly the pulse radiolysis technique has been-succegsfully'.
employed by’Héyoﬁ'aﬁd co-vquersgu‘in fecording the absorption spectra of a
number offpeptide;rédiééis”qf'thé typebRCONHéRg; | |

" Now, ih thé:absencé of'dxiéizing solutes such as Dz.and FeIII; the

‘electron produéed in reaction 1 adds to the peptide “bonétes’z6

—> RC(OH)NHCHR,, + OH S (56)

e~ '+ RCONHCHR, + H,0
Taq _ 2 - 2

.There is, howéver, relatively‘little net reduction of thé peptide linkage. The
major path for removal of the reduced radical Ré(OH)NHCHRz appears to be the

back reaction

(57) .

- RC(OH)NHCHR,, + RCONHCR > 2 RCONHCHR

2 2

2

where'RCONHCRz'fépresents the product of OH attack. It has been found25’26

' that-qertain”labilé organic compounds are effective at low concentrations in

blocking the baCkAreaction 57 by virtue of the H-atom transfer reactions

> RCH(OH)NHCHR,. + RS | (58)

_Ré(OH)NHCHR2 + RSH )

RCH(OH)NHCHRé o

> RCHO + R CHNH

As noted in Table VI, acetaldehyde appears.as a major product‘wifh G(CH3

CHO) = 2.5
in solutions of Néethylacetamide and acetamide containing the'thiolQ,cysteihe,
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It.is to bevnoted,that the thiols, because of their marked reactivity;
are ordinarily found to act as protective agents in the radiolysis of aqueous
'systems. Of interest from- ‘both the chemical and biologlcal standpoint, is the
finding that RSH at low concentrations induces a very striking enhancement in
| the radiolytic lability of the peptide and amide llnkages.-

| As outlined above, the back-reaction 57 represents the maJor path for
:radical removal in the radiolysis of simple.peptides in oxygen-free solution.
A small fraction of the RCONHéRé radicals undergo furthertoxidation of the

t}"pél6f'

|2 RCONHCR, ——> RCON=CER,, + RCONKCHR, (59

(H,0, + RCONHCR, > Rcoan(OH)R2 + OH : (60)

where the. H202 of reaction €0 is derived from the radiation—induced stepil.
The oxidized products of reactions 59, 60 are. labile and readlly decompose on. -
mildvhydrolysis,as 1nd1cated in Eqs. (50,51) to give G(NH ) = (R co) = o. h
vAlthough-the above:reactions provide an explanation of the radiation
chemistry of the simpler N—acetyl ‘amino’ acids in dilute solution, other processes

38,39 In the case of

become of maJor importance at;higher solute concentrations.
NéaCetylalanine.there isva very marked increase in the amide ammonia yield asl'
the solnte concentration.is increased’abOVe 0. lM as shown in Fig 9. We also
see that the carbonyl yield is essentially independent of solute concentration
over the range studied. Propionic acid is- the principle concomitant product

' associated with the enhancement in the amide yield from V-acetylalanine

Qhe production of amide and fatty acid at the higher solute concentra—'_

tions: does not appear to be related in any significant way to the reactions of
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OH, H.e-q. We have found38 that addition of eecondesoiutes at concentrations
sufflcient to quantltatlvely scavenge the products of water radiolysis has
relatively little effect on the amide yield in concentrated agueous solution.
The evidence ia.that a new reaction mode sets in at concentrations above 0.1M

and that such reaction is of the form

. * ' . .
e” + RCONHCHR, > RCONHCHR, + e (61)
. . * . . . ' :
;RCONHCHRZ + RCONHCH32 > RCONHCR2 + RCONH2 + CHR2_ (62)
Platzmen3S proposed some years ago that in the Y-radloly81s of concentrated

agqueous solutions the solute may undergo electronic excitation through inter-
action with low-energy electrons as formulated in Eq. (61).

| ;n‘Now, anomatic compounds are, of cOurse, known to be effective scavenéers
of eicited;etatee providiné the energy level of the aromatic compound is lower
than thet'of'thezexcited speciesfy9 We find experimentally38’39 that naphthalene
sulfonic acid benzoic acid and benzaldehyde are remarkably effectlve in
quenching the_formetion of amide ammonia in Zg_N—acetyalanlne. Phenol and
benzene.sﬁlfonic;ecid,'on'the-other hand, are'ﬁithout effect even at the higher
concentretionsé_;TypicalYdata'are summarized in Fig. 10.

'The reeson that_certain aromatic compounds are effectlve quenchers and
-others-ere‘not becomes evident on examinationvof the energy;level'diagfam.given
in Fig. 11. Data for the singlet and triplet levels of the aromatic compounds
are taken from Calvert and Pitts.8 The value of the singlet level of

: N—acetylalanine is from the work of Seidel.ho We observe first that although all

of the arcmatic solutes studied here have singlet levels below the peptide
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upper singiet,:not all are effectivé quénchers‘as~ﬁe have noted. Thé_cofreiation
" appears when thé triplét lévels'éré condidéred; Those écmpbunds that are -
effectivé queﬁéhers.vié., béhialdehydé,'naphthaiehe sulfonic acid, and benzoic -
acid haﬁe thé lowér triplét lévéls'as éomparéd to phénol éﬁd benzehe sﬁlfonic
acid. The;change from quenching‘to_ndnéuénching occurs Between benzoic acid
'.(27,200 cmfl3 and phenol'(28,500 cm"l).  In other words,‘the energy of the excited
sf&té,'RCQNHCﬁR;, innfhé casé'pf N-acetylalanine, would then be between these

two values at ~ 28,‘000'cm"'l =‘8Q keal = 3.5 eV. We envisage the chemistry of

the excited;State‘to be of the form

8 0
R-C-?fCHRQV .RéC-EfCHRQ
H
: | . , ,
o > 0. | (63)
i K T
R-C-N-CHR R-C=N + -CHR
| 2 | 2
H H

* where RCOﬁCHRQ rearranges essentially instantaneously to yiéld the long-lived
radicals, RCONHCR,.
Mein-chain degradation occurs also in the radiolysis of peptides in the

18,19 : .
2 9 _This is manifested in the formation of labile amide-like

“solid state.
vpréducts ﬁhich.ére readily;dégraded on hild hydrolysis to yield free ammonia.
The 100 eV yiéld'for rddiolytic_degradation of thé peptide bond as measured in
terms ?f G(NH3) after hydfolyais is given in Table VII for a variety of

giibhaﬁig,jqrqmatic, and sulfur containing d—amino'acids in the»N—acétyl form.

In the case of the aliphatié series we see that the length of the side chain

has rel@tively little effect on the yield for main-chain djegr&datioh° The effect
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of the aromatio grompe-of'acetylphehylelamine and acetylt&roeine is to quenoh
in part the yields of those reactions that lead to formation of amide ammonia.
Thevsulfmr moietyeof methionine, om.the other hand, appears to be felatively
" ineffective im5guenching such reactions.

In inquiring into the nature of the radiolytic processes that lead to
deéradation ofithe peptide chain, we have-oombleted a.detailed stuay of the
reection-produote.formed in the7Y—radiolysis of simple pepﬁide.defivafives ofA.
elamine, viz. N—aoetyl—DL-aleninevand poly—DLQalanine.. The data are summarized in
Table VIII. ”The,mejor organic products in the order of decreasing yield are
propionic acid, acetaldehyde, pyrmvic acid, and lactie acid.

The formatlon of propionlc acid a8 the principal organic product of
these peptide derivatives of alanine implies that main-chain cleavage is
1nvolved as the major decomposition mode We tentatively define the

st01chiometry of this cleavage in terms of

RCONHCHR,, ——> RCONH + CHR, (e
RCONH + RCONHCHR, ——> RCONH, + RCONHCR, - (65).
' ‘CHR,, + RCONHCHRE —> CH_R, + RCONHCR, (66)

where'the'radieals RCONHéRe.are long-lived and correspond to the radical species
observed>at-roomvtemperature by esr measurementsT and by the use of tritlated
radical scavengers;37'

The formulation of Egs. (64-66) is intended only to convey the.neture

of the over-all stoichiometry. Ionic and/or excited speeies are PresumablyV”



21— R  UCRL-20440

involved ap actual 1ntermediates, since caging effects in the 80lid phase would
lead to preferential recombination of the radical pair of Eq. (6h)

Ve huve tlready noted that excited-molecule intermediates appear to be
1nvolved in the production of amide and fatty acid in the radlolysis of peptides
in concentrated‘dqueous solution. Reaction similar to those given in Egs. (61-63)
ceuld.also oceur in the solid s%ate and VOuld satisfy the stqichiometric”
requiremenﬁs of Eqs. (64-66). Arguments supporting the role of excitation prdcesses
_1ﬂ'the radiolyeiS‘df eolid}peptides have_been glven.lse
':The productioniof,lactic ECid, pyruvic acid, and ecetaldehyde shown in :

Table VIII 1s formulated in terms of fhe stoichiometric relationshlpe'

- i o
- RCONHCHR, ——> RCOCHR,, (67)

T RCONHCHR,, > RCON=CR, + H,(2H) (68)
RCONHCHR,, ——> RCON=CHR + RH (69)

The radiation-induced N-0 shift represented by Eq. (67) leads to formation of
the labile imino ester, which Speciee'is'readily hydfolyzed tovyield ammonia
and the hydroxyacid, lactic ecid |

_g
VRCOCHRZ + H20

> RCOOH + NH, + RCHOHR ~ (70)"

The unsaturated products (dehydropeptides) of steps 68 ,69 are labile, as we have
noted in Eqs. 50 51, and yleld keto acid and aldehyde respectlvely on mild

ehydrolysis. o
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- The prodﬁctién:of amidg‘and fatty écids as major products in the
vradiolysié of_the above gystems ciearly implies that main-chain fragmentatidn
occurs cbncomitantly. Friedberg and co-workers21 report that polyamino acids.
such as polyglutamic acid and polylysine and also gelatin show lower intrimsic
viscosities and lower nﬁmber—average mﬁlecular weigﬁt aftér radiolysis_ih the‘
solid state; G values for main-chain dégradation of 1.8, 4.1, and 1.k,
respéCtively,;were calculated. leobular proteins, on thé other hand, do not
appeaf to degrade apﬁ?ecigbly on radiolysis as sblids.lh'bFriédberg and
conworkerszl hévé suggested that the sécondary and tertiary structurg of the

. globular proteins favor fragment recombination. .
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Table I. Yields of major products in the Yy-radiolysis of oxygen-free solutions
of glycine and alanine, 1M, pH6.4 (Refs. U43,46).

Product S | Yield, G

Glycine : ' ‘ Alanine_’ -
Ammonia _ 4.3 - ‘ 4.3
Keto acid o 2.1 : 1.6
Fatty acid B C ol | 1.0
Aldehyde | 0.5 , ' 0.5

Hydrogen . o 2.0 . ' ' 1,3




: VTaBle'II;“_Prbdﬁét}yields’in.thé Y;fadiqusié'of ;oiidvgljcihg,fevacuated (Ref. 3@)("'?

oeer-

| UCRL-20k0 -

» Productfpn

| tiela (6)

U Ammonis

"f'Acéﬁic acid

Glyoxylic acid

- Hydrogen -

" Methylemine - .

' Carbon dioxidefii‘

e
25
To2
oz

S0z




_28-

UCRL-20440

Table III. Product yields in the y-radiolysis of solid cysteine (Ref. 3b).

Product G
Hydrbgeﬁ- 3.1 £ 0.1
Hydrogén sulfide i.s_i 0.1
Ammonia. . | 1.8 ¢ Ol
éystine Sgo £ 0.5
"NHeefreeﬁ fraction 1.0 £ 0.1
Pyruvic acvid | < 0.1
Total carbonyl <._.0.l




Tuble IV. Compardtive pfdduct ylelds in the Y~-radiolysis of cysteiné and
- : ' related compounds in the solid state (Ref. 3k).

-29-
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~ G
> st NH3
Cysteine‘. - : '
NH,*CH(CH,SH)C00™. 3.1 1.5 1.8
‘Cystamine - .
(N ¥CHCH,SH)C1™ . 5.6 1.2 < 0.1
N--Acetylcysteine- . “ .
, CH3C0NHCH(CHQSH)COOH 0.5 0.9 < 0.1
vSeMetEylcysteine _ :
NH,*CH(CH,SCH,)C00 ~ 0.2 5.1
Glycine B .
NH3+CHQCQO ' ~ 0.2 5.2
Alanine I o
S~ 0-2 | 5»’4

+01 ) -
NH, CH(CH3)COO:

&)
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Table V. Product yields in the Yéradiolysisvof N-acetylal:nine and polyalanine
o ~ in oxygenated solutlon (Ref. 20). '

‘Yiela (¢)®

Product - ' ~ 0.05M N-acetylalanine : - 0.5% polyalanine

NE; — - 2.9 | 3.9
CH ,COOH 3.0 - - ~ 3.9

1002 _ . ‘ . 2.0 | | 2.h

H)0, o o 22 B 2.2

ROOE® 0.5 R
CH,COCOOH o , - ~ 0.2 12
CH,CHO U ~ 0.2 S . 0.k

9

%product yields are independent of dose up to ~ 2 x lO1 e’ /ml.

bUnspecified.
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Table VI.. Effect of cysteine (RSH) on the Y—ray induced reduction of acetamide
' and . N-ethylacetamide in oxygen-free solution (Ref 25,26). :

" Amide Solution (M pHT)® ' (RsH), M o G(CH3CH0)
acetamide B none S ~0.1°
acetamide = - : L x lO"h 2.LP
:N-ethylacetamide L » ~ none . < .05
N-ethylacetamide - . ux107t 3 2.8%

®Since the rate'oonstant for reactlon of cysteine with eaq corresponds to
k=2 X% 10 Mil‘se it was necessary in this series of experiments to

increase the amide concentration to 1 M to insure the preferential scavenging of
e;qvby RCONHCHR . Concentrations of-RSH»much below 4 x 10 -h M_are experimentally

-'imprecticable.beoause of excessive depletion of the mercaptan dUring radiolysis.

This yield is dose dependent and the value 2.4 represents the extrapolated
yield at zero dose. .

Cat dosages below 2.5 x 1018<eV/gm.




-32- S UCRL-20k4L0

Tablé,VII. Y-fay induced degradation of solid N-acetylamino acids,

CH3CONHCH(R)COOH (Ref. 18).
' ' ,.a ' ' S v b
N-acetyl Derivative _ - (R) ‘ G(NH3)
glycine j | B o ' ~H 2.68
“alanine s ' -CH3 3.4
o-aminobutyric acid ‘ . ~CH,CH 2.7
leucine ~ - - | ~CH,CH(CH,),, 3.2
glutamic acid , ~CH,CH,COOH. 2.3
 phenylalanine g —CH2(C6H5) ' 0.8
tyrosine . - "CHQ(QéHMOH)» 1.6
methionine o : ~CH_CH_SCH 2.3

27727773

aN—acetyl—DL4aﬁiﬁo acids were used with the exception of N-acetyl-L-glutamic

‘acid.

bAfter hydrolysis.,
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Table VIII, Product yields in the y-radiolysis of N-acetyl—DL-alanlne and
' : poly-DL-alsnine (Ref. 18). v

G
‘Pfoduct ':: _ - >:-'N~acetylalaniné '_-. ‘ : Polyalanine
ammonia (total) ;' - ' 3.k v R 3.6
Camide | . 2.8 : 31
free_ f .' - 0.6 1 , ./ O.S
propionic acld o - 1.k | 1.8
pyruvié acid . ' 0.k | | ~1
acefaldehyde _ ‘. ." ' 0.8 o : S “‘O.h
lactic acid - <o | : R
écrjlic acld : .' v' trace ' —

- .hydrogen L 0.40 e e 1
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FIGURE.CAPTIONS
Fig. 1. 'Aﬁmonia yieldé'from.l.o M_alaniﬁe (0) and 1.0 M glycine (0) as a
.function of sodiﬁm formafé concehtrafion-in oxygen—ffeé solution at pH 6.4
uﬁder Y~rgdiolysis (Ref,bh6).

Fig. 2.- Prodﬁct yilelds from 1.0 M alanine as a function‘of sodium formate
concentration in oxygen-free solution at pH 6.4 under Y-rediolysis (Réf. L6).

Fig. 3. Effect of glycylglycine aﬁd glyciﬁe c&ncentraﬁions on ammonia yields
inIOXYQen%free solution at pH 6.S.under Y—fadioiysis (Ref. 50).

Fig. h{':Effecf:df fofmaté.concentfatién on emmonia yields in theVYFrédiolySis
of 1.0 g'glycine‘(O) and O;EZM!gljcylglyciné (o) ih'oxygen—free solufion
st pH 6.5 (Ref. 50).

'Fig;_S. ﬁfféct‘of éhloracetate concentration on ammonia (®) and chloride ion
(A) yfélds in the y-radiolysis of 0.2 M glycylglycine, oxygen-free, pE 6.5
(Ref. 50). | |

Fig. 6. Aﬁmonia yields‘in the y-radliolysis. of aﬁ homélogous serieé of d-amino

: acidslin'o#ygenated solution, pH 6,(glycine (0), alanine (a), a-aminobutyric
acid (0) ﬁorvaiine_(e), norleucine (@) (Ref. 16);
Fig. 7.v'Effect;9f solute concentration in the Y—radiolysiéiof'NAacetylaianine
CHO),

in oxygenated solution: a(NE,), pH 7 (0); pE 3 (8); GlcH COCOOH + CH

3 3

pH 3 (A)- (Ref. EQ)w

Fig. 8; Effecﬁ bf-FeIII cbncentfation.on the yields of ammonia (®) and pyruvic
acid (A)Jffom‘O;l'M_écefylalanine and on amonia (0)-énd glyoxylic acid (4)
from 0.1 g.acetyiglyéine.(Réf..Q). | |

| Fig. 9. Ammonisa (0), propiohic acid (0) and cérbonyl (A) ylelds as a function

| of N—acetylaianihe concentration in oxygen~frée solution at pH T under Y-.

radiolysis (Ref. 39).
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Fig. 10. Effects of excitation scavengers on ammonia yields in oxygen-free
EM N-acetylalanine solutions under Y-radiolysis; benzene suifonic acid (0).
phenol (®) benzoic acid (0) naphthalene sulfonic acid ‘@) (Ref. 39).

Fig. 11. Singlet (-—) and triplet (---) energy levels of excitation scéveﬁgers
*

used in Ref. 39. The line (***) represents the energy level of RCONHCHR,,
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
respongsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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