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L. Introduction’

The radiation chemistry of the organic compounds of nitrogen in their

~various ionic forms is of considerable intrinsic interest from the strictly

physico-chemical standpoint, and also has important applications in numerous ..

other areas of radiatidn'research.v Among these, for example, are the radiation-

.

chemical synthesis and modification of nitrogenous chemicals and fibers, the

radiation vreservation and sterilization of foods and drugs, and, of course,

the elucidation of_théﬂbasic.and eiémeﬁtaiy prdceéses of r&diobiblogy.

| This paper ﬁﬁeats éome of the moré reéent,ihveétigations of reaction
mechanism in the radiolysié of certain bib-organic.derivatives of nitrogen.
Ihcludea are SuUdleS of amlno a01ds, amlnes, peptldes, Délybepuides, pyrimidines,
and ourlnes The emphasis here is Drlmarlly on reactlons 1n 1rrad1ated agueous

solution wnich are Lnltlated by tha radlatlon-wnduced sten

+

i O-—Awue>.M2 HQ{OH,H,éaq,H T I . ‘ (1)

aqg

_v
WAeYe

represents the hydrated electhnl,v In;the_bloéing section we also

4]

consider a few solid-state systems for which specific’andvdetailed reaction

mechanisms have been outlined.

* (BARR and ALLbN 1059, BAXENDALE and HUGHES, 1958: BOAG?and HART, 1963;
POAG, 196%; CZAPSKI and SCHWARZ, 1962; HAYON and WEISS, 1059, ﬂART and BOAG,

1962; KEENE, 196%; MAGEE, 1961; PLATZMAN, 1953;.STEIN,-1952;'WEISS, 1960).
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2. ‘Deamination

That the radiolyuwc deaminationsof the simpler O-amino acids in aqueous I

“of SHEARPLESS et al. [1955s, 1955h] provided the first identification o
ne major'r action stoichiometries involved in the radis ation-induced degradation
of glycine an d alanine in evacuated and in oxygenated solutions. ﬁuEKS and

CARRISON [19562,1956b, 1958) identified the higher molecular weight produc
» LY 4 eLE J4

\h

‘and cifered a detalled mechanism that accounted both qualitatively and cuanti-

tatively Tor the formation of major and minor .products. AL the time, 1t was
guite generally assumed that the initial reducing species formed
in water radiolysis wes the H atom. As we now know,this is not the case and

/

only recently has the role of e in the chemistry of these systems been

ified [GARRISON 196k4; WEEXS, COLE, and GARRISON 1965].

Y

The principal actions of ilonizing radiastion on the simpler O-amino
acids such as gljcfne and alanine in oyygen—_~eh aqueous solution leads to both

oxidetive and reductlve deamination with formation of the corresponding keto acid

né fatty acid as major dégradation products. Smaller amounts of acetaldehyde,

an
carbc;‘dioxide, hydrogén[énd higher molecular weight products are also observed
[SHARPLESS et al. 19G5a;1955b; WEEXS and GARRISON 1958]." The yvields of these
profucts are strongly dependent on the amino acid goncentration,which must be
in ©rne decimolar range to ensure the quantitative scavenging of the oxidizing
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S - : - . o 2
vields from 1 M glycine and 1 M alanine in oxygen-free solution under < rays™
are summarized in table 1.

The magnitude of the observed G(NHB) values and the fact that both
Xketo acid a@nd fatty acid are produced as major products indicate tlat deamina-
tion by both e_q' and - OE occurs. To separately evaluate these processes
chemically, 1t is convenient to add a scavenger which is preferentially reactive

to OH (and E) but relatively unreactive towards e;o. Formate is such a

scavenger in that the rate constants for the reactions

\
Py
n
~—

" OH + HCOO™ —m > 'Hgo + €00~

E + HCOO® ——> H, # C00" - (3)

- - ‘ 9 -1 =1 I 4 4- -
are ~3x10° M 7 sec 7 and ~1x10” M 7 sec T respectively whereas the rate of
- - -2 ' ' x
el + HCOOT —>  HCOO’ : . (4)

~is < 100 M~ sec ~ [HART, 1964]. The effect of added formate on G(NH,) fronm

1 oy ' 1 as C
= The relatively small but apparently very real discrepancies in the reported

100-eV  yields of the oxidizing and reducing species formed in the -~ radiolysis

A
(V351

ater have been discussed by ALLEN.[l96&]. More recent measuremen

£
I W

include those of HAYON [1965], MAHLMAN [1966), and HOCHANADEL and CASEY [1965].

Tre latter avthors give GO' = 2.59, Ge' = 2.58, GH = 0.55, G, = 0.45, an
g aq Y2
G = 0.72.
H '
"202
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oxygen-free.solutiOns'of'gi§cine.ahd;alaning;‘i;gk pH-7{fié shown in fig. 2.
It is seen that G(NHB)_'ih:both cases.drOpé raéidiy:with increasing formate
fa on and tnep levels off and becomes essenfLMlly 1nderenaenl of the
concentration of the radical:séavedéer. The fat cy a01d yﬂelds howé&ef, are

wnolly unaffected by'¢ormaté 1on even a+ the hwghest concentrat“ons, wnereau,'

the keto adid yields dvon essentwally to Zero wwth the drop wn -G(NH ). Typ *cal
deta for alaniﬁe are sbown in fig. 3. Tne conclu51on, then,_s that the hydfated
eilectron reacts witb.these,oLamino acids according to the stoichiométry

[GARRISON, 196L; WEEKS, COLE, and GARRISON, 1965]

\J
~—

e‘ + NhBCH( )coo'-es NH3 + CE(R)COO™ o o

—> NH, + CHy(R)COOT. (%)

<
Q
(o
.
e
}_J
l..J
3

1otice in taole 1 that G(H ) from - 1-M glyéine is appréciably

greater than it 1s*from 1-M a;anlne and we interpret this in terms of the

e~ o+ NH%CH(R)COO”-——%; H + NHQCH(R)COO-- . (50)

f N

That 1s,the glycine 7w1tterlon acts. 1n part 51mb7y as a proton donor, whe

-
b3

alanine scavenges e;o quantltatlvely via reaction (/,,a) Reaction (3b) is

4

aralogous to.the conversion of e;q to H by NHh as_obsgrved by JORTNER

et al. {1962]. The fact that the keto acid products from_these'amino acids

4

Q

are wholly queriched by the added formate is consistent with the view that

=

attacks these simpler amino acids preferentially at the O-~carbon position

OH =+ NH;CH(R)COO- —> H0 +’NH;é(R)COO—. o (6)

z

o
’

a
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Reactions (5) and (6) are then followed by E

NESCE 5(R)COO™ + CE(R)CO0” —> I\YH;('J_(R)CQO? cry(R)cOO™ (7)
1 _f( R)C00™ + CH(R)COO™ —> 1\'1{;=0(R)coo'+ CHE(R)COO— (7a)
—> dimer o . (7o)

oNHIG(R)C00T —> NEI=C(R)COO™ + NECH(R)COOT  (8)

50 2
—> dimer o ‘ . (8a)
H —Ch(R)COO - :I 0 —> M +RCOCOOT - (9)

where reactions (7b) and (8a) occur in relatively low yileld and account for

the higher molecular weight products. The predominant path- fo“ remova 6f the

¢-carbon radical NH;CKR)COO_ 1s thrgugh the disproportionation reactions
(7a,8). The reaction sequence (1,5 to 9) accounts botthualitatively and cuan-
tatively for the radiation chemistry of the glycine and alanine zwitterions
at pH 7 [WEEKS and GARR*SOI\ 1958; WEEKS, COLE, and GARRISON, 196_5].

Aithough the zwitterions of glycine and alanine undergo reductive:de-

amination on reaction with e;o, this does not necessarily mean that the cation

e

(protonated) forms also undergo reductive cleavage of the N-C bond. It is

' -+ R R
conceivable that the cation form, NHBCH(R)COOH, reacts simply as an organic

2cid in which case the chemlstry would be confined to the carboxyl group
. > NH;CH(R)COO" + H ' : (10)

NH/CH(R)COOH + e 2 ) | | |
7 %% T mCE(R)CO + OF ' C (10a)

as'observéd by THCMAS [1964] with acetic acid. We find experimentally,



-6- R UCRD-17340
new e&er, thaf *echlons (lO lOa) do not- oceur to any acprec1cble extenu,at
leasc ‘luh g;yccne and ul n*ne The oncy effect of pr0uonatwoﬁ is to increase
uhe.ve*ocwty conSuant of the reductlve qeamlnatLon reactlon rWILTTX and GARR;SON. I
| '1965a,*967j{v T“ese‘e++ects.cf ion1c~fcrm cn reaction rates‘are descrived ﬁore -
full&‘in a folloﬁihgvsecticn. of courSe,cas the ?H iis'decreased, the conver- )
~sion reaction . | |
- + v .v, oo ca S L : N
Cgq FHO > EHAHO e (11)

t

becomes. of increasing importance, and, with.these simplest amino acids, both

X and OH are removed at the O-carbon position -

H o+ NHBCH.(R)COOI-L-—B- '\Th5C( )coov + H2 oo e
Hence in strongly acidic~eolutions the fatty acidvyieldfabbroaches zero:and

- ammonia and’ keto acid appear as the only major products in accord with’ tne

"reaction scheme given by;equatlons (6,12 8) [WEEKS, COLE, and GARRISON .1/05].

2-.2; EFFECTS OF HKEAVY METAL IONS

42 +3 s
The effect° of heavy metQT ions such as: Cu .~ and Fe'” on the radia-

]
O]
i3
joh)

 tion chemistry of the a-amlno-a01ds is of 1nterest’from bdth.the chemica
‘biochemical standpoint. Such_iOns are effecpive Y nheWaued b the amino acids
‘according to the pH dependent equilibria
{Cu(mEC 2002 )] Nh o 002"—><___ Cu(NH H,CO, )]A 7 (13)

+2

: S SR - e fh
Cu ™ + NH5CH2002<.__. [Cu(l\ 201{2002 7)) + H ._(_:)



where the equilibrium constants are L =vlo‘;'u,.K15 - 10729 at 20°C
. +2 : o -
Since the free Cu iqn has been.shown to reactrapidly. with ead
e;q + Cu+2-—%> Cu+l S _ o ) S o " (15)
e U 1< T R E, N | L
with k15 5 X 1077 M T sec [BAXENDALE,.FIELDLNZ end XEENE, 1963], there

arises the guestion of whether the glycine-Cu(II) chelates react with e;q‘through

gimple capture analogous to reaction (15) or by a path that leads to chemical

degradation of the ligand through reaction akin to that given in equation (5), i.
e} ‘ : VT S » (- 7'- 1A
S * [Cg(hn CE 002)2 + Hy0 fa[Cu(NHB)(NH CH 002)] + CH cog_+ 5. (16)

' The effects of 'Cu+2 on the raalatwon'chemwstry of” glycvde in oxygen-
free.;olutibn over the bH vrange ~2. 5 to 'év have recently been studied
[WILLIXvand GARRISON,l965aJ., The presence of' Cu+2 leads to a COnolde ble
mplification in the rédiatioﬁvchemistry at pH' values bélow 6 as shown in
fig. 4 and table 2. Under these conditibns the bulk of the cupric ion is.,

. s | o
present as Cu+ or [Cu(N“QCHQCOQ)] with the appropriate number of water

molecules of hydration. The stoichiometry of the over-all radistion-induced

reaction is given by

2cu(II) + NH

o _
, , C 1 H
SCHCOLH -+ H20_—§20u(I) + 2H + CHO“OQH(CHzo + cog) + 1 5

(17)

with G(NH5) ~ G(RCHO) = 2.2. A consistent explanation is that the reducing
, - S , | o
_ species in the form of edc or H 1s preferentially scavenged by CuF or

[Cu(NHQCHQCOO—)]+- at pH  values below 6 to give cuprous ion without net

chemical effect in glycine. Glycine degradation is ascribed to OH attack via

e.

2
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reaction’(G)’followedvby thélétdiéhioméﬁry
Cu(II)'+;NH;éHcoo + B, o —=Cu(I) + NHL'* CHOCOO + '

. . ’ S .l
with some contribution from™

0, -Cu(II) + OH'+ OH .

cu(I) + K0,

N
]
\O ..
~—

v S . . L
As the ©pH  of tne g;yc1ne CU(II) system 1s wncreased aoove &DH'6, the con-

" centration of *he nls(glyc1nato)Cu(IT) chelaue 1ncreasessnavbly and at DT’8.5 

essentially all ofutne Cu _L.ls.so,bound The carbonyl yle;d

G{CEOCOOH) +‘G(Ch20) vemalns essentwalTy constant with increasing alkalinity,

‘indicating that oxlaatlon by OH via'stepSg(6) and (lB)_fétains the

stoichiometry

of eguation (IT).' The abrupt increase:in' G(NHé)._and G(COp) over the range

PpE 6 to 9 is associated with,the onset of'avcompeting reaction of 0
that leads to glyc;ne ﬁeamlﬁaulon Solutlons of preforxea b1°( yeinato)Cu{II

at H 8 also glve G(NH ) ~ 5.0 (apd maximal ylelds of the other Droducts).

1de ‘therefore that bgs(o;yCLnato)Cu(TI) scavenges e _-as

-
ck
-
0
O
@]
jn
-0
s
-
fol)
£
o)
Q

by reaction (16).  The addition of-formate 2s a competing scavenger of CH

radicals reduces"G(NHB),from ~5.0 to a limiting value of ~3.3 (fig.

[

This valus 1s somewhat greater than would -be expected on the basis of

t
<
l»..‘o
o)
[¢)]
3
(9}
D
C 1)

LOETFLER [196&] and by SHICA [1965].

that the "free" OH may not be produced in the Fenton-tyre

reaction

M s 10, »M™P™ 4 07 + OB has been reported by PIETTE, BULOW, and

<



~9- . UCRu—l7 L0

i anod el ‘ ety et ; .
vublished values of Gé_ . Apparently, the Cu.~ -in reaction (19) is

. i . _ S o ‘
vresent in the chelate form LCu(NHQCHpCOO )). and as a result the OH radical

moloc"lc and 1s not then available

[
w
}_.J
I
o
(D
L]
o
s
0]
o
e
¥
(e}
2
O
[6>]
D
o]
H
(@]
~
=
8
<
t
(0]
jo)
(6]
l,_.
<
Q
e
3
()

for sca venglng by moderate concentrations of ‘formate in the bulk. The product

3

; . . B . y . b T .
stolchiometries require that the carboxymethylene radical, CHQCOOh, formed in

ct
=

reaction (18) in the presence of Cu(Il) be removed by the eguivalent o

CH,CO, + Cu(II) =+ 1,0 - cu(I) + CH5QH +‘cog.. - (20)

ANBAR, MUNOZARD, and RONA [1963) have studied the effect of cupr ic ion

[©]

on the radiolysis of a number of amino compounds that form stable complexe
with heavy metal ions and find no evidence for reductive deamination in dilute

oxygen-free solution. For example the Cu(II) complex of ethylene diamine

(Cu(NH (C“ ) SNH, }+2 reacts with eéq through simple capture to yield Cu(I)
C i . )
- o \i \ ) T H N +1
o (hd ug)thg)j >[Cu(Nd2(C“2)hH2)] (21)
as does the glycine complex [Cu(NH CO ) ~,as we have noted avove. Ap-

parently the difference between those complex ions and the neutral vis(glyeci-

nato)Cu(II) chelate,[Cu(hH CH COE>2 is that, in the chelates, the reactive

orbitals of tqn meval molety are aaeouately shlelded and deamination occurs

referentially as shown in equation (16).

‘d
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"EFFECTS. OF OXYGEN - -
The introduction of molecular oxygen’at.a‘sufficiently‘high relative
eoncentration resulss in'a[Quenchihgvof.the_reauctive”deéminatibn reaction

since the.re‘ucing-speciééi;eéq and  E are preferentially scavenged

* where o;.,andl HOé' are related by the;équilibriﬁmn-

rd

Reactions of .OH -are not inhibited by molecular oxygen and.in the case of

glycine and alanine the O-carbon radicals so .formed are removed by C, to form

- ‘the peroxy radical

.’1’+. AI., _ -L Y+ »‘ ' - ‘—.‘ B o - .
N 5c(R)coq 4 oe_ffyﬂ5q(02)(R)coo o - B (ak)

A

- waich either dissociates to form the labile imino acid -

C(ég)(R)COQFU;)NHZ¥C(B)COQ- +HO, N ¢-5)
0 + NHgic(R)COO— - N, + (R)COCcOOH . o (26)
;?NHB'+ (R)CHO + CO, - N  (26a)

or reacts to form the unstable hydroperoxide

. vt '. ~" +" ™ = A . = .
HO, + NdBC(OQ)(R)COO , —fNHBC(OOH)(n)COO ‘+ o, | (27) .
HO + Nﬁjcgoon)(g)coo' —aNH5 + (R)COCOQH_+ 2,0, (28)

- N b 1 +- . . 7 W ) .
o NE; (R)CHO + CO, + H,0, I (28a)



In any case, the major product stoichiometry in dilute xyg@nated sol ions of
glycine and alanine is given by

c(v;7) ~ G(RéCO) ~ Gou

[ BARRON, AMBROSE, ‘and JOHNSON, 1955; MAXWELL, PETERSON, and WHITE, 1955;

WEBEKS and uARRISOW 1956, 1958 7.

2.k, EFFECTS OF SSBSTITUTION

Althovgh the reactions of e , H, énd_ OH‘_afe localized-at the O-
carbon position of glycine, 1t is clear Vnat,w1ub the more. comb“cx O-aming
acidé, other competing loci become avallable for reactién.

For example, increasing the length of the aliphatic side chain increase

chk
o)
4]
:
o'
[0
s
o]

f C-H bonds susceptible to OH, attack. Hence the relative

.

£ oxidative deamination at the . O-carbon position would ve expocted

,J
2

3
O
L
o
0
[
o)
I
O

to decrease. This effect is shown in fig. 6 where G(NHﬁ) for a number of

c amino aclds is plotted as a function of the total number of C-H
[HOLIAN gnd GARRISON, 1967a]
bonds in the amino acid residuef The solutions at pH 5 to 6 were oxygen-

fiushed and the amino acid concentrations are such that it may be assumed on
} i £ .‘- 1 + - s .z.'. s b e
‘the basis of known rate constants that eaq is quantitatively removed o;
and that OH 1is quantitatively scavenged by the amino acid. . Since in oxygenated
solution one molecule of ammonia is liberated per OH radical removed at the

O-carbon position as formulated in reactions (6,22 to 28), it would appear that

there is an approximate linear relationship between G<NH5) and the number o

1 (apams et al., 1965; BAXENDALE et 21., 196L; BRAAMS, 1965, 1965: DAVIES,

&
0 -
o]
L]
&)

nd SWALLOW 1965; HART, 1964; SCHOTES et 2l 1965).

.
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C-H onds of a particular residue: AThisyreSﬁLt'isjsomeﬁhat'uhexpected and

indeed ma rnvorve cexza"n fortuitous factorsﬂto bc a 1scussed in sections

L)

3.2 and 5.3. KOPOLDOVA LIEBSTER and BABTCKY[1061 1962,_,65a,106 b] ‘a e'ﬁade detaileds

B ~
cd-y1nd
S ouaL i¢

es of the oroducts formed_in the‘ v raaiolysis-of a number.of'aliphatic

amino ac1ds ranging -in molecular welght rrom a-aml 10 butyrﬁc acid to leucine,

ci-

in both evacuased'ahdvoxyéenated solution.. They fi-d hrgher.moTeCUTa weigh
rroducts resuiting from the alrerrzauloﬁ or radﬂcals formed t ougn hydrogee
abstractior atu‘ﬁ, y ',:etc; positions. of the aliphaticvside; For‘example;
:with oxygen-free"b.of M;solusiohs}of,‘a-amioo.bﬁtyricescid;ﬁﬁey«fin&vdiaﬁinoi

suberic'acid.
COOH -jCH(NHé); (CH )u CF(N -)';'poQH L

as the principal dimer roduct to euher wwtn lesser amounus of dvanlnomo hyl
I P2 ’ Ly

COOH - CH(NH ) ( 8 ). - CH(CH,) - CH(NH.)COOH.
' 23' 3 2%

It is somewhat surprlslng t0 see tha the'yield of the former is almost 10 times

‘that of the lat er whlch would suggest +hat raalcaW autack occurs "“mo, ex-

|

clusively at the Lermwnal meuhyl grouo. It isoeven more‘surpris ng to find

that the initial proauct yields correspond to -G{aminobutyric acid) ~ 8,

G(giaminosuberic acid) ~ 5.0, G(NH5) ~ l, together with G ~ 3 for the combined

~n

1eld of lesser products. It is very difficult to explain the magni tude of

<

hese product yields in terms of accepted G values for formation of .0’

.. . | R [E R0
4, and OH in the radiation decomposi lon of water. The fact that high
dimer yields are also observed in the oxygenated system must be attri

an early depletion of dissolved oxygen during'the irradiation périod.
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Deamination at the O-carbon position is a relatively minor process in.

the radiolysis of the aromatic amino acids. Phenylalanine, tyrosine, and

ch

ryptorhane give'~G(NH5)<O.5 in both evacuated and oxygernated solutions; the

carbon-carbor double bond esppears 4o represent the major locus of readtion in

: 1 . ' i ' ‘ ~
these systems™ . However, the possibility of parallel OH attack at the B

carbon position.does not seem to be completely excluded.

The recent work of EL SAMAHY, WHITE, and TRUMBORE [1964] and of ARMSTRONG

reacts directly with the SH
group of cysteine and other simple thiols

" RSH + e;q -R + HS™ o v _ _y> L | (29)

10 -1

S

. -1 e ' .2
where kgo ~ 107" M 7 sec' . The radiation chemistry of cysteine  in-dilute
> . . . .

oxygen-free solution may be interpreted in terms of reaction (29) and the

+ (ALEXANDER and ROSEN, 1961; FLETCHER and OKADA, 1961; JAYSON, SCHOLES, and
IS, 1954; KORGAONKAR and DONDE,_lgéé; NOSWORTHY and ALLSOPP% 1956; PETER and
RAJEWSKY, 1963: ROWBOTTOM, 195‘).

2 (ARMSTRONG and WILKENING, l96h;‘bAiE'aﬁd DAVIES, 1951; IBRAGIMOV, 5ULYAGANOV;
and. TUICHTEV, 1962; KOCH and FRANZ, 1960; LITTMAN, >CARR; and BRADY, 1957;

' TE,

MARKAKIS 2nd TAPPEL, 1960; PACKER, 196%; RIESZ and BURR, 1962; EL SAMAHY, WHI

and TRUMBORE, 1964; SHAPIRO and ELDJARN, 1955; SWALLOW, 1952; WHITCHER,

, ROTHERHAM and TODD, 1953).
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radical-removal steps
5 C o (30)

RSH + H - RS + H
SR +THS -:,»' T ' . w..'H7_ i, ﬂ:7b_; :'(3Oa)_’

[RIZSZ and BURR 1962), and”

RSH ¢ OH SRS + H,0. 0 sy
where reaction (29) occurs in competition with the conversion readtion (11)
in acid solution. - Deamination is not observed as an initial reaction in
either eVacuated or'Oxygenated solution.

The radiation chemistry of cystine in aqueous solution is also largely

<

dominated by the sulfur moieﬁy;, PURDIE;L1967J'hasvrebehtly examined this

system in detail and suggests that both e;q and OH  'react with cleavage of =

the disulfide linkage
RSSR + e, —RST + RS - e (32)

RSSR + OH - RSOH + RS. - (33)

P i i . . 4 R . .
However, some competition involving the CQ-carbon position appears to be involved,

1 (ARMSTRONG and GRANT, 1963; BRDICKA, SPURNY, and FOJTIK, 1963; FORBES and

SAVICE, 1962; GRANT, MASON, and LINK, 1061; MARKAKIS and TAPPEL, 1950;

PURDIE, 1967).
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since G(NH,) ~ 0.5 for both evacuated and oxygenated solutions.

37

ARMSTRONG and GRANT [1963] find .that deamination is‘the majof chemical

consequence of the radiolysis of cystine in dilute hydrochleoric acid solution
. ) \ .

\ ‘

under which condition OH is converted to Cl via

o+ H 01T S H0 + C1 e (3k)

. D
N -~

_' . . . ’ . o —7
and of course eac is‘converted to H via reaction;(ll).. With L % 10 2 M

cystine in 0.02 M hydrochloric acid, the initial ammonia yield corresponds to
G(NH,) ~ 2.5 for both evacuated and aerated solutions.” We would suggest thab

n the evacuvated case, both H and . Cl attack preferentially through H

<

abstraction at the O-carbon position and that'thsse O~carbon radicaels’ then
. - : . .. I3 v ’ .
roportionate as described in eq. (8). In oxygenated solution, %
e

reaction is quenched whereas the O-carbon radicals formed by Cl.attack are

v

quantitatively removed via reaction (25) or (27).

Although methionine is a sulfur-containing amino acid, it does nevertheles:

. yield ammonia _ (and a carbonyl) as major products on radlolysis in evacuated,
C-(NH5 = 2.0, and in oxygenated solution, G(NHB) = 2.5 [HOLIAN and GARRISON,
a

967a]. Certainly, the reductive and oxidative reactions of ®aq and OH at

j=

ct

. .- - -
the sulfur moiety are not negligible™ but, the observed . G<NH5) values sugges

1 (XOPOLDOVA et al., 1958; OHARA, 1966; SHIMAZU, KUMTA, and TAPPEL, 196k).



that the O-carbon-position is competing effectively as a locus of chemical

" change.  ‘Further work.on. the radiation chemistry of methionine appears varranted.

. v - : . / . . - . s
. al

o ;

.
H
' »
1
.
k) y N
+ '
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3. Chemical Criteria for Reductive Deamination

Although, as discussed in section 2.1, both the zwitterion and cation

cr

Lon

s undergo reductive deamination via reac

e
o)
]
=]
n
O
h
ct
i
[¢]
w0
5.
3
)_.J
o]
54
2
j6]
3
12
s
O
o
[¢]
o
jol)

question as to &hether or not a simple dipeptide
such as glycylglycine undergoes an analﬁgbus:réductive cleavage of the
N-C bond. in evaluating the experimental evidence it is conveniént Here firs
to compare the émménia yield§ from glycine and/from glycylglycine at pH 7 in
oxygen-free solution under y'rays. We f£ind [WILLIX and GARRISON, 1967] inv

fig. T that G(NH7) from both compounds increases abruptly with solute concentra-
2 : ; .

. .
I3

fion and approaches limiting yilelds,under which conditions. we may assume that
a2ll of the OH, H, n;q formed in the radiation-induced reaction are quanti-

)

tatively scavenged by the solute. The effects of added formate ion on these

v}

maximal ammonia yields from glycine and glycylglycine are shown in fig. 8. In

voth cases G(NH,) Gecreases with increasing formate concentrations and then

W

levels off to a limiting value which remains essentially constant at the high
formate concentrations. With glycine, the ammonia yleld levels off with in-

4

reasing formate concentrations to give G(NH5) = 1.8 -as a measure of the

e

tive deamination reaction (5) in this system; the yield for conversion of .

aq

to H <through reaction (5b) corresponds to G - 1.8 = 0.7, where G,. = 2.5
; aa a4
renresents the yield for production of e =~ by -y rays in the radiation-induced

step 1. As noted in section 2.1, this production of H atoms with G = 0.7
contributes to the relatively high hydrogen yields observed in the -y
of neutral glycine. The limiting ammonia yleld from glyecylglycine in the

presence of excess formate ion corresponds to G(NH5) = 2.5 and we conclude

in this case that the reaction of e with the glycylglycine zwitterion via

ag
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reactionf(5) ~is essenblally quant;taulv vConformaﬁionﬁof-thé ébove‘formula;

ti ion is found 1n +qe data of fig. 2, whlch smows tne effect of a combetlng

'electron,scavenger, anOraceuate 1on,ou ammomg~ ylelds from oxygen—;roe O 25 M -

o \ . . A : 5 _
glycy lglycine{._Cnloracetate reacts ranidWy ( s = ly2'x lO vM'f se .”) with.
the hydrated eloctron [ANBAR and HART 196 ] v1a‘”f

.e; $#ROL SR +CL.. - - Sl (35)

Tn° ammoqva yLe d drops rabldly w1th 1ncrvu31ng chloraceuqte concent ation and

this decreas in G(NF ) is accorpanled oy a corr sponding-and,stoichiometric»

1dcveaseﬂn G(Cl )
The ;ormate tecnnlque has be°n used to mcasure t yler of reductlve

» )

deamination in the Y radloly51s of 'a number of anino aC‘dS and amino 'cid_

o

derivatives in veutral oxygen free oolu 1on. The -results are uUﬂmarlzﬁd 1n

‘table- 3. We‘note first hat of the compounds studled only bhosewwith an .

- amino group at the carbon position o to a carboxyl,‘e ter, or peptide linkage

udergo rnduCulve deamination as a. maJor reactlon. Certainly the implication

ria

here is that the F rated C=0 group which 1 common te all of the .above
(. : ' _
tnree type° of llnkage is somehow: 1nvolvcd in. une deea mination reaction. This

aspect. of the Subject is treated in a later séctioh.

We note also. from table 3 that it is with glycine and alanine that

3

we observe the, most pronounced decrease in G(NH5> on addition of the radical

e

i

scavenger. As we have noted, the reactions of OH radicals with these

- '

simplest amino acids occurs almost exclusively at the Q-carbon position. to

yield radicals.of the type NH;CRQ., These O-carbon radicals have the property

s

- of disproportionating via reactions (Ta, . 8) to yield am;o-La and carvonyl.

j
H
)
3




-19- B . UCRL-17450
However, the more complex amino acids,valine for example, in table 3 of

competing loci for- OH- and H. attack at the B, ete. positions of the
I S - . ) b4 i - :

ordinary~alifhatic radicalé_and undergo s%m;le dimerization without the involve-
ment of nitrogen chemistry.' Hence, thé quenching of these latter reactions hy
formate ion does not influence G(NHB),

Slﬁilarly, the présenée’of high conéeﬁtrétioné of formate ion has had

relatively small effect on G(NHz) from glycylglycine and glycine ethyl.ester.
, 3 : s

In these cases, also, additional loci are availlable for OH attack and the
+e

evidence is that attack at the terminal carbon position to glve the 'JHiCRn-
. : ) : =

type radical is relatively unimportant. We have shown elsewhere (section %)

hat peptides are susceptible to OH attack along the main chain to give radicals

s

s . . o . Com A e
of the type RCONHCRE,whlch species undergo simple dimerization to yield the
o-0'diamino acid derivatives. The present evidence is that reaction of OH
with the simple peptide derivatives 'of glycine occurs preferentially at the

C-HE oond O +to the peptide nitrogen.

We conclude that reductive deamination via reaction (%) is a general

N

. and characteristic reaction of compounds containing the grouping

when X represents 0, OH, NHR, etc. If there is more than one carbon unit
between the amino .and carbonyl groups reductive deamination does not occur.
that do not

B-zlanine and c-amincaproic acid are examples of amino compounds

‘
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underge reductive deamination. Now, RIESZ andfMORRIS-{l 6/] find +that the

simple aliphatic amine cations, methyl ammonium ion; for exa Dle, react with

—

e_ exclusively via the conversion reaction (5b) to yield H. Such réaction is
| , o R _ - |
anzlogous to the conversion of eac to H Dby NH)+ as observed by JORINER

et al. [1062], who'also-showed-that the rates of convérsion of e;o ‘to H by

=

proton aoqo*s correlate to a first aon oximation withTthe pK - values of
donor acids as implied by the Bron tc:fq geneval acid catelysv law

sthe pK  +the faster the reaction with e;c),' And; PRAANS [196

ied, by the method of pulse radiolysis, the rate of d_uarpearance Oi e

o

3

PpY
5

ct

in oxygen-free.neutral solutions_of a variety&of simplé amines,.ﬁ-amino acids,
C-2mino acids, and eptlues. ‘He finds ' in all cases a reasonably good correla-

)

tion bet

<

rate constants for reaction wi n g BRAAMS [1965] concludes without speci-

Tying the nature of the chemistry involved that the protonated amino group of
2ll of these various classes of amino compounds represents the locus of the
regction with e; . It is Wikely that such is the case for those-compounds

that react with e;d via the conversion reectLon (50) in accora with the

.G

[©]

carlier work of “JOR! m'\IER Cu al [1962]. It is not clear that the same correla-

.tion belween oK and reaculon rate in the *educ Lve aeamlnatlon *eactLons of

1)

the O-amino acilds, and the ester and peptide.derivatives,necessarily implies

£y

that 2 is reacting at the locus of the amino group. In fact, the i

3 B y

2ding

'3
)

~that an unzatur

“deamination to occur, suggests the possivility that e 4 -adds to the double
, ag : ,

bond [WEEKS, COLE, and GARRISON, 1965]

LS
LH: -C - C// el » NE, -C -Clo (36)
) l \ aq 3 \
R R

;een the dissociation constants of the protonated amino groups and their .

ated double bond. must be presént & to the amino group for reductive
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which is then followed by the dissociation -
H 0" H 0
NH, - C -Ce - NH, + ¢C - C . _; (37)
3007\ 3T TN . -
R X R X
or the nydrolysis
.. H el H 0
B ! / : s - 47
HpO # M - C - Cl N+ OH + oCo- c\ (37a)
k X ‘ R X

The recent fi.ﬁdiﬁg [WILLIX and GARRISQN, 1965b] that the glycine-Cu e chelate
uncdergoes recuctive cleavage of the N-C bond on reaction with e’ as giveﬁ
oy the over-all stoichiometry of eg. (16) is also consistent with the inter-
ation that e reacts at the C=0 bond 5f the.ligand. The ;ormu*ation
(35,37) is in accord with the finding tﬁat the rate of reaction of e _ with
the zwitterion forms of the O-amino acids is quite low as compared to 1ts rates
okil re%ction.with the cation, éster, and pep tide forms (table 4) ince the

double bond character of the C=0 grbup of thé carboxylate ion is considerably

less than that of the C=0 group of the acid, ester, and peptide derivatives.

Wnile 1t is true that the rate of reaction of eéq‘ with isolated peptide

. , : o v _ ‘ x
linkage, N-ethylacetamide for example, 1s low, the presence of the Nh§ group
ich would

in the ¢ wposition induces a Surong polarization in the C=0 bond whi

account for the enhanced rea iVLty of the Q-amino acids towards e__. And,

nce this polerization is manifested in turn as an increase in the acld

o]
-

_strength of the NH; group [GREENSTEIN and WINITZ, 1961], a COrrelation betveen

the pK of the amine group and the rate of reaction of 'e; via reaction (5) would

=

e expected.



with benzyldimet ‘y

”“Lthoy;amlne and trimet

e2e

UCRL-1T74L0
The .recent results‘of CLAY aﬁd KABI [l965}.indicate’that e;o reacts

mine catlon anq ‘with benzyltrwmethyl'ammbnium ion to yield

hylaminé respectively; This uggesus thp reactive

S o :
he general case corresponds to RgNi C(Rﬁ) ﬂ‘

&
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L. Rates of Reductive Deamination

Rates of reaction of ;C with the cation and zwitterion forms of the
aminovacids_and derivatiVe;vthat have been shown to undergo redﬁctive leamlna-
tion have been measured by the method of competition kinetics [WILLIX and
GARRISON, 1967]. The data of table L. are derived'from an analysis of competi-
\ﬁlve xinetics 1nyolvihg the‘organo—nitrogen compound at a fixed concentration,
0.02 M,

e;q + R5N - product (38)
and 2 second solute; chloracetic acid, in 1ncfeasing concentration over the

-k -2 R -

range 2 X 10 M to 5 x1C " M. The latter_reacﬁs Vith eaq according ©o
the stolichiometry -[HAYON énd ALLEN, 1961; HAXON_and WEISS, 19381, -

ag

-

+ RCL =R + C1”

to give chloride ion which

A1l the compounds studied have pK values such that at pH 7 each

<
o

clute exists almost exclusively as

form of the C-amino acids, B-amino acids

.

oD

mple

ct

ne s

e

cetic ac

j)
s

d. TFor simplicity,we dis

RN

terms of o
: J

(Y /(R
% (BN /( 5 )

= KR5N

I{RCl'

i

(FCT)(x™) /(re1)

e

is followed analytically.

.
a i.e.,

Ly

single

and

.
7

b

tinguish ¢

and RCL as defined by the equilibria

N

O

amines, and the anion forms of the acetylamino acids and the c

the gzwitterion

hl

LiL

dipeptides, the cation form of

hese proton-deficient species in

Ooro=-
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The reacticns in neuvtral solution are written
DN = - S L -7-’—0‘.
h5J + e , = Producgs, \ (38)
RCI +e - R+l (%9)

to distinguish them from the corresponding regctions of.the acid forms given by

“
&
)

eqs. (38 and 39). For simple competition in these tiwo oOWute systems at pH 7, .

11 1Ry /37_7
= -+ . )
6c1”) 6. &._ \E. \ T '

" l

vhere G(C1™) répresents the experi menuany obsarvad cnlorlde yleld (R.N).
. . : ) “ ’. .

<

and (RC1) the Cbncentration of‘the,two solutés species inﬂﬁéutral solution, '

and 'A58 and k5° the respectwve veLoc1ty consuants for. veactﬁon with e .
P .

A plot of %he reciproqal'of'the Chloride yield 2s.a fuhctidn.of‘ (RLE)/(RCL)
gives a straight line with slope l/G (k58/k59),‘~s sbown»oy the typical data

of fig. 10 [WILLIX and. GARRISON, 1067]

The intercept Value l/G(Cl—)'= 0.36 gives G- = 2.8, in reasonable
y - a1 1
agreement with publLohed vaWU s.  Taking h59 l 2 x 107 W sec as

determined by ANBAR and HART'{1965] in pulse radiolysis studies, we obtain
the values of Xk, glven in ta
A perallel series of experiments was run at pH 3 to OOualn rase

for resctions of, e;q with these organo-nitrogen compounds in the

Results are obtained in terms of the rate constant for reac-

e with the undissociated chloroacetic acid molecule Corrections

aq by the proton reaction of eq. (11),

must be includeld for removal of e

&




-25-
N;l -1

r
3

to
[ 3

UCRL-1744L0

, and for the com pe ition by
deter

'RN and RC1 -at the
-3

ed by the eguilibrium constants ' and

y guilibri j tant KR N KRCl

iprocal yield veWavlonship ©

‘d

shen takes the

my caﬁe“ form
™= 1‘ +\2 NT
8(H ) + ‘58KR5N + K*l(H )/ (R mﬁ}/R,N
- T ﬁ -
e e .
ag & :

+ 50 RC1 \RCl
a plot of ¢

Qs
(8]

he reciprocal chloride ion yield versus (R h)/ RC1L)
ive.a straight line with

intercept equal to

l/Gm_ ’ W“un the slo;
Tag
580I ) + Bglp y *

k, (ED%/ ()

1 o5

pj ; :

Ge-Cl | (H )+ l‘59 RO

ie may calculate the re

e ¥ spective valueés of 58 assuming 'k59 = 6.6
es derived from the work of HAYON and ALLEN [1961]. Values ;g 50 Ot
are listed in table L. . ' ' | » }b

Some of the rate constants reportedvin table L ‘have also been mea-
sured by rulse-radiolysis mefhods

in which e
[BRAAMS, 1965,1966; DAVIES, EBRERT,
in parenthes

is followed spectrophotometrically
, end SWALLOW, 19651. These values
es under k38 in taple h.lAéreement between the two
nably good Rate const v

"
x

o
§

are included
methods is
tents for reaction of e; with t!
I the emino & ids and sihple veptides (k78> are not avs
adiolysis we

Q2

work.

t avallab (ron
Presumably this is because of the very.-short 1life
agqueous - A

solvtion at the low
fraction of

me - of
DH values needed t0 retain an appreciadble
the amino acid in the cation form. At pH 3, for example, assu s
*"O ‘ =l .—0’*’ ) - o N 4+
4q =2 %10 M ™~ sec 7, the l1life eaq corresponds to
- + L0 -7 '
1/(2072)(2 x 10™°) = 0.5 x 1077 sec.



5. Degradation of Substi

_.DEC-RADATIO’:\T REACTIONS .

5.1,
JAYSCN, bVJOLES, and WE;SS [1955] 1Vs+ sqo
.amines such as diethylamine are degraded to yield t!

. s0lution COﬂtalnlng ais

Timne 17T

)

' concomitently with the a*dghy e and to.account

tlin

‘scheme vas ou ed - involving the
jlerivative R
H.O —>H) + OH
2
+ 0

COH + RWHCER - RVCH

0, + RNHCHR — RN=CHR +

Ey0 + RN=CHR -

'

over-all stoichiometry

HECH 0 2 H O . RCHO + K Lo
RJHC“QR +‘O2 + th ;RNH2 + RCHQ .-thg -
proposed by JAYKO and GARRISON [195
of secondary amines, would be expected

following OH . attack aﬁ-ﬁhe C-k

the over-all stoichiometry .

N L H
PCO\FCHR2 + O2 + H O >RCON"2

olvca OXY S

was shown' [JAYKO and GARRISO\ 1956] that m

Fal
oY

] th

+ R CO + H

TS
W

e
a7

£0 undergo “an

-

e

H position @ to the-peptide

UCRL-17hh
ted ali

a .Schi
(
(
(

s 28 2

"
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And, vy analeogy, the oxidatfon of tertiary a“d guatern a*y trogen functions
was répresented in terms of
n W T \as ) N
R N-CH R + O + H O R.,NH + R CO + H )
2T e o' 2% (45)
R,NCH,R + O, + H.0C - RN + R.CO + K0 H. L6
73 2 2 "2 3 2 o2 T (:6)
Wnile subsequent work  on the radia ion chem ry of a wide variety of organsg-
nitrogen compounds has confirmed the essential correctness of these formula-
tions regarding the ladbi lLuy of substituted amines in radiolysis, it is also
clesr that the intermediate chemistry of thes e.processes is considerabiy more
complex than was orlg*ﬂ lly_envisioned,- In the following sections we consider
the nature of some of these intermediate processes.
~ (ATXINS, BENNETT-CORNIEA, and GARRISON, 1967; BENNETT- CORNTEA and GAmRI 0N,
1952; GARRISON and WEEKS, 1962; GARRISON, JAYKO, and BEI\I\E ~CORNIFA, 196 2:
HATAXO, 10605 JAYKO and GARRISON, 19 38; JAYKO, WEEKS, and GARRISON, 1958;
LIEBSTER, and KOPOLDOVA 1966- NAKKEN and PIX L, 1966.,SOKO EE INE T- V*“
nd GARRISON, 1965; SOUTHERN and RHODES, 1965; WEEKS, XKLAND-ENGLISH, a
GARRISON, 1961).

AN
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Ammonia is a relatively . minor product in the radiolysis. f bhe N-ace y

ives of the simpler CG-amino acids, glycine a“d %lanLue,vn-oxygeh-free v .
. . o . .. : : -

2 oo N
>
v W

The major products are higher.-molecular weight compounds which. in

een showvm to be .nfedominantly the O-C N-

[o)
©
0]
o

aminosuceinic acid Gerivative {WEEKS,'KLAND—D:GLTSH, and GARR SCON, 1961;

SON and WEEKS, 19691 The evidence is that with both N-acetylg l cine and

oportionation of these radlcals to form the dehydr peptid;

would lead on.subsequent mild n ydrolySLS to the formation of ammoni

e the attac& of OH and H occurs preaomknqn ly at the 0o-

v
“ B

RCOﬁ%CHRz + QH7—>RCONHCR2:+ H20~.‘ _ S o (h7)
RCONHGHR, s E ~ RCONHCR,, + Ej . (18)

adicals formed in reactions (47 and LS) hen dimerize pre fere ntLally

the 0-0' dieminosuccinic acid derivetive. = .

—~
. __F:‘
\O .
~

2 .RCONHCR . -» RCONHCR
: o 7 [ e
RCONHCR,,-

{
i . . .
L

2PwWNQAMWmm24MW£%';,- , - (50)

RCON=CR, + H,0 > RCOOH + _iz RCO. . : (51)



of ammonia and keto acid, the chemical and physical evidence is tha
products -arise not from reaction (50), but rather from the reaction of the

I . .
veptide radical RCONHC(R) with the small amounss of H.O, formed in the

H_ 0. + RCONHCR, — THC (OH)E He ' ' 52)
7,0, + RCONHCR, - RCON (Oh)RQ + OH | (,2,.
RCONHC(OE)R, + E, 0 I RCOOE + N“7 + RéCO S o (33)

to give G(NH,) ~ G(R C0) ~ Gy o =0.8. At pE 3, under whichi condition %0

5 Hy )

2
converted essentlally quantitatively Yo H via reaction (), the yield

fte
[9)]

(o]
th

diaminosuccinic acid from N-acetylglycine corresponds to G = 1.6. This

<t
N

lue decreases with increasing pH 1in accord with the proposed scheme.

Tn° effect o* oxygen on these systems is %o mwrkeGWy increase the

(¥
<
e
(D
I._J
Q

of "amide-like'" ammonia to give G(NH5> ~ 2.5 ~ G, Under these condi-

n reactvion

eptide radﬂcaTs formcd oy OH attack at the O-carbon

ct
b
]
o
[0}
ct
ry
D
“d

(L7) are scavenged by 0,
0, + RCONE (R ) —aRCONFC(OQ) - - - (5h)
a R

Subseguent chemistry has been interpreted’ in terms:of:

t

) ~3 I N=C oo . 25
RCONHC(O, )R, - RCON=CR,, + HO, | . (35)
HO, +.Rcomgc(02)32 - RCONHC(QOH)R, + O, I (36)

1,0 +‘RCONHC(OOH)32 ~ RCONHC (OH)R, + H,0, | X (57)
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where RCON=CR2 represents b £he denya“ooonulde and RCOVKC(Oh ?nthé corre-v

sponding hydrate. Such compounds readlly aﬂcom“ose on hyd%olysws as descrlbca

-

in reactions (51 and 53) above. The above,reactiOn- cb me. for oxygpne ed

solutions requires that the ammonia and cerbonyl yieldsgbe in the;relationship'

OH preoduction in the radiation;indvced step"l;»”We'have'measured ammoniavanl
- . : B R . v L N

cardonyl yields in the, y ray induced oxida on of \-aceuyl lycine; glyci

ne

arnnhydride —aceunalanlnc, and alan ne aﬁbydrlde 1n oxyapnateo d-lu e solution:

and we find for each system. NH ) .‘lHowevérj we'also'find that ca“bonyl

in these simple peptide systems is not in accord with the quantitative

s of the proposed oxidaﬁion‘scheme; ne 1n1tLa1 caroonyl yxeTGS are
) . _ T v _ ’

uniformly low with G(R2CO)_< 0.8. There is then the guestion as to whether:

this epparent discrepancy arises from a) -an incorrect. (ormuTQt y of the
‘locus of initial OH attack or from b) unspecified complexities in:the

chemistry of r ' moval of the be?oyy radicals BCONH&(Oé)RQ.
To obtain specific informétion onvthis poihf, we have employed Fe(IIi)_

0, as the s scavenger” of 1“t media tevradicals formed in the radiolysis

of N-mcetylelanine and N-acetylglyciné. Heavy metal ioﬁs sﬁch as Fe(III)

and Cu(iI) 'OVidizé organic free radicals in agueous solution by e13§tron

transfer and by. ligand transfer{DE LAMARE, XOCHI anq RUST 196) BAYENDALE and SMITHIE

19561. Such reactions in the case of the peptide radical RCONHCR,  would

RCONH&RQ Te (111) —>B“Or-CR2 + Fe(I1) + H ~(s8)
RCONH“R? + Fe(III) + HQO ~ RCONHC (CH)R,, + Fe(II) + H (39)

o~

i s
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respectively. Nofe that the organic products of reactions {58 and 59) are

identical with the postulated products of reactions (55 and 57).

oncentrations. We zlso Tind under these
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acid and ammonia are formed in .egqual wmolar yields.
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Yields of glyoxylic acid and ammonia from acetylglycine also show this same

guantitative relationship. Aldehyde yields from these systems are low, G ~ O.1.

je

higher Te(III)/peptide ratios, the reducing species ¢ and

E are preferentially scavenged by Fe(III) and the yield for pepiide oxida-

S

tion through OH attack is in accord with

— Y T) ~ 3.2 ~
) = G(RCCCOOH) ~ 3.2 ~ G, H,0,

-G(peptide) = G(NH

5

Hydrogen peroxide formed in the radiation-induced step . 1, reacts rapidly with

' . Caras P T aa 1
Fe(II) to give an additional yield of OH radicals

Fe(II) + H)0, »Fe(III) + O™ + OH.. = . (60)

The maximunm in the yield curve snown in- fig. 11 . is attributed to the onset

P {HCHR, — HCR, -+ ‘ ' 61
H + RCONHCIHR, > RCON CR, + Hy . o (61)

o«
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See footnote 1, page 8).



in competition with ‘
| R RTINS L e e i
+ Fe(III) —Fe(II) +'H ; SRR S {62)
at the lower ' Fe(III)/peptide ratios.. The RCOWHCRZ,'radicals_frbm‘both_reac—

tions (47 and 61) are then available fcr oxidation oy Fe(III\. fThis'effeLt}is
shown more clearly in fig. 12 which glves ammo 1M and byruvvc acid ylelL
o5 + 3 AN - b o . 4-"4-- . s ; '1 "5 W 5 53

25 g function of aceuylaganlnevconcenuraulon over the range 10 7 M to 1.2 M,
in the presence of 0.05-M Fe(III). The limiting value for peptide oxidation
at the higher acetylalanine concentrations is given by

-G(peptide) = G(NHB) G(R co) L. o = Gy GF o * Gy -

: R 22 -

We conclude then +that the reaction of OH /and ) “ad“calc with these

peptide derivative the simpler -amino acids,fglycine ‘and alanine, oCcCurs

and 61). The evidence also is that the oxidation of. RCONECR,, radicals by
Fe(III) via reacti (58 and 59) is quantitative. In the case of acetylalanine
such oxidatlon appears to occur almost exﬁlu nvely through Ligand transfer

]

ion 59) since measurements of t 1e¢ optical abscrption of the irradiated
solutions (after removal of Fe(III))'reveal negligible absorption above

230 mu when read differentially against unirradisted control soluti

N

-

tion by control solutions containing authentic qccby’dcuy¢wanaq e (gp%m
: s3]

£ > 0.1 for reaction (58) would be detectablc.. To our

knowledge the optical properties of acevyldehydroglycine have not been dcscribed.

4
g

The low -carbonyl yields obtained when O, 15 used in place of Fe(Il

the radical scavenger we interpret then as evidence that other more complex

o

o
(O]
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degradation reactions occur in parallel with the dehydrogenation and hydroxyla-

tion reactions (55 tc 37). One possibility, of course,is

=2 O

" RCONHC(OCH)R, — RCONHC-R + ROH. - . (57a)

The specific nature of these various branching reactions is presently under

5.53. PEPTIDES AND POLYPEPTIDES

Gamma irradiation of poly-DL-alanine (NW 3000) in dilute (0.2%) 2.queous

=

solution (pH 7) saturated with oxygen results on mild hydrolysis in the forma-

tion of ammonia and carbonyl products with G(NH,) = 2.k, G(R?CO) = 1.2. The
: ) : » 9 . 2 i

[N

carbonyl is pr minar ruvic aci us a sma amount of acetaldehyde.
onyl is predominantl v d pl 11 t of taldehy

atlveWy n1pner carvonyl yield from “OLJulanL e as compared to acevyl-

8|
5
]
v
D
I_J

‘

alanine suggests that the yleld of the branching reaction as represented in

c. (572) is somewhat lower if the carboxyl group O to the.radical site is

in the peptide form; we assumed that OH attack along the polypeptide chain

is essentially random.

In early experiments .SOKOL B“NK“TT CORNIEA, :and GARRISON, 19657 on

the ~y-ray induced oxidation of nolv oL~ glutamLc °CLd in neutral oxygenated

olution, we were surprised to find that the amide yleld (again measured in
terms of ammonia after hydrolysis) corresponds to G(NTS) ~ 2.4 " which is

o
©
o
=

D
o
1%

essentially the that obtained with polyalanine. We had assumed tha

L1

the C-H bornds of the glutamic acid resicdue would compete for OH radicals,

(as observed in the case of the free O-amino acids,



chemicel consequences of - OH atback at each of the various C-H bonds of the

glutamic azcid residue, we proposed that pyruvic acid is produced through OH
attack at the C-H bond ¢ +to the side-chain carboxyl group to give the Y-

ical wnich degrades as

g . "%
; . :
~CO—ﬂH—?-CO~, - ~CO-NH-%-CO~ + product . ' : |
H C H C.2
}~C O

COO

()
M
~—

-3
[¢]

acrylic acid residue isg labile and.on,mild'hydrolysis yields ammonia and

pyruvic acid

~CO-NH-C-CO~ + Hy0 — ~COOK + NH, +‘CH5COCO~ . (64)

It wouvld appear that this sysbem represents a case in which'radical attack
at the -y posltion of the side chain leads to forma ion of a lqu e peptide

4n

We also observed that the yield

w

of amide ammonia and total carbonyl

from polyglutamic acid exhibit a marked pH dependence as shown in fig. 13.

v

The yield of ammonia and the combined yield of 0O-keto acids increase ahruptly

&

£o their maximum values with increasing pH over the narrow range pH ~ h. s

o —

ct

to pH ~ 6. That this effect is not a sult of 1rc0 hlnuc scnwengi s, of  OH
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yield curves 1s directly related to changes in hydrogen-ion concentration or

213 to 8, with &

= R ’ . [ -1
-35- ; UCRL-17480

radicals at pHE < 6 'is shown by the fact that product yields at both

e ) e ard N --o ) . s A o =
PHE & and T are independent of the polyglutamic acid concentration from C.15 %
+ 3 appear that the sharp break in the pH-
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degree of ionization of side-chain carboxyl groups, per se. This 1s ‘shown byu
results obtained -with N:acetylglutb 2 le-O methyl ester, a radiation-chemical
model for the single- re51aue segment of the VPGA'chainj ammonia and carbonyl
yields from 0.02-M solutions of this low molecular weight peptidé deriva
gWuvaﬂLc acid are essentially indépendent‘of pH ~over the Gﬁul”e range;
The date éf f g 13 ‘showlﬁhat .G(pyfﬂvic)'increases'snaryly vifn
¥Z,) with increasing pH from 1uﬁ5 to 6; Qhéreas‘the yield of O-keto-
glutaric,and hence the yields of reactions (55 to 572 are essentially pH
ependent. _In interpreting this finding we snhould note Iirst that a unicue

£3 D)

teristic of the radiation chemistry of a macromolecular substs

p

nce in

o
&
R
I
@]

relaiively

jay
[

agueous solution 1s that each molecule undergoes reaction wit

large number of OH radicals even at the lowest practicable dosages. TFor
example, with a_vQ.l5~% soluticn of polyglutamic acid, .a y-ray dose of

A x 107 eV/gm pfbdﬁces but one OH per 100 glutamic acid residues.but

2t the same time thisICOrresponds to about 20 OH radicals per polyglutamic-
acid molecule (lHO;OOO MW). However, since polyglutamlic acid above 1 _ nos
the random coll cﬁnfigufatioﬁ, the var{O“, peroxy-radical sites are free o

-

. 5 ' . £
interact both intermolecularly and intramolecularly as showvn in ec. (63),
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ynere RO? represents sites at both the O—carbﬂn position anc

Hence at pH > 6, we find no essential difference in the chemis



The solution is decreased, polygl Ltamic act id undergoes the coll— ne

LiC

we have noted, is the significant pH ‘range of fig. 13. WL‘n po1 glutamic

the competing, terminating step involving HO2
N S , H - ‘ '
b ‘ b
~CO NH-C-CO~ ; ~CO-NH-§-CO~
AU T ' ; D | .
CH-C-H - HO, . H-C-E . (65)
| ) £ N ; '
H-C-0 ~-C-0.H
e | L (2
COOH. ‘ , - COOH
1s uninnidited by the coil- helix transformation. The peroxide product of
regetion . (A5) simply hydrolyzés to give the 1yoroxylaued side chain. Hence, .

G{pyruvic acid) and G(NH5) decrease with decreasing pH. as shown in fig. 1%.
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Studies of the radiation-induced oxidation of thymine, uracil, and

rcosine in oxygenated solution have esteblished that the 5,6 carbon-carbvon
1

o C,. H
/N
5K,  .C H
{5 1 — N/ e :
0g? 6C + OH - ?;OH N » . (66)
NI Ny C ' '

(W nit o

T~

In the presence of molecular oxygen, reaction (66) is followed by
. . .v ) . B ' ’ N

BOH + 0, = B(oH)o2 B

is removed via. B ' (67)
el +0. - 0.
gq 2 2(
Subseguent interactions of the radicals B(OH)OQ' and HO, lead %o

formation of a complexity of products which include: hydroxy hydropercxides,

s

)

nd the barbituric acid derivatives. However, the combined yicld of

(0]

Ly
)
O
}__J
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e
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>

these oxidation products is considerably less than the yileld Tor base

)
e
(3

~T.
s 18035

ct
H.
(6]

on vaich for -« rays.ls approximated by G(-B) = Goﬁ = 2.5 [SCHOLE

’ +
Use of a transition metal ion such as Cu or

0, 'as the scavenger of intermediate radicals leads to a considerable s

Q-

s solutions of the pyrimidine bases

tion in the radiation chemistry of agueo

’

1 (EXERT and MONIER, 1960: LATARJET, EXERT, and DEMERSFMAN, 196%: SCHOLES,

WARD, and WEIS3, 1960; SCHOLES and WEISS, 1960).
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and provides d ecu chcm"cal eV1aence for the yleld o; reactlo : 06) -OLIAN‘

and GARRISOB _19661 ’T-éfspecific chemi l 6f¢eCu of ‘uhe metal iQn involves
radicél, BOH, rormed through

to give the correspon dlpg glycol as une Sﬁnvle magor broduc of fy ‘radiolysis

2).~"GOI-'fData;for;oxygen;free QolUuﬂons of" urac11 and cytosine
as P S
containing Cu ;-‘are glven in: table 5. Formation of the Lsobarblturlc

acid

QGVﬁVa+;ves (, nyaroxy Dyrxm‘ nes)=withf.G ~ 0.3 “in each case may e attf puted

to a'parallel branching reaction
- = e T T N
- on +cu™ o || et ert. o (69)

. . . T o . . __2 ) ' . : . ‘
In any event, in the presence of Cu. - the pyrlmldlne nchevs is qu neitatively
oxidized in accord with-the stoichiometry (¢ leOl) + G(l obarbituric ac Jd) ="
. v - . . . ‘- v N _!__l '_ . ., . _!‘2 B ‘ .;r-v . . ) .
G..+G » -wRere the reaction: Cu + H.O. -»Cu + OH + OH provides tne
OH h?Og » : . 27 T . | :

”'d‘u'o w2l source of OH rad'calul.

1L (S ¢ footnote 1, page 8)
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under similar conditions.

_-99-

Thne velocity constants for reaction of?‘e-n

exclusively by the base:

Y

.. 2
with. Cu

.., -
ShE o+ oon”.

5

~anG. with the

1 v ai
pyrimidine bases 'ere such [GORDON et al.,- _,65 HART, THOMAS, - and -GORDON, 120%]
o : e : BRVTIREN . v - . N -~
that, for the»low‘(base)/(Cu,;) ratlos;of-uaole 5, capture Or;evhels‘preaamlnen '
w2 - + ' X . N e 2 -
by Cu” +e  —Cu'. However, at the higher (base)/(Cu"") - values e, is
. of . : (=204 :

Such reaction

éoes not lead to net chemicel change in the bdase, since reaction Q' the:hydro-

- N o . :v-+
pyrimidyl radical BF with Cu 2. through BH + Cu 2

B+ ou'C 4 H,0'— B(1,0) cut +u"

 followed by
simply to base regeneration.

Ih evaéuated neutral solution the G value’

o”ne to be about one thlrd tnat observed 1n oyygenated solutLon.

KERT and DFMERSEMAN [1965] and EKERT [1062] report G( B) o 8 and G( B)=0.7, respec-

*’veWJ, or. evacuauee lO -3 M thymi e solutlonS‘unde“

PONNAMPE RUMA, LBNMON, and CALVIN [19623 give c( B) =

The yeloeity constants for

e with the pyrimidine bases are such:

v")
2q

the

-

1limolar concent rat;ons used in tnese studies

t the mi

o

)

ot

for base destruction in these oxygen-free solufions. As. we

s. quantitatively to the.

£
1y
ad

electron also adds to the labile.. 5,6 position, as

O H
A

7 H0 i

i Fen, T ?‘ -

C “ " + CH s
/ ‘R

[SCHOLES et al.,

5B+ Cu

for base

]

7 rays;
0,9. for

reac ulOn

oxidizing and reducing'speciee"are quantitatively scgvenged'by the- base

4~ -+

B(H,0) —B + H,0 leads

destruction is

LATARJET,

agueous cytosine

of. Oﬁ"‘and

It would appear then

. : . i . LA
5,6 double to form the adduct BOH.

hat some type of‘reeonstitution'reaction is acting to reduce the ‘G value

have noted, OH
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itution reaction'may be. interpreted in terms of water regenera-

) .

L8

5

0. e

,B(gzo),_y'g:+lﬂé

" LS s sl 2 e LR Pl ‘ » b
Competing reactions would include. S e e T S

2B - B + B, LR e sy

BE I — B 7
.»5‘v+-ﬂ20237 B + 720]fiQh.
)2 tiOHf

- | BoH + H,0; Qfé(qﬂ

-.ftrjo

_B(OH)2—§

where the H,0, shown in reactions (74 and T5) represents the molecular hydrogen

L

peroxide yield of the radiation-induced step 1.

’

~ It seems likely that the radiation-induced deamination of cytosine to give .

uracil in oxygen-f&ee[sbluﬁidn;{POHNAMPERUMA, LEMMON, and CALVIN, 1962} occurs

not through attack of eab"or OH "at the L-amino position but rather throug

»-

aydrolytic deamination of the hydrate intermediate.

EXERT, 1962; KAMAL and GARRISON, 1965: KEATTAK and GREEN, 1965, 1966a, 1966b;

e R ——— e PR R



If the reconstitution reaction is indeed as indicated in egs.. {71-Th),

it feollows that addition of a second organic-solute preferentially reactive

tLowards H via RH + OH -» R + HQO, would leua to the reoWacv“epu of OH by R

1 i1

‘end to an enhancement in G(-B), since the possibility for self-protection throug:

2

water elimination via reaction (72) would be excluded. The increase in
G(-B) would correspond to an increase in the eld of ets 2d at
(-3 14 correspond an increase in the. observed yiéld of products saturated at

Cytesine was chosen for a study of this effect because the (di-

otained on saturation of the 5,6 double hond
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nydrolyze readily to give the corresponding 5,6 dihydrouracil derivatives and

veniently foll oved analytically. BSodium formeste and
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ethanol were used as second solutes; . each of

inert towards e and at the same time is extremely reactive towards OH vie

HCCOT + OE —C007 =+ HQO and CHBCHQOH + OH — CH, CHOH + hQO The effects of

ct

)
added formate and ethanol on ammonia ylelds in the -y radlolysis of oxygen-

o)

r

©]

06 M solutions of cytosine at- pH ~T shown in fig.lh [KAMAL and

CARRISCON, 1965]. We see that G(DH ) increases abruptly wi
centrations of elther ethanol or sodium formate and reaches a limiting value

) 2 G = 2.5 at the higher scavenger concentra-

of approzimately G(—B).='G(NH5 oK

Lions.
Now, if the interpretation of this enhancement is correct, the
‘ - - - v 14 4 s -
hydrated elecctron e is removed via reaction (70) and the OH radical is

ag

converted in the presence of formate to the COOH radical,wnhich in turn is
; ‘ :

removed via reaction (77)

+ COOH — 4

[}

B - B(ECOOH)

1

1e
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o . e T TS T )
.In accord w1th-tnisvformulatlon, the pyri mLa;ne.carboxyl;c adduct,'B(hCOOH),

is found to be pr cduced Wluq q ~ 2 /V“-Goﬁ [KAMAL'and GA sow 5]; More
_recently BROWN, CAAV*\ a rd NEWMARK [1965] lSOLat“d tne ddauvu B(CQHCOH)
. ) . - P .
formed in the 7 radLolJ ,f dilute-aQuéousAsolﬁtiohs'of bvmlne plus ethanol.

Tne evidence 4% uhat w1*h cyuos e,_uraéil,and thymine;.OH attack in-

’acidic~and neuu aL solutlon occurs chlU°1vely bv ddition. to the 5,6 double

vond of ‘the ny midine nucleus; In'tbejcase of»thyMine'therevis_a change in.
the locus of attack as the’ PH -is increased above pH ~9. MYERS et zal. [196

of gir-saturated thymine solutions shifts from the 5,6 double bond to the 5-

' ‘methyl group.

\/‘1

]

~

. o . ',‘ . - . . L . - . | o, . . N
find that,as the pH 1s increased,the major site of chemlcal change in the radiolysis




-b5- ’ , © UCRL-17410
Y
{. Reactions of Purine Rases
Because of the chemical complexity of the purines, our knowledge of
T thelr radiation chemistry both in evacuated and oxygenated solution has
developed more slowly. Adenine has received the most attention and is reported'
by SCHOLES and WEISS [1952] to yield ammonia with G ~ 0.5 on radiolysis with

x rays in dilute solution under aerobic conditions. }iss CONLAY [1965] has

it

isolated organic products from the same system-after -~y radiolysis and finds

8-nydroxyadenine and U4,5,6-triaminopyrimidine in yields corresponding to G < 0.1.

. The latter product is presumed to arise from the formamide pyrimidine reported

14 i
)

by HEMS [1960]) to be formed in low yield from the purine nucleus in oxygen-free

! solution. And PONNAMPERUMA et al. [1961] also find small amounts of hypo-
xanthine, G ~ 0.C3, produced in the -~ radiolysis of adenine in oxygen-freec

solution. However, in view of the primary ylelds for water decompositilion,

i
i
{ ’ G ~G . =2.5, 1t is clear that no conclusions regarding the major loci of
| ag . '

| reaction of the purine nucleus can be made on the basis of the yields of these

! observed degradation products from adenine.

~Now, let us assume that the OH radical adds to the cérbon:carbon

double bond of the‘purine nucleus and that the radicalyso formed is in turn
i ‘ . ‘ ‘ .
! ~ scavenged by molecular oxygen. By analogy with the conventional chemistry of

the purines [Howard, 1960) we might expect that such oxidation at the 4,5

HOWARD, G. A. 1960, in Chémistry of the Carbon Compounds vol. IV, chapt. XX,

ed. by E. H. Rodd, Elsevier Publishing Co., Amsterdam.

. -
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p081t10n would produce lablle Spec1es Whlch 1n the case of xanthlne, for example,‘

would yleld alloxan, ammonla and formlc acid on'. mlld hydroly51s

=0 -

o .
’/’6\\ o . O : S / u\\,v .
NH - —_— e . |
T I! 7? 4+ uH 0+ o —w> | |+ oNE, % HCOOH + E.O.. - (78)
0_02 5//' \\9 8C.. L : 'g . O—C\\  k;C;0 ' '3f1"I | ,"‘2 D% , :
o T SN o

«Q

xanthine . ‘-i_ﬁ o u_3 ;ialloxan,.-

We find 1n fact for the y-radloly81s of 2xlO 3 M xanthlne in-
oxygenated solutlon that' G( B)~2 o and ‘that on hydroly51s G(NH )—2G( B) u 1,
G(allOXan):2 HOLIAN and GARRISON l967b l967c] as. shown in table 6.

Degradation of hypoxanthlne andﬂof urlc_ac1d-may be»representedsas'

follows .

C- . _ L v'- o COOH'
. \\C .‘ . R T T
e ,+8HO-+O—~WF>(JO o+ bW, + 2HCOOH + Hy0,. = (79)
Sp Ny om0

hypoxanthine = - 'mesoxalic acid

—
oy

N | e SR
+ 2H O + O —-MM> o R | |
é=° B o—é é:o,_ ¥ N?ecQNH2 f3H292 . ,'(80}

uric acid . _alloxan ' urea-
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Degradation yields in the y-radiolysis of oxygen-satureted solutions
of hypoxanthine and uric acid are included in table 6. It is seen in terms of
the above hydrolysis sﬁeps that in each cese there is a satisfectory agreement
between G(-B) and G(NH3) when the latter is‘measured after hydrolysis.
The observed ammonia yield with uric acid, G(NH3)=O, is quite consistent with
the above formulation since urea released in reaction (80) is stable under the
hydrolytic conditiens employed in this_sﬁudy (éAehours in 2N NaOﬁ at reom
temperature). The presence of urea in the irradieted uric ecid solutions after
-hydrolysis has been substantiated by other chemical and enzymatic methods
[HOLIAN and GARRISON, 1967c]. |

. Apparently, OH addition to the carben-carben double bond of these purines
vvia reaction akin,to 66 (followed by steps 67) is:esseﬁtially quantitative.
Subsequent reactions of B(OH)Oé and HO, lead to formation of the oxidation
products. It is to be noted that the hyaroxy hydroperoxide B(OH)OOH and indeed
the hydroperoxide radical B(OH)O2 could undergo various branching reecﬁion with
formation of a number of different degradation products. In point of fact such
reaction.may explain the obeervation that G(carbonyl) from hypoxanthine and uric
acid is less than G(-B). HoweVer, the complexities of the rearrangement reac-
tions in the conventional chemical oxidation of uric acid and other purines
‘is well-knowﬁ, and in view of this we consider the gquantitative implications of
the carbonyl yields with some reservation. As mentioned above, fhe main point
here is: (a) thet OH addition leads to oxygen substitution at both the 4 and 5
position with G(-B):GOH=2.5, and (b) that the observed degradation may be
vforhally represented in terms of a "glycol" mechanism.
The rediation-induced reactions of the amino purines, adenine and

isoquanine, in oxygenated solution are somewhat more complicated. For example,
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,V'the observed values of G( B) for thesevcompouuds are stronglyvdependent on i
th pH of the 1rrad1ated solutlon In the case of adeulue, G( B)—2 2" at
:_DH ~l,_but thlS Value gradually decreases to G( B) l 1 at pH T -
reasons for thls pH effect -are not entlrely clear neutral foru of adenine .
reacts with the .OH radical and that_such.reactlonvoccurs 1n.coupetition with-*
OH'baddition to.the uusaturated slx-membered'ring! However, at pH 1, CH .
'adaltlon to the ring appears. tolbe essentlally quantltatlve o give G( B)-2 2,
and after mild: hydroly51s, G(NH ) 9 6 va small amount of ureavls also present
in the hydrolyzate, G(urea)~0 5... These results at pH 1 ‘are con31stent with
_'the glycol mechanlsm, i.e., G(NH ). + 2G(urea) lO l~5G( B) Howeter, only
traces of the expected carbonyl products have been detected G(mesoxalic ac1d)—0 2
~and’ G(glyoxyllc ac1d)—O 2 " Oxalic acid uas‘been-tentatlvely 1dent1f1ed as the
major product of the oxidatiohrv Apparently:tEeN=éscarbon'element of the adenine
glycol'(or the hydroxy hydroperoxide precursor) uuderéoestmore-extensiVe

degradatiou than that of simple hydrolysis..
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S.. Solia State Reactions of AminO'Acidsﬁahd Peptides

In the3early's;udi%s'of-DALE, DAVIES}'and‘GILBERT (19497, it was

observed that the x radiolysis of s l a glv01ne in vacuo produces ammonia.

-

is obtained in the radiolysis of evacuated,
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neutral solutions of.glycine at COﬂcentra ions’ aﬂequ te to 1 1sure the gquanti-.

.

tative scavenzing of the OYldlaWHP and redvc1n<r speci es ‘derived from water

 RAJEWESKY and DOSE - [1957] identified,ammonla and ﬁeToaCLQS - as major products

in the X waa 01y51s of glyc ne, alanxne, and dspartic acid in the s0lid state.

3

Mcre recently, MEShTTSU{A et al. [1964] reported the first detailed study of
the reazction stolc hlomatr involved in the ~ radiolysis of solid glycine

in vacuo and find both acetic acid and glyoxylic acid; as the hador orﬁeric

in

preducts ormcd concomluanuly thh Hmmonva. Tnelr “esuLts are summa rized in

s

v - . . . . 5 r . E !, B R v
‘tatle 7. The reactlion scheme proposea oy MESnITSUKA,et al. (19647 involves the

D
O

molytic step,
NH 3CH (R)COO™—tn> ' + fir, + GH(R)COOT (1)

followed by the abstraction reactions

i . + yE Ch(R)COO ¥ . NH;G(R)cooig'”l  L (82)

)

Cx(r)c00™ + NH;’CH(R)CO'O' —50212(R>coo-‘ + MEC(R)C00™

ot

The lattnr UrOVLde & source of the stable,*onp llvca, a-earbon rau'culo chserved
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:'“aaLcaWS nre then removed via, reaCulops (8) and (9) on dissclution

-

BN : e
. . - . B . . o S . e y
U . Vo e

2N} (R)COO —>Nﬁgsc(ﬁ)doof{+’NHQCH(R)cooj.:_;f"  8y

S o - \H+—ﬂ(R)coo _;Na, + (R)cocoo 'f_;;-jrf‘-fl,;'i,x o)

-

‘The role of. roaCulons(8\ ang, (9) 1n the raalolysw of theésimnler-aramv 10 acids

n ague

-

‘.

- 19581, The uoove scheme glves prodhct StOLCthmerleS Ln acreemenu VLth thc

o

data of ble 7 However, 1t 1s unllkelv that homo;ytLﬂ'cleavage as lformulatea
in reacbﬂon (87) can make a magor contrlbutlon to tne over-wll che ry,uincc;"

cage ffects'_in'the;solid*phase“favor-the preferential*recombination of such
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tion (81) it would seen nece sa“y elther that (a) thc deu*kratL n aris

Lqrougb a mo;ocular rearrangemcnt or that b) one. of tne LanCutDQ rdg,ez 5

is produced au‘a pou1t1Vﬂly charged apec1e S,

Thére is ev1dence-to sSUg gest thwt a heuerolytlc procc 58 may indeed

v

be involved in Lhe radlatlon 1nduced clc“vage of tne N C bona OL tnc - dmLFO

acidsvin.the_solid'state. _Now,the#~findin hau tne hydraucd e tron, e;O,
I's ) .
-/

. (BoX;and-FREUND,'1955;'Box; FREUND,"and_BUDZINSKi, 1966; COMBRISSON and

2

A1)

'UEPERSFELD, 195& GHOSH dna WHIFFEN, 19 59 . GORDY, ARD,'anagsHIELD,_195

MESHITSUKA étval., l96h;vMORTQN,;l96h;_SINCLAIR'and_hANNA,”i967;_UFaELu}ruD

and ERB, 1956; WEINER and KOSKI, 1963.

ous oxygpn free solut on. ws aoscrloed 1n oeCthP 2. l LWFEKS and GAR?IuON'

pairs, 'If.cleavage'of'thé' N;C”boﬁd'dbes océurjaé envisagcd in reac-. o
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he simpler O-amino acids via reductive deamination (reaction

. -

) . ’ - ' : B . s -
sgestion [GARRISON, 1964] that. reactions of the secondary

o5
[¢)
n
j

electrons produced in the radiclysis of the solid amino acids may also lead

D

d not hecessarily be

to deamination—i.e., the electron of reaction ( 5) ne

"wet" for reductive cleavage to.occur. If we represent the lonization act
‘ ,
simply in terms of:
) l‘ . . .
- Y A -t -
NH_CH(R)COO™ ——Ma>- NHBC(R)COO +H kel - (83)
- . . .- .

.

readily in the solid as in solution, yields_the.bbserved fatty acid product.

The O-carbon radicals formed in reactions(83)and (7) are then removed through

4a

the steps (8) and (9). This scheme, which is closely analogous to the
o ] N
mechanism proposed for the agueous system” (section 2.1), gives

1 : . ’ ’

T The analogy between the proposed reaction schemes for the aqueous and solld
. . Y o ;-“' 4 ‘. e (071 s P

systems appears even closer when one considers that reaction (83) is the

.

stoichiometric equivalent of

e

H,0 —_—Np—> B L 0H + e

'

OF + NH.CH(R)COOT—> HéO + NH;é(R)coo‘;.

—
o

y facl, Trom the standpoint of over-all chemistry, the only difference

N 3

petween the proposed mechanisms for solution and solid'is that

£
s
-
3
ct
PJ‘
[0}
0
Q
l_
jo

cese the conversion of el through the equivalent of reaction (5b) is-
negligible; G(H,) = 0.2 from solid glycine (Cf. tables 1 -and. 7).

o)
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asvshQWn 1n table 7S 'f:-v.ja R

-’A“is7ihfesscntﬁal agreem nt w1th the data of MESHITSJKA et al.

ESETN
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There are ov“er mo“c recent obsnrvatlons x cnrarE”in‘suppcrt of the:

?75105.1 For eXample;'wevhave’notéd,(séctibn-B) uhat for reducti

- .‘.
- 70
[1964]

s o )
latter formulat

to the (=0

. linkage) must be at-the « position?’fAn@ 'the sugges

Y éq . TO Ooccur in agueous - olu.lon,:a ca bonyl grou (o other
tion was’

COLE, and‘GARRISON,'l965} that; (a) the hydrated electron adds

11 qNage ndu'(b) 'subsequént'rearrangemeﬂt*of'the reduced intermediate

via r—ac*ldnA()7 or 5?% yrelds ammonlu and’ thn cowrccbondlné fatty-acid

‘radical. No

”S

W BOY TRLUND and. QJDZTNQKT fl96 1'have‘" Qled‘tbé_'pSR spec- .
raalatea 5011d.glvc1nc \s ndlc cvvstalo) at 77pCffénd fihdvt.

radicaltcdrrésponds +0

NHB'CHC,-' o E (I)“.: :

D

Furthermore,

cneng es to one which- cor

s

on warmlnc to 1n+e“me61ate t@rnevatures ( 16* ) the spectrum

sponds ¢ o the connlguratlon

s o |
o CH,:C . (11)
0 .
And, on further warming to room temperature the radical species II " 1s trans-
formed to IIL "
N Gl 'coo (111) - :
2 .
4

[



(through the hydrogen-abstraction reaction ( 7)). BOX, RREUND, and BUDZT
srn : : : . ' - - ‘ I, N .
11905 ] conclude that _(I)» 18 converted to - (II). througn_ellmlnatlon of  NH,.

have been observed with a—am7 01soouty e Qc1d [BOY and

O

TRZUND, 1966] and with alanine [SINCIAIR and. HANNA, 1967] ,One other piec

upports fndlrectly the °bove‘fqrmulation for reductive

Fad

ceanination by e in the solid state may be derived from the fact that
s N . ] .:. . . ) :
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7) from solid glycine and alanine anproximates 3, the ammonia
3 '

yield from solid B - alanl e, (NH7ChQChECOO ), corresponds t Lne relatively

low value of G(NH,) =‘O.8. As:we'have noted-ln sectlon 5, PB-ala anine does

not undergo reductvve aeamﬂnaulon_ﬂn aqpeous solution on rea ction'with e .

Values of G(VH ) obtained in the -~y radwolysws of sol d gly ine, elanine,

3 R .
8 alanine, serine, phenylalanine, and cystine_(ln vacuo) are summarized in - '

a»le O [PETERSON and GARRISON, 1967]._ The;presence of the
ﬁ"“*ovyl group at the H position in serine does not appear to affect apprecial

the course f:the deamination reactions.A The G(NHB)‘values,from phenylalanine

and cystine are surprisingly hlgh wnen one conulders tnut the phenyl and
sulfur moileties are generalLy assumed to domwnate the chémistry of these amino acid
The -8H linkage of cysteine does, ho’evor, appear to represcent a

major locus of chemical change in the -~y radiolysis of the evacuated solid:

G(HP) =k.0, G(NH,) = 1.8, and C(FQS) = O 6“- . cystine abpeafs as ‘a méjdr
< PR . :

roduct [PETERSON and GARRISON, 1967].- If we accept the

'3

evidence that . e ~in solid glycine ard alanine escapes the parent ion and

An thnat

iz subseguently captured at a distance via reaction (5), then we must conclude thot

competing process for capture of e In cy"*cvnﬂ leads to the formation of
- i =4 . - . .
nydrogen as the major fragmentation product.. As a tent\tive OVC“-;;l mechnanism

|
<

I3
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1

we proposed the ioni: gﬁiqn;é%ep;"
'-rHSCHéCﬁ(N1§)¢QOT-4;7Aa~4>'éCHéCH(NH;)CQO’_+;Hfi+-é;';‘1:=Q-(8u)‘

followed by removal of e -preddminantly through

b N . L . . N
. . . i

e »+:;SQH20n(ﬁg32CQQv_—;ﬁ Sch 2 h(hH5)COO 'f'ﬁé f"3v¢"f'A"(8D>” N

S .
A R INN
o

where step 85 “ay ;nvolve %he‘l t hﬁdlabe ;ormatLon Of H Dimériiationiof
& ey "v"+ - - 3 . | ;
&Cvar(mnB)COO on dlssolutwon of uhe 1r”ad1ated quld ylclds CVothO

Although.free ammonwa is Drouuced vn blgn ,ld_in‘the\’y; Mad o
’ § . . N

relatively minor product

jul

of the solid a_aminomacids:(sectio. 8. 1) .1+ is
n the vy radiolysis of thﬂ corles“ondwng N-acetyl derivatives. We find;

nowever, that a maJOrﬂchem1caL ef fect of the radiolysis of these simplest

peptide derivatives is the*fdrmation Qf’labile amide-like products which are

adily'degraded to_yield.ammOniaﬁdn mild hydrolysiS;.,Initi

o)

1 G wvalues for

- v

ammoniav*ormuulon (to»al ammonLu lﬁbcratcd on nyaro-ysws):in the v radiolysis
of 2 number of N- aceuylgmlno ac1ds Ln tne eva cuateﬁ Uolyc“ys al¢1rc state -
- - 1967]. The N-acetyl derivatives

are summarized 1n table 8 [B"NNETT CORNIEA, and GARRISON, 1967; GARRISON et al., /

of 211 of the alip hatlc amino ach _stuaied,'inCIuding' N-aceb sylmethionine,

1]

ndergo 'deamidation” 285 a major radiation-induced.reaction. Apparently. the

“aromatic ring of * N-ac uyl pncny1 lanine is effective in partially ogucnching

;1 (JAYKO, BENNETT-CORNIEA,'andJGARRISON, 1965; GARRISON, 1966; GARRISON et al.,

1967, GARRISON, JAYKO, and BENNETT-CORNIEA, 1964; GARRISON and WEEKS, 1962).
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,To obtain information on the mechaﬂism of~the radiation-induted

degradation of the p ptlde chuin, a deua led study ha% been maue of con comiLnrt

nroéducts formed in the vy radlolysis of N-acetyl—DL;alanine. The dsta are

given in table 9 [GARRISON et al., 1967].

‘

‘”he eviderice is that the obse radiolytic dégradation of acetyl-

elanine cannot be represenuea Smely 1nﬂterms of fhe rearrangement
| ACONECH(CH, )R — M ROONE, =R, S I
oy
sinee we find (ac?‘yl:,c 5.@15.) < 0.1, The possibility thed the N, ' 0 shift,
NH
|

SR ] .
[ )R A= R-C=0- (87)

cm—wcw—ﬁm
':IE]I

Wt

ecctirs in high yleld and ! éads t@ ammahia f@rmati@n oa?@&@ﬁ wub @qp@ﬁt

2%@ + B=G=0 ‘@ RMRG@@H " 1\?113 3%@3(@3).@ I GO R
. s.‘Z}

r=

is negated by thé fae* that ~G(la@ﬁi@-a@ia) = 0.2, Ve conelude alze thuk
the f@rﬂqtleﬁ @f déhydré eptide via
X | |

@\réﬂ(ﬁﬁ n=—-=Jwa—5 =Q=N=C=R H@@H) B ) B
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gOf_the4amideflLk¢ function;since we. find

l v to."

C EH O,* R- c-w—? -R —aRCOO g N

. ;

N

Oyftﬁs_s

(\_)

5-yiel

1
.

We do fLra tnat DrOblonlC ac"d 1s produced as a maJor nroauct G(nro-

picnic aCWd) l h A tnough-ﬂt is., clear uhat malp chaﬂn oClS 1on”occurs;vwe“
cannot, at uhe brnsent tlme, d inguiShfbetween‘twovpossible-reactiOn schemes

oth o” ”blch are - cons scenu WLuh the pregenb oouc“v tibns;‘vThe,fifst'SCheme'

involves.afdirect'.c1351op of" tne N C bOud VL& veactlon of the type

T Hydrogen yields fr om a varwety of compound" conualnlnﬁ thb : eptide bond are

vniformly low.. We have ;ound vnltlal G(H ) valuos of O h/, 0. o/, and.-0.22 for

C.
polyaWaﬁmne, nyTon, and. gelatln, resnectchly [JAYKO and GARRToOn 19 6}5:

2 S : | g . X
< " Althovugh this reac*'oq aequencc (rcg6uwono (91 %0 05)) is formulated in

terms of neutralvfree—radical species,.we_would presume;<invview of the caging

e”fccts_.cforrtd to in section 8.1, that the_actuqiiprocGSSes'involve-charged

S

~.or "not" intermediates. The-detailed‘nature of the: wcac*uon intermediates can

s

——— -

[P

o,



aC ‘"CH( H, )R —— > RCOME + éH(cﬁg)L T (o)

ollowed oy t;élabstfaction rcactibné
RCONH + RCON: c 1(cH )R - RCONE,, + RCONHé(CHB)R, ' ‘ 'g(92)'
é:m:)R+Rumme§yR-m: CH)R+L£©wc@“)R

Lo give amide, fatty acld, and the long-lived C-carbon radicals which. ‘have

been observed in irradiated peptides at room temoerature° tnroub. EER

spectroscopy [(DREW and GORDY, 1965;'FRELID end I LILGA, 1961]. The alternative

formulation involves sthe dissociation

NG}
=
g

NKC&(CH 5 )R ——> REONEC (CH )R + H., - (-
fellowed by ' , : o 4 g
H o+ ROONKCH(CH )R — RCONE, + Cﬁ(cd7) LT ey

(or the equivalent heterolytic steps involving e ‘and. H ), and by the

5 L . - s s e - » - . o o =
- abstraction reaction (93). The stoichiometry of reactions (9% and 95)

followed by (9%) is identical W"uh that given by the reaction seduence (91,

N -

o2, and 93). On dissolution in water (oxygen-free), the Q-carbon radica

RCOHHC(CH7)R, undergo simplévdimerizationvto yiéld the @, O'-diamincsuccinic
acid derivative {GARRiSON and WEEKS, 1962]. |

We estimate from ESR measurements.thatjt he yLeld of the lﬂnr-llfeu
O~carbon radicéls ié‘roughiy "G ~3. This value.and the propibnic acid yield

velve of G= 1.k are somewhat lower than would be predlicted Irom the reac-'

tion soguence (91 to 93) on the basis of G(amide) ~3.L. - The appavent
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discrepancy may be~underStood if_a.fraction of-the‘-CH(CH5)R- radicals are

. ‘removed through radlcal radlcal 1nteractlons in the- spur reglons of high

: radlcal concentrat;onf That,the amlde type of radlolytlc degradation of

the peppide chain is'ﬁot confinedcto the N-acylamlno‘ac1d configuration is

shown by the fact that the G values for ammohia and'prcpionic acid from

poly- DL alanlne are almost 1dentlcal w1th those obtained with N- acetylalamnel’2
It has been suggested thatvthe long-lived a—carbonvradicals are produced

in peptide radielysis largely threugﬁ side-chain clearage [BRAAMS, 1966b;

1t In the ralelySls of s1mple llnear peptrdes such as - glycylglycxne (in the

evacuvated solid state) we flnd, as mlght be expected on the ba51s of the

formulations of sect;ons 8 1 and 8 2, that both deamlnatlon and deamidation

are 1involved.

Acetaldehyde whichwis\prcduced in the yfradioiysis of acetylanine with
6=0.8 (table lO) is‘also'preduced‘in this same yield in thely-radiolysis of
pelyalanine. This would suggesf that these preducts of labile "amide" ammonia
in the systems_also iﬁvelves the raaiation-induced cleavage of C-C bonds
with formation of‘producps of.the type VRCON=CH(CH5)' which would then hydrolyze
via: RCON=CH(CH5) + 2H,0 ~>RCOOH_+ Nify + CH,CHO. We find that the relative
yields of the several classes of organic products represented in table 10

depend on the nature f: f . of the amino acid'residues and on the over-

all composition of the peptide.
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RIESZ, WHITE, and KON, 1966], e.g., reaction (94) followed by

H + RCONHCH(CH5)R —aRCONHé(CH5)R + Hy, (96)

where H, formed in reaction (9h), may havé excess kinetic energy. However,
the low G(HE) Qalues 6bserved ih the vy radiolysis of simple peptides,
polypeptides, and protein [JAYKO and GARRISON, 1966] do not support the
concept that reaction (96) represents a major source of C-carbon radicals.
HAYDEN, ROGERS, and:FRIEDBﬁRGv[l966] have irradiated polyamino acids,
fibrous, and globular proteins with <+ rays in the evacuated solid state and
- find that polyglutamic acid, polylysine, and gelatin show lower intrinsic
viscositieé and lower numﬁer average molecular wéight after radiolysis; G
values for main-chain degradétion of 1.8, 4.1, and l.ﬁ, respectively, were
calculated. Globular proteins such as creative_kinase and ribonuclease, on
the other hand, show relatively liftie change in molecular weight under
identical conditioﬁs of radiolysis and dissolution. HAYDEN, ROGERS, and
FRIEDBERG [1966] suggest that the secondarj and tertiary structure of the
globular protein favor fragmeﬁt recombination. On the basis of the "amide"
mechanism a main-chain break yields the amide and acyl functions at the locus

of cleavage and the long-lived radicalsl in close proximity. With the

. With the simpler polyamino acids, this radlcal corresponds to the C-carbon

radical ~CONH-é(R)~. - With more cbmplex polyamino acids and with protein,
we do not preclude the possibility that the observed long-lived spin centers

may be situated =zt side-chain loci.
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irfadiated globuiér proﬁein, combination of these radicals on dissolution
would'be favored by the éonstréihﬁs imposed by the seCondary and tertiafy
strﬁcture. With.the ﬁolyamino acids and fibrous protein Such-constraints are
-minimél and the separatioﬁ of radiéal sites on dissolution would be competitive
with combination.- wé‘would predict on the basis of the ”ahide" mechanism
that the globular proteins would show an inéreése in amide function even

though there is no net gross fragmentation of the méin'chain.
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Brief Summary

Oxidative deamination of amines and amino acids is induced by attack
of CH radicals at the C-H. linkage & +to the amino group. The character-
istic products are ammonia and a carbonyl.

L3 . y . o . . T + r 1 N

Amino compounds containing the grouping .RHBCh(R)COX where X re-
presents O, OH, COR, NHR etc. undergo reductive deamination on reaction with
e;q to give the corresponding fatty acid derivative. If more than one carbon

unit separates the amino and carbonyl groups, reductive deamination does not

~

occur.

e

The chemistry of reductive deamination indicates that e;c adds to
the carbonyl double bond and that cleavage of the N-C linkage ensues on
rearréngement of the reduced intermediate. Observed correlations_between K

b,

accord with this formulation.

of the NH+ group and the velocity constant for the e;q reaction are in

Oxidative degradation of éubstituted amines including peptides is
initiated by OH attack at the C-Hv’linkage of the a-carbon-étom.

The hydrated electron adds to the peptide bond but N-C cleavage
does not ensue.

The reactions of OH . and é;q with the ﬁyrimidine and purine bases
occur almost exclusively at thé carbon-carbon double bond.

The actions of ionizing radiations on solid glycine and alanine in
the‘absence of oxygen indicates that the electron escapes the parent ion aund
is subsequently removed through addition to adjacent C=0 groupsl The
reduced intermediate looses ammonia on rearrangement. There is a marked

similarity in the radiation chemistry of the difunctional amino acids in
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3

s
Q
t

‘the solid state and in aquedus.solution (oxygen-free). . This analogy dces
hold in the case of certain trifunctional amino acids,-e.g., cysteine and

L

cystine.
A major chemical effect of ionizing radiations on solid peptide
derivatives .of the aliphatic Q-amino acids leads to the formation of amide

and fatty acid through main-chain scission at the NH-CH(R) linkage. There

is evidence that main-chain scission also occurs at the CHR-CO linkage.




61 _' | bﬁCRL-l7h&O
Referénces' |
Adems, G. E., Béag,.J;vW.,’Cufrahf, J.,Aand.Michael,’B. D. 1965.» In: Pulse
Radiolyéis; Eds. Ebert, M., ét al. (Academic Press). ' .
Alexender, P. and Rosen, D. 1961.. Rad. Res. 15 L75.
‘Allen, A; 0. 1964. Rad. Res.vSupplement é, p. 5k,
Anbar, M. end Hart, E. 7. 1965. J. Phys. Chem..§2'27l.h
" Anber, M., Munoz, R..A.;aand Rona, P, 1963. J{~Phys. Chem. 67 2708.
Appelquist, J. and Breslo%, J;iL. 1965.- J. Am. Cﬁem;.éoc.vgz 2869.
Armstrong, W. A. and Grant, D. W. 1963. Can; J. Chem.-ﬂl 1882.
Armstrong, D. A. and Wiikening; V.‘GZ‘ l95h;-'Can. J. Chem. L2 2631.
Atkins, H. L., Bénnetﬁ—quniea; W., and G;rrison, W. M. 1967. J. Phyé. Chem.
In press. ‘ | | o
Barr, N. F. and Alleh; A. 0. 1959. J. Phys. Chea. 63 928.
Barron; E. 5. G., Aébrose, J., and Johnson,-P;- 1955. Rad. Res. 2 145.
Baxendale,‘J. H., Fiélden, E..M.; Capellos, C., Francis, J. M., Davies, J. Y.,
Ebert,‘M., Gilbert, C.,,Keene, J. P., Laﬁd, E. J., Swallow, A. J., Nosworthy,
J. M. .196k, Nature 201 u68Q | |
Baxendale, J. H., Fielden, E. M., éndAKeene, J. P. 1963. Proc. Chem. Soc. 2L2,
Baxendale, J. H. and Hughes, G. 1958. 'Z. Phys. Chem. Frankfurt 1L 306.
Baxendale, J.IH._and Smithies, D. H. 1956. Z. Physik. Chem. 1 2k2.
.Bennett-Corniea, W. and Garrison,.w; M. 1959. Nature 183 889.
Boag, J. W. 1963. Am. J. Roentgenol. Radium Therapy. Nucl. Med. %0 8§6.

Boag, J. W. and Hart, E. J. 1963. Nature 197 L5.
Box, H.C., Freund, H.G., and Budziuski, E.E. 1966, J. Am. Chem. Sox. 88 658.

Box, H.C., and Freund, H.G. 1966, J. Chem. Phys. Ll 2345.
Braams, R. 1966. Rad. Res. 27 319. o

Braams, R. 1965. In: Pulse Radiolysié, Eds. Ebert, M., et al. (Academié Press).

Braams, R. 1966b. Nature 200 152..



o “.,,;&_ h_;'~'fv - UCRL-174k0
.Brdické,'R;,.Spufny,bz;;.gnd;Fdjtik; A;l'1965{'.qulecﬁiOnszech. Chem. Commun.
Brown, P. E., é;lvin; M;;vandieﬁmark,j.‘F. 1966f Natufé,;2;>68.

‘Clay;'P. G. and'Kabi;ﬂAiA;i965.» Chem. and Ind. 226.

lConlay, J. I 1965.  Natﬁre'igz 555. |

Czapski, G. and Schwarz), H;:A, 1962, J. Physu_Chem:;gg ﬁ?i!

Dale, W. M. aﬁd-Davies, Jf,V,lvl95il: Biochém, J. 48 9. |

Dele, W. M., ngieé,‘J,QV;,:énd Gilbert, C. W. l949;VVBiochem; ;.'g; 95 (1949).
Devies, J. V., Ebert, M;,'anav5wa110w, A;AJ. ‘i§65ngin:, Pulse Radiolysis, Ed.
Ebert, M., €t ai. (ACademic_Press).' “' vg' B ” | |

De la Maré,.H;,E.,‘Koéhi,'J.vK., and Rust;.F.lF;v 1963.. J. Am.:Cﬁem; Soc. 85 1L37.

El Samahy, D.,.ﬁhite,-H; L,, and Trumbore, C. N;y i96ﬁ. J. Am. Cﬁem, Soc. 86 3175.

.Ekert,vB. 1962. Natupe‘;231278..'4 | - | |

Ekerﬁ, B. and Mbnief, R.  1960. Nature i§§.3d9;.}

Fletcher, G. L. and Okada, S. 'i961g_ Rad. Res.'l§.5§9;vv

Forbes, W. F. and Savige, W. E. 1962. Photochem. Photobiol. 1 77. :

Garrison, W.M., Jayko, M.E., and Bennett-Corniea, W. 196k, Science 146 252.
Garrison, W. M. 1964, Rad. Res. Supplement 4 p. 158. : ,
Garrison,W.M. 1966. 1In "Electron Spin Resonance and the Effects of Radiation on

. Biological Systems," p. 133, ed. by W. Snipes (Nat. Acad. Sci., Nat Res. Coun.)
Garrison, W. M., Jayko, M. E., and Bennett—Corniea} W. 1962. Rad. Res. 16 483. |

"Garrison, W. M. and Weeks, B. M. 1962. Rad. Res. 17 3k1. " (in press).
Garrison,W.M,Jayko,M.E,Weeks,B.M,Sokol,H.A, and Bennett-Corniea,W. 1967, J.Phys.Chem./

Gordon, S., Hart, E. J., Matheson, M. S., Rabani, J., and Thomas, J. K. 1953.
J. Am. Chem. Soc. 35 1375. |

Grant, D. W., Mason, S. N., and Link, M.WA. 1061. Neture 193-352.
Creenstein, J. P. and Winitz, M. 1951. (John Wiley énd Sons, New York).

| Hart, E. J. 1959. J. Chem. Education 36 266.

Hart, E. J. 1964. Rad. Res. Supplement 4 p. T7h.



65— ~ UCRL-17kk0

Hert, E. J. end Boag, J. W. 1962. J. Am. Chem. Soc. 8l 4090.
Hert, E. J., Thomas, J. K., and Gordon, S. 1964. Rad. Res. Supplement l 7k,
Hatano, H.. 1960. Rad. Res. (Japan) 1 38. . :
Hayden, G.A., Rogers, S.C., and Friedberg, F.. 1966, Arch. Biochem. Biophys. 11% 2k7.
Hayon, E. 1965. Trans. Faraday Soc. 723. '
Hayon, E. and Allen, A. O. 1961. J. Phys. Chenm. 65 2181.
Hayon, E. and Weiss, J. 1958.‘ Proc.‘Interh. Conf. Peaceful Uses At. Energy 2nd
. Geneva 29 80. : ‘

Hems, G. 1960, Rad. Res. 13 777. - :
Hochanadel, C. J. and Casey, R. 1965. Rad. Res. 25 198.
Holian, J. and Carrison, W. M. 1956. Nature 212 39L. =
Holian, J. and Garrison; W. M. ’1967a. Unpublished.
Holian, J. and Garrison, W. M. 196Tb. J. Phys. Chem. TL h62.
Holian, J. and Garrison, W. M. 1%Tc. Unpublished.
Ibragimov, A. P}, Tulyaganov, A., and Tuichiev. 1962, Proceedings 2nd All-Union

Conference on Radiation Chemistry.. Academy of Science, USSR.
Jayko, M.E., Bennett-Corniea, W., and Garrison, W.M. 1965, Rad. Res. 25.
Jayko, M. and Garrison, W. M. 1956. J. Chem. Phys. 25 108k4.
Jayko, M. and Garrison, W. M. 1958. Nature 181 L13.
Jayko, M., Weeks, B. M., and Garrison, W. M. 1958. Proc. 2nd Intern. Conf. Peaceful

Uses Atomic Energy, Geneva, 29 10. - Rad.Res, Cortina, Italy, June 1966.
Jayko,M.E, and Garrison,W.M. 1966,Abstract 465,Abstracts of Papers,3rd.Int.Congr. on/
Jayson, G. G., Scholes, G., and Weiss, J. 1954. Biochem. J. 57 386.

Jayson, G. G., Scholes, G., and Weiss, J. 1955. J. Chem. Soc. 259k,

Jortner, J., Ottolenghi, M., Rabani, J., and Stein, G. 1962. J. Chem. Phys. 37
2Lk88.

Kamel, A. and Garrison, W. M. 1965. Nature 206 1315.

‘Keene, J. P. 1963. Nature 197 47.

Khattak, M. N. and Green, J. H. 1955. Aust. J. Chem. 18 1847,



Cew : "-,. N " .:UCRL-17th_
* Khattak, M.'N. aﬁd_éreén;:j;.341 1966g..'Int; J.;Réd; Biol.fl;;lil:
. Knattak, M. N!'aﬁdféféen; 5. H. 1966v. vInt;TJ. Rad. Biol. Il 137.
" Koch, Rf.and Frénz, J. 1960. Int. J. Réd;.Biol.”g 585. . o ) :

'Kopoldova; J.;'Liebstér,vJ., and Babicky. 1961, ~ Int. J. Appl. Rad. Iso.

@

1 9. | - |
Kopoldova{_J}, Liebster, J;,:and Babicky, ,1962;b 'int. J. Applo.Rgd{ Isq,‘lf
.517., o . | S o ‘»._
Kopoldova;vJQQ,Liebster, J., and Babibky.fwl§65a. “Int. J. Appl{”Rad._Iso. 1k
. , . . ;. S o
Kopoldova, J., Liebster, J., and Babicky. 1963b. - Int. J. Appl. Red. Iso. 1

189, o - ‘V : | |
Koéol&o§a; J., Kolo@sek; A.;‘Bagicky,:A.;iand Liébster, J. 1958. .ﬁature ;@g
a0tk | e | | |
Korgaanar,fK. S. and Donde, R. B. 1952.‘ Intf.J, Biol. i 67.
.Latarjet, R., Ekert, B., and>Demerseman,’P. 19655 Rad. Res. 3 2L7.

Liebster, J. and Kopoldove, J. 1966. Rad. Res. gz 162.

Littman, F. E., Carr, E. M., and Brady, AfrP. 1957. Rad. Res. 7 107.

Megee, J. L. 1961. Ann. Rev. Phys. Chem. 12 389.
| Mahlman, H. W. 1966. J. Phys. Chem. 70 3895.‘
Markakis, P. and Tappel, A. L. 1960. J. Am. Chem. Soc. 82 1613.
Maxwell, C. R., Peterson, D. C.,»énd Sharpless, N. E. 1954. Rad. Res. 1 530.
Maywell, C. R., Petefsén, D. C., ahd White, W. C-,li955. Rad. Res. 2 L31. 37 928,
Meshitsuka,G,Shindo,K,Minegishi,A,Suguro,H, and Shinozaki,Y,196k4,Bull.Chem.Soc.Japan,/
Myers,.L. S., Ward, J. F., Tsukamoto, W. T., Holmes, D. E., and Juka, J. R. 1955.
Spience 148 1234, | |

Nakken, K. F. and Pihl, A. . 1966. Rad. Res. 27 19.



- | -5 UCRL- 17140
Nosworthy, J. and Allsopp, C. B. 1956. J. Colloid Sci. 11 565.
‘Ohara, A. 1966. J. Rad. Res. (Japan) 7 18.
Packer, J. E. 1963. J. Chem. Soc., 2320.

Peter, G., and Rajewsky, B. 1963. Z. Natur. forsch. 18b 110.

Peterson, D;B;, and Garrison, W.M. 1967. Lawrence Rad. Lab. Report UCRL-1T7499.

Piette, L. H., Bulow, G.A., and Loeffler, K.0. 196k, Symposium on Use of ESR

In The Elucidation of Reaction Mechanisms. Vol. 9, No. 2-C American Chemical
Society.

Platzman, R. L. 1953. Natl. Acad. Sci. - Nat. Res. Council Publ. 305, p. 3h.
Ponnampefuma, C. A., Lemmon, R. A., Bennett, E. L., and Calvin; M. 19.1.

-~

Science 13k 113.
Ponnamperuma, C. A., Lemmon, R. A., and.Calvin, M. '1962. Science 137 605.

Purdie, J. W. 1967. J. Am. Chem. Soc. 89 2 226.
Rajewsky, D., and Dose, K. 1957, Zeit. flr Naturforschg 12B 58&

Riesz, P. and Burr, B. E. 1962 Rad. Res. 16 661.

Riesz, P. and'Morris, T. 1905 Rad. Res. 26 1.

Riesz, P., Whlte, F.N., Jr., and Kon, H. 1966, J. Am. Chem. Soc. 88 72
Rowbottom, J. --1955. J Biol. Chem. 2L2 877. '

Scholes, G. 1963. Progress in Biophysics 13 59.

Scholes, G., Shaw, P., Willson, R. L., and Ebert, M. 1965. In: Pulse Radiolysis,

Ed. Ebert, M., et al. (Academic Press).

Scnoles, G., Ward? J. F., and Weiss, J.. 1960. J. Mol. Biol. 2 379.
Scholes; G. and Weiss, J. 1952. Exp;t. Cell. Res. Suppl. 2 219..
Scholes, G. and Weiss;-J; 1960. Nature 135 305.

_Sheprio, B. and Eldjarn, L. 1955. Red. Res. 3 255.

Ino
-]
N
N

Sharpless, N. E., Blair, A. E., and Maxwell, C. R. 1955a. Rad. Res.

{

i~
]

Sharpless, N. E., Blair, A. E., and Maxwell, C. R. 1955b. Rad. Res. 2 &

. Shiga, T. 1955. J. Phys. Chem. 69 3805.



" Weeks,

66- . . UCRL-17Lko

Shlmazu, . , Kumata, U. s , and Tappel, A L., 1964. Rad. Res. 22 276.
Slnclalr, J. W., and Hanna, M. W. 1967, J. Phys Chem. 71 8k,

‘Sokol, H. A., Bennett-Corniea, W., and Garrison, W. M. 1965. J. Am. Chem. Soc.

87 1991 ‘

Southern, E. M. and Rhodes, D . 1965. Biochém:'j. gzlluc.
Stein, G. 1952.. Dlscuss10ns‘Faraday Soci-ig:227. '

Stein, G. and Weiss, J. l9h9.'.J; éh§m._So§. 3256.

Swallow, A. J. 1952. J. Chem. Soc. 153u‘

Thomas, J. K. 1964. Rad. Res. Sunplement 4 p. 87
Ward, J. F. 1967, private communication.

' Weeks, B. M., Cole, S. A., and Garrison, W. M. 1965. fJ..Phys..Chem. 69 h131.

' Weeks, B. M. and Gerrison, W.-M. 1956a. J. Chem. Phys. 24 616.°
Weeks, B. M. and Garrison, W. M. l956b J. Chem. Phys. 23 585.
. M. and Garrison, W. M. - 1958. Rad Res . 9 291

Welss,.

B

Weeks, B. M., Kland-English, M., and Garrison, W. M. 1961. Red. Res. 1k 516.
J

Weiss, J

1960 Nature 186. 751. : ~ (Academic Press).
Whitchér, S. L., Rotherham, MQ, angd Todd; N.h 1955. Nﬁcleonics 1l 30.
Willix, R. L. S. and Garrison, W. M. 196;b. J. Phys..Chem. 69 1579.
Willix, R. L. S. and Garrison, W. M. 1965a. Rad. Res. 25 252.

Willix, R. L. S. and Garrison, W. M.  1967. Rad. Res. In press.

4

196k, Progress in Nucleic Acid Research and Molecular Biology, Vol. 3



-67- L  UCRL-174L0
Table . 1
major products in tnc Y rédioWysig of.o?y zen-free olut ons of

and alanine, 1 M pH 6.k [MAAWWLL PETERSOR and SIARPLESS wg,L
LE and CARRISON 1965] :

~yleld, G

product - R __ - glycine _ o alanine
ammonia - o o o b3 . - k3 '
‘keto acid . 2.1 ' . 1.6
Cfatty mcid . 12 . - 7 10
aldehyde . . .- 0.5 0.5
v'hydrogen..‘_"v_.‘ 2.0 - _‘l.i ‘
° v ¢ /

Table 2 P"oduct Yields from 0.30 M Glycme 0.03-0. 04 M Cu(I1) Solutions [WILLIX and GARRISON, ]_965‘0]

Y

"pH | G(NHy o(cnoco,mv ' G(CH10) - G(COy) G(H.) ‘G(CH:COsH)  G(succinic acid)
3.0 2.2.£0.2 1.8 - 0.33 P I .0.04 0.07

8.5 - 5.0%£0.2 . L9x=01 0.8%x0.1 .. 3.7 0.45 -0.12 0.24
8.4° C3.0x02 22 0 - 0.3 3.1

u Preformed 0.0‘2)‘![ bfs(glycinato)copper(H).
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T Table 3

_ Effect of 0.8 1f Sodium Formate on_G(NH3) from Oxygen-Free
Solutions of Amino Acids and Derivatives at pH 7 [WILLIX and GARRISON, 1967]

; Compound® -~ -+ . | o ' IR 'G(NH3)'

‘Formate-free ' 1.0 M formate

elentne - 31 B b3 o 2.5
glycine = hl‘.. - ._i ' ¥7;.':;  jh.Q o | ; lf8
glycine ‘ethyl ester ., . ', . ‘: e i‘ 2.7 o 2.6
bis-glycinato-Culll . - PR v.v5.o, 32
glycylglycine . .;':A ;f '_ _ ; ' o 3.0, :', R Q} ) 2.5
Cveline® -4  ;f? - 7.'37.~~”g V_1;8_f o 0.8

. 'éaminocaprioc;aéidjlu - R  '0-35__ “<O.35

B-alanine '. ‘ L 14""“"'.;' 0.5 o '.  - 0.45

aAt the minimum concentration required‘to insure the quantitative(scavenging '
- of water decomposition-products (see Fig. 7).
bAt.pH 8.5.

C» M . ".'- R .
“Measured at only one valine concentration, viz-0.25 M.

T
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Table &
Rate Constants for Reaction of e;q vith Amino Acids and Derivetives

as Measured by Competition Kinéticsa [WILLIX and GARRISON,fl965a,l967]

Compound .‘:,' | pﬁ 6.7; E58(M'l sec;1> pH '3, k58(M_l sec—l)

-8ly01ne : | | .lfh x.lO7 (0.9 . 7)b’c __h.S X 108
alanine . ‘  _ 1.8 x 107 (0. 6><lO7)b ¢ o 8.0 x 108
biseglycinaté-CdII' | 3.53x 108 - | '._ _' B - )
glycine ethyl ester g 1.0 x ldgv' <~ R S
diglycine . 1.0x 1o (2.5%10°)°  _ 8.9 x 10°
‘triglycine '. 1 R 7.2 x 10 (9x108)b . : ‘3.0'x 109
N-ethylecetamide 1.7 x 197‘ , ' R 1.5 % 107
N-acetyl alemine . 1.1x.100 '  Co12x 108

. ¢

ethyl amine T : ~10

- - 91 -
aBased‘on k59 =1.2X 109 M 1 sec l, k39 = 6.6 x 107 M . sec l.

Ppulse radiolysis [BRAAMS, 1965]

pulse radiolysis [DAVIES, EBERT, and SWALLOW, 1965]
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. ‘Table 5
: + : P
- Product yields in the ¥ radiolysis of pyrimidine-Cu 2 solutions [HOLIAN and GARRISON, 1968] -

Base (mM) -Cufg(mM) . 6{glycol) G(isobarbvituric) ~ SG(Products)

uracil 30 2 5. 23 .0.50 2.8
50 1 5 2.3 060 2.9
30 o5 5 23 s - o 3.0
10 10 3.5 . 2.l - 0.45 2.85
cytosine 10 ' 2. 3.1 2.28 ' -1 02 2.70
200 1 30 . 2.25 ; ok 20
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Table 6

Product yields in the < radiolysis of puriné bases in neutral, oxygenated
solution [HOLIAN and GARRISON, 1967c] - ‘

“6(-B) | G(NHB)a ¢(carbonyl)
Xanthine ’ 2.0 | b1l o 2.0°
Hypoxanthine 2. 8.5 o 1.2°
Uric acid o 2.2 0 o1t

. .

®preated with 2N NaOH in the cold for - 24 hours,
bAlloxan.
®Mesoxalic acid plus glyoxylic acid.

dAlloxan.
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Product yields in the y radiolys1s of SOlld gLyc1ne (evacuated)[MESHITSUKA

. et al., 196&]

product yield (@)

1:Ammonia ' 4.8
Acetic acid 'r' 2;5 )

" Glyoxylic acid | 2.5
nydrogen_  0,2'v;‘
Methyl amine ' -'Oﬂ2.

_ Carbon‘dioxide 0.2" 
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- Table 8 J |

Ammonia yields in the y radloly51s of solid amino acids (evncuated) PETERSON
and GARRISON, 1967]

compound | . ammonia yield, G
glycine. » 5.2 (L.8)%
alanine _ _ 5.4
. b E

p-alanine ‘ Q.8

serine o . 6.2

cystine : _ L 3.5

phenyi alanine 2.9
cysteine . o 1.8

& (MESHITSUKA, et al., 1964]

b . . . .
B-aminopropionic acid
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Table 9 L i

Amide yields in the <y ‘radiolysis of solid N-acetyl amino acids (evacuated)
[GARRISON et al., 1967; BENNETT-CORNIEA and GARRISON, 1967] '

N-acetyl derivative of: = - yield of "amide" ammonia,’G

glycine, :b_v. ' L | : 2.7

| élaniﬁe ;' v o S S 3L
‘valine ,f' ;. ;; R - s 3.0
leuéiﬁe 3 "  ' o - v“._ -N e
methioninél-?‘% v :.£v_]  N  }:'.€¥"2;5 |

phenyl alaniﬁé '_f i :f. : j  f:s f  ‘O.8

aDetermine as ammonia after treatment . with 2N NaOH in the cold for 2k hours

to affect the quantitative conversion of.thevamidef
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Table 10

Product yields in the -7y Y'a.cholysls of N-acetyl alanine (evacuauea)LGﬁ RRISON,
JAYKO WEEKS, SOKOL, and BENNEIT-CORNITA, 1967]

~product : yield, ‘G
Ammonié , o %, 42

? Propioniclacid . 1.4
Pyruvic acid o 0.42

| Acetaldehyde 0 0.8
Alanine : | | . 0.h
Lactic acid | - o0.2®
Acrylic acid | <0.2°

| Hydrogen ‘ ‘O.hb

<

Safter nydrolysis.

bAfter dissolution.
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_Fig. i. Ylelas of ammonla (O), pyruvic ac1d‘(A) and aceualdehyde (A) as a

function of alanlne_concentratlon in oxygen-free solunlons at pH 6.k under

Y radiolysis,(Wéeks; Cole, ana Carrison, 1965):: . ' -_ ' o ) .
Fig. 2. Ammonia yiéldg’ffpm 1.0 M alanine (0) and 1.0 M glycine () as a |
function of sodium fomate ;oﬁcentration_in oxygen-free soluﬁion at fH 6.4»
. under <y radiolysis (Weeké, Cble, and Garrison, 1965).

'Fig. 3. Product yields from 1.0 M alanine as a function"éf sodium formate
éoncentration in ox&éen-freéAsolution of pH 6.4 under 7"radiolyéis.
Ammonla (¢), propionic ac1d (A) and pyruvic acid (l) (Weéké, Cole, and Gérrison, 1965).
Fig. L. Effect of cu(1I) concentration on ammonla ylelds in the vy r;diolyéis

of oxygpn free 0. 3 M glycine ;olutlons at pH 3.0 (0), pH 8.5 (E) (W11¢1x and

Garrison, l96,b) | .

Fig. 5. Effect of formate 1§n on ammonla ylelds in the vy radiblysis of 0.3 M
glyéine - 0.0k M Cu(II) solitions (oxygen-free) at pH 8.6 (&), pH E.O (+)

'(wiliix and GarriSonz'1965b);

Figf 6. Ammonia yields ip.the 'y radiolysis of a homologous series of (-amino

acids in oxygenated sbiution, pH. Glycine-(oj, alanine (0), C-aminobutyric acid

(0), nor valine (9), nofvleucine (¢) (Holian and Garrison, 1967c).

Fig. 7. Effect of giyéylglycine and glycine concentrations on ammonia yields

from oxygen-free solutions at pHv6.5‘under v radioclysis (hllllx and Garrison,

1967). '

Fig. 8. Effect pf formate concentration on ammonia.yields in the. v radiolysis ”
of l.Q M glycine (0) and 0.20 M glycylglycine (0) in oxygen-free solution at

pH 6.5 (Willix and Garrison, 1967).
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Fig. 9.; Effect of Ehlofacetate concentration on émmdnia (®) and chloride ion
(A) yields in the ynradiOlysig of 0.20 M glycylglycine, oxygen-free, pH 6.5
(Willix and Garrisoq,l967).- ' |

Fig. 10. Typical plots of the‘feciprocal chlofide ion yields (v radiolysis) as

a function (RzN)/(RCl) or (RBN)/(ﬁai) for glycine zwitterion (A),

glyciné,cation‘CA), o glycjlglycine ;witterion (D),'glycine ethyl ester-(ﬁ),
ethyl amine (@). (Willix and Garrison, 1967). | |

Fig. 11. Effect of Fe(III) concentration on the yieldé of ammonia (8) and pyruvic
acid (A) from 0.1 E acetylalanine énd_of ammonia (O) and glyoxylic écid (A) from

0.1 M acetylglycine (oxygen-free solution at pH 3 under vy rays)(Atkins, Bennett-

Corniea and Garrison, 1967).

Fig. 12. Effect~of'acety;alanine concentration on yields of ammonia (6) and of
pyru?ic aﬁid (a) from solutions containing 0.05 M Fe(iII). (Oxygen-free solutions
at pH 3 under <y rays) (Atkins, Bennett-Corniea and Garrison,1957).

Fig. 13. Effect of pH on the yield of ammonia (8), total a-keto acids (@) and
C-ketoglutaric acid (O) in the v radiolysis of oxygen-saturated solutions con-
taining 0.15;percent poly-o-L-glutamic acid. (M.W. ~140,000) (Sokol, Bennett-
Corniea and Garrison,1965).

Fig. 1k. Efféct of a second-solute on ammonia yields in the vy radiolysis of

0.05 M cytosine, evacuated ph 7, formate (0O), ethanol (&) (Kamal and Garrison, 1965).
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This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the. use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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