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Reaction Mechanisms in the Radiolysis of Peptides, Polypeptides and
Proteins I Reactions of the Peptide Main-Chain in Model Systems

Warren M, Garrison*
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

Sy

The obJect of thlS review is to br1ng together and to correlate our
present knowledge of products and mechan1sms in the rad1olys1s of
pept1des, polypept1des and protelns in both aqueous and solid-state
systems. Resu1ts obta1ned w1th var1ous exper1mental techn1ques such
as product analys1s compet1t1on k1net1cs, ESR spectroscopy and pulse

rad1o]ysls are 1nc1uded Here in part I the emphas is is on the various

;rad1at1on-1nduced react1ons of the pept1de ma1n-cha1n in model systems.

In Part II the emphas1s is on the radiation chemistry of side-chain
loci of the a11phat1c su]fur—conta1n1ng, aromat1c and other |
unsaturated am1no ac1d res1dues in 51m11ar systems. And, 1n Part III
th1s 1nformat1on on mode] systems 1s used in 1nterpret1ng the |
mechan1sms of chem1ca1 change in the rad1olys1s of prote1ns in aqueous

ot

solution and in the sol1d state. B

t Consu]tant

This work was supported by the D1rector Office of Energy Research
Chemical Sciences Division of the .U.S. Department of Energy under
Contract Number DE-ACO3-765F00098.



1. Introduction

Studies of the chemical actions of jonizing radiations on
biochemical systems over the years have focussed primarily on the amino
acid-peptide-protein system and the base-nuc]eotide-nucleic acid
| system. .During the past”decade,nthe major‘emphasis in radiation
biology at the mofecular level has been on the nucleic acid system
because of 1ts pr1mary genet1c 1mportance. The radiation chemistry of
DNA, RNA and the1r const1tuent compounds 1s now known in considerable
deta11 1-3 | | | |

In recent years 1t has become 1ncreas1ngly ev1dent that the
prote1ns wh1ch are assoc1ated w1th DNA in chromatln a]so have 1mportant
funct1ons 1n determ1n1ng both the structural and transcr1pt1onal
propert1es of the chromosome The ev1dence is that the binding of
chromosomal prote1ns to spec1f1c operator sites of DNA represses gene
expresston. The repressor-operator recogn1t1on process involves
specific secondary bonds (hydrogen bonds, salt linkages, van der Waals
couplings, etc.) between protein'and nuc1eic acid Chemical -alteration
of part1cu1ar s1tes of e1ther the prote1n or the nucleic acid component
can lead to marked changes in the stab111ty constant of the repressor-
operator comp]ex.4 7

Bacteriophage and other viruses provide useful model systems for
obtaining information on the locus of radiation damage in nucleo-

protein. Virus inactivation in aqueous solutions appears to arise

almost exclusively from protein damagedICaused by attack of radical
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species derived from watelr'.s"10 These findings are consistent with
earlief studies which showed that when dilute aqueous solutions of
thymus  deoxynucleohistone are irradiated, relatively little destruction .

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

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

vTabilization of the DNA-histone binding.u'13 The direct action of

ionizing radiation on nucleoprotein appears to involve chemical change
in both components; the production of DNA protein.Cross-links-by'both
the direct and indirect action of radiation has been obser'ved.g'14

A detailed dnderstanding of reactfon'producfs and,reaction

e

mechanisms in the radiolyﬁis of proteins and related substances is

_ becoming of increasing importance in"radiatﬁon'bidlogy and related

areas;15'17‘ The objective of this review is to bring together and

to correlate our basic knowledge of products and mechanisms in the

radiolyéis'df peptides, polypeptides and proteins in aqueous and solid-
state systems. Results obtained with the various experimental
approacheS'such as product analysis, competition kinetics, ESR

spectroscopy and pulse'radiolysis are included. Here in Part I, the

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

peptide main-chain in model systems. In Part II the emphasis is on the_j’f{ﬁ“

chemistry of side§chain loci in similar systems. And, in Part III,
this jnformation on‘model systems is used in interpreting the
mechanisms of‘produﬁf formuatfon in the rédiolysi$ of aqueous and solid
proteins with pafticu]ar reference'to chromosomal proteins—-the bqsic

histones and the acidic non-histones.



2. Background Chemistry

2.1 ‘Aqueous Amino Acids

Studies of .the chemical actions of ionizing radiations on the
peptide main;chain“héve.evo1ved from eaf]fer studigs of fhe radiation
chemistry of the simpler a-amino acids as monomers both in aqueoﬁs and
solid-state systems. . |

-+ Chemical éhange in dilute aqueous ‘solution is initiated by the

radiation-induced decomposition of waterls’lg

-+

Hp0 s Hp05, Hy, OH, H, ego, H - -

whereze;q represents’thevhydraﬁed electron. For y-rays and fast

electrons the.100 eV yields (G) of the radical products correspond to
, _ N

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

q ’
;q and OH with the amino acids glycine and
alanine in oxygen-free solution yields ammonia, keto acid and fatty

20-23

major radical products e

acid as major products. Detailed chemical studies of these

systems including the use of second solutes for the preferential

scavenging of eaq

and OH led to identification of the principal

reaction modes

€7, * NH3CH(R)CO0™ Z-5 NHy + CH(R)COO | (2)

aq 3
+ - +2 - ‘
OH + NH,CH(R)CO0™ ---> H,0 + NH5C(R)COO™ ; o (3)

subsequent reactions include



CH(R)COO™* NH3CH(R)COO™ ~--> CH,(R)COO™ + NH3C(R)COO™ (4)
CH(R)COO + NH3C(R)C00 —> CHZ(R)COO + NH2_C(R)C00 -~ (5)
2 NH C(R)COO — NH2=C(R)C00 + N CH(R)COO . (6)

A small fraction of the NH;é(R)COO'; radicals undergo dimerization

to yield a,a'~diaminosuccinic acid. The labile imino acid derivative

produced in the disproportionation steps 5,6 hydrolyzes spontaneously

Hy0 + NHy=C(R)CO0™ ———> NHF +RCOCOO™ ()
The overall stoichiometry of reactions 2e7'gives

G(NH3) = G(RCOCOOH) + G(CH,RCOOH) = 5
wh1ch corresponds very closely to the exper1menta11y observed values

In an extension of these stud1es21 23

it was found that amino
acids such as g-alanine and e-aminocaproic do not undergo the

reductive deamination reaction 2. Nor do the simpler aliphatic amines

such as ethylamine. It was conc]uded that e’ aq adds to the C=0

-

bond of the simpler a-amino acids

B ‘ . 0
- + - + /
eaq +‘NH3CH(R)C00 -f-> NH3CH(R)CN\. | 4 (2a)
and that the radical catioh“intermediate,then dissociates
o L0 i -
NH3CH(R)C —3 NH3“+-CH(R)COO (2b)
\ :

o
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If there is more than one carbon unit between the amihb and carbonyl
groups reductive deamination does not occur. , |

The radical products of reactions 2,3 have sihée been studied quite
extensively by the pulse radiolysis techm'que.24 Reactions 2a, 2b | 4
have also been observed in ESR studies of the reactions of photo-
generated electrons with amino acids in aqueous glasses at low
tqmperatures.25

With the aliphatic «-amino acids of higher molecular weight, i.e.,
with a—amino butyric, valine, leucine, etc., the reductive deamination
reactfon 2 continues to represént a major path for removal of e;q
(ref. 26). However, with the longer aliphatic side chains the aftack
of OH via reaction 3 is no longer confined to the C-H bond at the
a~carbon position, other C-H bonds a]oné the side chain also become
involved. With the unsaturated a-amino acids such as phenylalanine,
tyrosine and histidine, the side chain represents a major competing

28-31

locus for reaction of both’e;q and OH.' With the amino acid

cysteine the reactions of e;
32

q and OH_occur exclusively at the SH

function. Detaiied reaction mechanisms involved in the radiolysis
of the various amino acid side chains are treated in detail in Part II
of this review.
The presence of dissolved 02 at a sufficiently high relative !
concentration results in the b]ocking'of the reductive deamination

reaction 2 since the hydrated electron, é;q, is preferentially

scavenged to yield the hydroperoxy radica],‘HO2



€aq +‘02 —> 0, S IR r(9)ﬁ

- o > - S | | o
. | Q2”+ Hy0 7~ HO, + Qﬂ | o . - (10)
R | 2Ho2 —-—=> H202 +. o2 - | - (1)

The OH react1on 1s not 1nh1b1ted by 02 and in the case of g]yc1ne and
alan1ne the a-carbon rad1cals NH C(R)COO formed in react1on 3

reacts w1th 02 to y1e1d ammon1a and keto ac1d

4o + . - .- ';' : ’
10, + WEE(RICO0 ——> NHpC(R)COOT +HO, - (12)
0 + NH;=c(R)coo"--;>”NH; +RCOCOOT . . (13)

The product sto1ch1ometry in oxygenated so]ut1on is approx1mated by

6(NH;) = G(Carbonyl) .= G(OH) = 3. 26

2.2 ,Solid State Amino Acids: -

The identification of reaction 2 in aqueous syétems led to the
proposal that dissociative electron capture is also involved in the

formation of ammonia as a major product in the-radio1ysis of the

a—amino acids in the solid state.zo’zs Ionic proééSsés in fhese
- irradiated po1ar,$olid§‘wou1d‘then'be-fepresented.by:z |
NH3CH(R)COO -y NH3C(R)C00 +H + eS (14)
R | O _
eg + NH3CH(R)COO -—-> NH CH(R)C\\ —— NH3.+ CH(R)CO0™ (15)

0



where reactions 14, 15 are the stoichiometric equivalents of reactions
2, 3 above. Reactions 4-6 which may occur in part in the sb}id are
compiéted on dissolution of the irradiated soiid.in Oé-free waief.f

It has since been established thét keto acids and fatty acids;are
indeed formed as majbr products in the y-radiolysis of solid glyéine
and alanine with G(NH;) = G(RCOCOOH) +(G(CH2RCOOH)'= 5 (ref. 33).
Recent résultéyoﬁtained Wifh'ESR techniques provide physical evidence -
of reactions 7,8 in the solid state.34s35 on irradiation at 77°K the
initially observed radical corresponds to the electron adduct
NHSCH(R)(’:OO= which dissociates on warmingrto yield NHj + CH(R)COO™.
The similarities between the radiation chemistry of these simpler amino
acids fn the solid-state and in aqdeous solution are\quite striking.

Reductive deamination of most higher mdiecular-wéighf amino acids
also yields free ammonia as a major product of radiolysis in the solid
state. Ammonia yields from solid aspartic, serine, phenylalanine,
cystine and cysteine, for example, afe all in the range G ~:2 to

G ~ 5.26,33

3. N-acyl amino acids

3.1 ' Oxygenated Solutions. Specific chemical evidence for

oxidative degradation of the peptide main-chain through OH attack at a
C-H bonds along the chain to yield amide and keto acid functions was

first represented in terms of the overall stoichiometry36

RCONHCHR2 + 02 + H20 4 RCONH2 + RZCO + H202 (16)



Much of the subsequent information on the detailed mechanisms of .

oxidative main-chain degradation has been derived from studies

invo]Ving the N-aCeEyl;dérivatives of the simpler a-amino acids.

v : RadiolySiS of N;acétyl §1ycine and N—acety]é]énine in oxygenated

' so]utibn'reSUIﬁs in.the"formation of labile bébtide'deriVatives which

are readi]y'dggraded,on>mi1d hydrolysis to yield ammonia and carbonyl
products (keto acid plus éldeﬁydé). Free ahmonia is not a major
initial.pr960ctffn the radioiysis of these sysféms;_ The ‘proposed
reaction mechanism’ includes the radiatidn—induced,step 1 followed

by: ¢
OH + RCONHCHR, ——> H,0 + RCONHCR, o an
0, *~RC°N“632"“’ RCONHC(O,)R, | (18)

02 to give 05 and‘Hozﬂwhich are re]ated by the equilibrium

The réducihg Sbetiéé e . and H are scavengedvpreferentially by

HOZ < K+ Oéf. ﬁThe‘subsédueht sfeps weré written:

HO, + RCONHC(0,)R, -—-> RCONHC(OOH)R, + 0, (19)
ﬁ H0 + RCONHC(OOH)R, ——-> RCONHC (OH)R,. + H,0, (20)
H,0 + RCONHC(OH)R, --<> RCOOH + NHy + R,CO (21)

If the-kagiatiOn-degradatioﬁ of the peptide main-chain does occur
predominantly through the sequence formulated in eq. 1, 17-21, then it

is clear that ammonia and carbonyl yields with y-rays should be in the
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relationship G(NH3) = G(RZCO) = G(OH) = 3. Quantitative asséys of
the ammonia and carbonyl yields from a series of model peptide
derivatives including acetylglycine, acetylalanine, glycine anhydride,

36-38 However,t

"~ etc., consistently show G(NH3) = 3 for each system.
it was also found th&t the yield of carbony]lproductsvfrom these simple
peptide systems is not in accord with the quantitative requirements of
the reaction sequence 17-21. The carbonyl yields (keto acid plus
aldehyde) are consistently low with G(RZCO) =1, There was then the
question as to whether this apparent discrepancy ariéeé from (a) an
incofrect formulation of the Tocus of initial OH attaék or from (b) an
ynspecified complexity in the chemistry of removal of the peroxy
radicals RCONHC(0,)R, .

To obtain specific information on these questions, the radiolysis
| was carried out using ferric ion instead of 0, as the scavenger of
intermediate radfca]s formed By OH attack on N-acetylglycine and |

N-acety]a]anine.37

Heavy metal ions Felll and Cull oxidize organic-
free radicals in aqueous solution by electron transfer and by ligand
transfer. Such reactions in the case of the peptide radical

RCONHC(R,) would correspond to

H,0 + Felll + RCONH&RZ ——-> RCONHC(OH)R, + Fell + H* (22)

The oxidation product of reaction 22 is identical to the postulated
product of reaction 20 and would then yield amide and carbonyl on.
“hydrolysis. It was found thét the y—radiolysis‘of 0.1M N-acety1glycine

and N-acetylalanine in Oz-free solution containing .05 M Felll gives

{
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the product stoichiometry -G(peptide) =_G(NH3) = G(RCOCOOH) = 3.2 =
G(OH) + G(Héoz).' In thé{phesence{owaeIiI the va]ues_G(NH)3 and |
G(RCOCOOH) are greater than G(OH) since molecﬁ]ar hydhogeh behoxihé
formed in the radiation step, y1elds add1t1ona1 OH through reactlon
with Fell (generated in step 22) via Fell + Hzoz'---> FelIl + OH +
OH™. The fact that much lower carbonyl yie]ds are obtained with
02 in place of FeIII shows then that the chem1stry of remova1 of the
peroxy rad1cals RCONHC(OZ)R2 1s 1ndeed more comp]1cated than that
represented in reactions 18-21. -
More complete and detailed examination of the oxidation prqducts
formed in the y-radiolysis of the peptides_in oxygenated solutions have
established thét organiclprhducts in éddition to keto acid andvaldehyde

ane-present;38: In the case of N-acetylalanine the organic products

identified include pyruvic acid, aceta]dehyde,'acetic acid and carbon

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

RCONHC(@Z)Ré‘with;HOz,via step.19 occurs in competition with

2RCONHC(D,)R,, ~-=> 2RCONHC(D)R,, * 62 v - - (23)

~In the case of the N-acetyl amino acids, the alkoxy radicals” formed in

step 23 ahe remoyedvin turn via
S ? v ?H v . | |
02 + RCONH ? C=0 -—-> RCONHC + CO2 + HO2 (24)
R R '

\

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

diacetamide product RCONHCOR is hydrolytically labile and under mild
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differential hydrolysis in dilute base at room temperature is converted °

to acetamide and acetic acid.

H20 + RCONHCOR —-—> RCONH2

+ RCOOH

The parent N-acetylalanine is stable under this condition. In this
way,vit was possible to quantitatively separate and measure all of the
products formed in the y-radiolysis of Oz—saturated N-acetylalanine ”

so]utions:38“

3

© G(CH.COCOOH + CHyCHO) ~ 1;.G(CH3C00H) = 2.5, 6(C0,) = 2

The formation of several compounds with different oxidation states as
iﬁitia1 pfoducts is frequently observed in oxidation processes involv-
ing peroxy radica]s;39
Evidence fdr reactions akin to step 24 have been identified-in the
radiolytic oxidation of the polypeptide main-chain (Sec. 4.2).

3.2 Evacuated Solutions

The chemical evidence is that in the absence of>02 and other

electron scavengers, the hydrated electron, formed in the

e;q’
radiation induced step 1 adds to the carbonyl group of the peptide

b0nd40

eaq + RCONHCHR2 -—-> RC(O )NHCHR2 v : ‘ " (25)

HY + RC(OT)NHCHR, ~~~> RC(OH) NHCHR (26)

2 ¢—m 2
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More recent studies of reactions 25, 26. us1ng pulse radIO]ySIS tech-
niques have established pK >12 for the equ111br1um reactlon 26, 41

A major path for ‘removal of RC(OH)CHR2 radicals appears to-be -

the reconst1tut1on reactmn26 40

A
.

RC(OH)NHCHR, + RCONHCR, ——=> ZRCONHCHR, (27)

2 2

where R&ONHCR2 represents the product of OH attack at the o C-H
position via step 17 above.  Product analysis reveals little net

radiation chemicai degradation of the peptidé maiQ;chain in dilute

Oé-free»solution. For example, the y-radiolysis of neutral,

Oz-free solut1ons of N-acetylglycine and N—acetylalanlne at so]ute

concentrations below ~0.1 M gives G(amide) = G(carbonyl) IThe

formation of amide and carbonyl (keto acid p]us,a]dghyde) in‘low yield

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

fraction of the RCONHER2 radicals. through, for example -

H,0., + RCONHCR

0, 5 ==-> RCONHC(OHJR, +.OH . . (28)

RCONHC(OH)R,, ---> RCONH, + R,CO ) ’ _'(29)

where the H,0, in reaCtion32é is pr6duced with'G = 0.8 in the
primary step 1. .-

Add1tlon of an electron scavenger. such as Nzo at concentrat1ons

suff1c1ent to remove. e aq preferentlally via
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eaq + N20-+ H20 ""_NZ + . 0H + OH
eliminates the possibility of reconstitution via reaction 27 and in the
case of Nlécetylg1ycine results in the production of the diamino-

succinic acid derivatives (DA) through the dimerization (cross-1linking)

~ reaction

2RCONHCR, -—> RCONHCR, (30)

 RCONHCR,

with G(DA) = 2.5 = [G(OH)+G(e;q)]I2; Similarly in acid solutions
where e;d'is'converted»to’H' |

- el : ' . v :
€aq + H30 —~=3"H-+ HZO (31)

which also abstracts at the « C-H position

H + RCONHCHR, --—> H, + RCONH&RZ o ' (32)

2

the diaminosuccinic yield is again approximated by‘G(DA) =

[G(0H)*G(e7q)T/2 = 2.5:% | |
Neither the chemical-product analysis nor the pulse radib]ysis data

referred to above givé evidénte-fOr any appreciabie dissociation of

the carbonyl-electron adduct7formed in reaction 26, i.e.,

RC(OH) NHCHR,, ———> RCONH, + CHR, - - o (33)
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in pept1de solut1ons at concentrat1on below 0.05-0.1 M. However, if the
rate of d1ssoc1at1on of" RC(OH)NHCHRZ in the f1rst-order reaction is
re]at1ve1y s]ow, then such d1ssoc1at1on wou]d be favored at low dose
rates since the compet1ng reconst1tut1on react1on 27 is of second
order. | _ |

Ev1dence for main sc1ss1on of s1mp1e pept1des v1a react1on 33 has
recently been obtained in stud1es in which t—n1trosobutane 1s used as

a radical scavenger43 g.gt;

('IHR2

CHRZ + tBu-N=0 -—» tBu-N-0 . R (34)

The‘more stable radical prodqcts pf reactidn 34 are thén identified by
ESR spectrometry. - - (

Chemical studies of Niacylaminq acid‘solqtions at concentrations
above ~0.1 M indicate that chemistry in addittbn to tﬁat inftiated by
reactions of e;q and OH becomes invo]yed at thg_higpér solute
concentrations.44 For example, in the y-radiolysis of Oz-free
solutions of N-acetylalanine it is found that thetyie1d of (amide)
ammonia incréases rapidly with increasing peptide cbncentrattoh from

(NH3) = 0.4 at 0.1IM to G(NH3) 2.8 at 2.5M and then tends to

level off at higher concentrations. This increase in G(NH ) is not
accompan1ed by a correspond1ng 1ncrease 1n the y1e1d of carbony]
products which is essent1al]y constant at G(>C0) = 0.5 over concentra-
tion range 0.1.to 3M. Propionic acid is the principle concomitant

product.associatéd with this increase in the amide yield; the fatty
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acid yield increases from G < 0.1 to G ~ 2 oven the same concentratidn
range. Add1t1on of various second solutes of concentrat1ons suff1c1ent

to preferent1a1]y scavenge e._ and OH. has relat1ve1y 11tt1e effect o

aq
on this elevated amide yield in concentrated aqueous solutions. A1l ' 94

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

pept1de concentrat1on is 1ncreased above ~.05M,

44-46

There 1is evidence . that the productlon of am1de and fatty

acid in concentrated solution may involve exc1ted.mo1ecular states
(RCONHCHRZ)* formed through solute interaction with

"sub—excitation" e]ectrons47

e) +»RC0NHCHR2 ~——> (RCONHCHR, )* + €aq ,‘35)
ah&/bk thnoughicharge transfer reactions48
H,0" + RCONHCHR, —--> H,0 + (RCONHCHR,)" | (36)
- 4 * :
+ (RCONHCHRZ) -—> RCONHCHR2 - (37)
The ensuing chemistry is'represented by
RCONHCHR; + RCONHCHR, ~-—> RCONHER2 + RCONH, + 6HR2 | (38) - .
CHR, + RCONHCHR, ---> RCONHCR, + CH,R, o 0 (39)

to give G(amide) = G(fatty acid) =
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Aromatic compounds are known to be effective scaVengers of excited
mo]écular states provided an gnergy level of the arométiCris lower than
that of the excited species. "It has been found that naphthalene
sulfoﬁic acid;_benzoié 5cidzand benzaldehyde are effective at milli-
molar concentratiohs_in.quenching the formation of amide ammonia in 2M

acetylalanine. Phenol and-beniene sulfonic acid on the otherhand are

'without_efféct even at high concentrations. Naphthalene sulfonic acid

benzoic acid and benzaldehyde have lower triplet levels és compared to

‘phenol and benzene sulfonic acid. ‘The change from quenching to non-

quenching oCCufs'B%then'benzoic acid (27,200 Cﬁ‘l) and phenol
(28,500 cm‘l). Ih'bther words the energy of the excited state
RCONHCHR) corresponds to ~28,000 cm™> = 80 kcal = 3.5 ev.%

*

Chemical quenching of RCONHCHR2 by-oz and Felll in concentrated

- N-acetylalanine solutions via the stoichiometries

*

0, + RCONHCHR,* H,0 --->RC0N|12 * R,CO + H,0, (40)
2Felll + RCONHCHR, + H,0 —-—> RCONH, + R,CO + 2Fell + 24" (1)

2 2 2

+ P

has been invoked*> ‘to account for- the production of amide ammon ia

with-G(NH3).~ s"in 2M~acety1a1anine solution contaihing 02 or Felll

(cf. sec. 3.1){

3.3 -Solid State

Main-chain cleavage with formation of amide. and fatty acid as major
products was first identified in radiation chemical studies of the

N-acylamino acids.49 For N-acetylglycine and, N-acetylalanine
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products yields measured after hydrolysis correspond to G(amide) =.
3 G(fatty acid) = 2, G(keto acid) = 1, G(diamino acid).= 1. The

products are accounted for in terms of the stoichiometries:

3RC0NHCHR2 -——> RCONH?_‘-+ CHZRZ'+ ‘2RC0NHCR2 : : - (42)

ROOMHCHR, —-> RCONCRy + 1, (43)
where the radical products of equation 42 represent the Tong-lived free
radicals observed by ESR §pectroscopy. The dehydropeptide formed in

43 reacts with water on hydrolysis to form amide and keto acid

10+ RCON=CR, ---> RCONH, + RyC0 | (44)

The yield for total amide production has been determinedvfor a series
of aliphatic, aromatic and sulfur-containing amino acids in the
N-acetyl form.50 In the case of the aliphatic series, the length of
_the side chain has re]ativelyulittle effect on the yield of main-chain
.degradation. ‘The.effect”ofﬁéromsfic'grohbs af écéty] phenylélanine and
tyrosine is to ‘quench "in part the production of amide function. The
presence of the su]fur-moiety‘of methionine appears to have little
effect on the cleavage reactions. ESR studies of y-irradiated
N-acetylamino acids at Tow temperature suggest that the stoichiometry

of equation (42) arises from the intermediate processesSI’52

RCONHCHR2

~> RCONHER2 + o+ e; ~ 77 (45)

e + RCONHCHR, ---> RE(0™)NHCHR (46)

2 2
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RE(OT)NHCHR, —-—> RCONH™ + CHR, (47)

CHR, +'RC0NHCHR2

»-—-a'CHéRZ * RCONHERZ Lo (48)
The pept1de e]ectron—adduct RC(O )NHCHR2 is.observed'tnitially at
77°K. On warm1nq, the dlssoc1at1on step 47 and then the abstract1on
step 48 can be followed S1m11ar f1nd1ngs have been obtained with
photo—generated e]ectrons 1n aqueous -glasses at low temperature.52
On the other hand chem1ca1 stud1es of the ro]e of ionic processes
1n the y-rad1olys1s of so11d pept1des suggest that such processes may
not be of major importance at room temperature. In these stud1es,50
advantage was taken of the fact that the s1mp1er N-acetylam1no acids
can be prepared in the form of a c]ear glassy solid at room temper—
ature. In the case of N-acetylalan1ne the glass has the compos1t1on
RCONHCH(R)COONa 2H20 and g1ves product y1e1ds that are essent1a11y
the same as those obta1ned in the y-rad1olys1s of solid po]ycrysta]11ne
acetyla]an1ne, i.e., G(NH3 = 3, G(prop1on1c) Chloracetate ion
which has been shown to be an effect1ve electron scavenger (e + RC]
-— R + Cl ) 1n other po]ar g1asses is soluble as the sod1um salt

in the N—acetylalan1ne g]ass On 1rrad1at1on of th1s system it is

found that G(C] ) increases rap1d1y with ch]oracetate concentrat1on"”“'

from 1 to 12 mole percent wh1ch represents the so]ub111ty 11m1t LA

rec1procal y1e1d plot of the data g1ves a limiting va]ue of G(Cl ) =

3 wh1ch is a reasonab]e value for ion-pair production in this system,,
The amide ammonia.yield, however,.remains essentially constant at
G(NHy = 2.9 over the entire'ch]oracetate‘concentration range. dThe
results are not in support of reductive deamidationbby e via steps

46, 47 in this particular Systems at room temperature.
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‘Aiso, if polycrystalline N—acetylaianine is irradiated at 77fK'and
subsequently warmed to room temperature prior to .chemical analysis then
the observed50 propionic acid yield dr0ps from G(RCOOH)290 K to
G(RCOOH)77 K < 0 1. The amide ammonia yield shows a corresponding
drop from G(NH3)290 K=3.2to (NH3)77 K = 1.3. The yields
of carbony]l products are unchanged with G(>C0)273 K =1.3= G(>C0)77 K
and in fact account for essentially all the amide ammonia produced at
77°K. The chemical consequences of reactions 46, 47 appear to be
re]atively unimportant under the conditions in which they were observed
by ESR spectrOSCOpy.' o | - |

Reactions of exc1ted molecular spec1es RCONHCHR2 as discussed
in section 3.3 also gives the product stOichiometry of reactions 42,

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

intermediates in the radioly51s of solid peptides at room temperature.

.

4. O0ligopeptides and polypeptides
4.1 Oxygenated Solutions o

Rate constants for reaction of OH with N-acetylglyc1ne and
N-acetylalanine are ~102 times the rate constants for reaction of OH
with the corresponding free amino ac1d zwitterionus. Hence, it was
anticipated that the reactions of OH with the dipeptide derivatives of
glycine and alanine would occur'preferentiailp,at the peptide C;H

1inkage:

OH + NH3CH(R)CONHCH(R)C00™ <--> H,0 + NHICH(R)CONHC(R)CO0™. (48)

i,
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RC(OT)NHCHR, -—-> RCONH™ + CHR, (47)

CHR2 + RCONHCHR»‘2 ——3 CH2R2 + RCONHCR2 N | (48)

The peptide electron-adduct RC(O )NHCHR2 1s observed 1n1t1ally at
77°K. On warm1nq, the d1ssoc1at1on step 47 and then the abstract1on
step 48 can be followed S1m1lar f1nd1ngs have been obta1ned w1th
photo—generated electrons in aqueous glasses at Tow temperature.52
On the other hand chem1cal stud1es of the role of ionic processes
1n the y—rad1olys1s of sol1d pept1des suggest that such processes may
not be of maJor 1mportance at room temperature In these stud1es,50
advantage was taken of the fact that the s1mpler N-acetylam1no acids
can be prepared 1n the form of a clear glassy sol1d at room temper-
ature. In the case of N-acetylalan1ne the glass has the compos1t1on
RCONHCH(R)COONa 2H20 and g1ves product y1elds that are essent1ally
theysame'asvthose obtained in the y—rad1olys1s of solid polycrystalline
acetylalanine, j.e., G(NH3 = 3, G(propionic) = Chloracetate ion
which has been shown to be an effect1ve electron scavenger (e + RC1
-—> R *+ Cl ) 1n other polar glasses is soluble as the sodium salt
in the N—acetylalan1ne glass. 0n 1rrad1at1on of this system 1t 1s
found that G(Cl ) increases rap1dly with chloracetate concentrat1on
from 1 to 12 mole percent wh1ch represents the solub1l1ty l1m1t A
reciprocal y1eld plot of the data gives a l1m1t1ng value of G(Cl )
3 which is a reasonable value for ion-pair production in this system..
The amide:ammonla yield, however,‘remains essentially constant'at
G(NH3 = 2.§IOVer'the entire chloracetatélconcentration range. The
| results are not in support of reductive deamidation by e~ via steps

46, 47 in this particular systems at room temperature.
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Also, if polycrystalline N-acetylalanine is irfadiated'at 77°K and
subsequently warmed to room temperature prior to chemical analysis then
the observed50 propionic acid yield drops from G(RCOOH)290 K to
G(RCOOH)77 K < 0.1. The am1de ammonia y1e1d shows a correspond1ng
drop from G(NH3)290 K= 3.2 to (NH3)y7°¢ = 1.3. The yields
of carbonyl products are unchanged with G(>C0)273 K= 1.3 = G(>C0)77 K
and in fact account for essent1a11y all the amide ammonia produced at
77°K. The chem{cal Conséduehces of reastidns 46, 47 épbear to be
relatively unimportant under the conditiohs in which they Were obserVed
by ESR spectroscop&. | |

Reactions of excited ﬁoietulér species RCONHCHR; as discussed
in sectfon 3.3 also gives fhe pfoductlstoichiometryvof reactions 42,
43 and at the pEesent time cannot be ruled out as majbr'réaCtion
intermediates in fhe radiolysis of solid peptides at room temperature.

4. O0ligopeptides and po]ypeptides‘

4.1 Oxygenated Solutions

Rate constants for reaction of OH with N-acetylglycine and
N-acetylalanine are ~102 times the rate constants for reaction of OH
with the corresponding free amino acid zwitterionus. Hence, it was
anticipated that the reactidns of OH with the dipeptide derivatives of
glycine and alanine would ocbur preferentially at the peptide C-H

1inkage:

OH + NH;CH(R)CONHCH(R)COO' —> H,0 + NH;CH(R)CONHé(R)COO' (48)

2
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The chemical evidence53

1s that ~90 percent of the OH radicals are

o) removed w1th the tr1 tetra etc. der1vat1ves the reaction of OH

at pept1de C H 11nkaqes is essent1a11y quant1tat1ve._ The formation of

“pept1de" rad1cals ~CONHC( )CONH~ through the react1on of OH with. |

011gopept1des has been extens1ve1y studied by pu]se rad1o]ys1s

techn1ques 54 |
In the presence of oxygen

%

0, * NH+CH(R)CONHé(R)COOV ——> NH3CH(R )CONHC(R )coon o (89)

2 3

The subsequent chem1stry is in part qu1te ana]ogous to that observed
in the rad101yt1c ox1dat1on of N acety1am1no ac1ds via the sequence
17-24 to yield am1de and the 1ower fatty acid. However, with the
o]1gopept1des the am1de y1e1d approaches G(NH3) =5 wh1ch is
considerably higher than the va]ue G(NH3) G(OH) observed with

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

‘polypeptides an 1ntramolecu1ar reaction occurs.,

R R |
~C-Ho0 = OH (50)
CONH - C~~—>CONH-C ~ )
R R

in competition with reaction 24. Thts 1eaos to formatton ot additional
ammonia and keto acid. With diglycine the major proHUCt stoichi-
ometries .correspond to G(NH3)"='4;8, G(HCOOH) = 1.7, G(CHOCOOH) =
1.9.53 o |
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With the N;ecetylamino acids reaction of type 50 can oniy oécur
intermolecularly and is of negligible importance in compet1t1on w1th u
reaction 24. In agreement with reaction 50 as formulated an ana]ys1s
of the carbony] fract1on from a mixed dipeptide, g]ycy]a]an1ne shows
that both keto acids, glyoxylic and pyruvic are indeed formed in
approximately equal amounts with a combined yie]d of G(>C0) = 2'wi£H

53

G(NH,) = 4.8.

3) _ ,
Product yields in the y-radiolysis of polyalanine are consistent
with the reaction sequence formulated above, i.e., G(NH3) = 4.0

38 With po]yelanine

G(RCOCOOH) = 1.2 G(RCOOH) = 3.0, G(COZ) = 2.4.
at molecular weightv=3000 it must be assumed that alkoxy-radical
formation via reaction 17, 18, 23 mdst occur more or less atarandom
along the peptide"ohefn:'AThe equivalent of_reaction 24—then must

involve an adjaeent peptide bond (eno]bform), i.e.,

6 OH 0
| - i : .
0, * RCONH-C- L N-CHR, —--> RCONH-C + 0=C=N-CHR, * HO, (51)
R R
where
Hy0 + 0=C=N-CHR, ——=> O, + NH,CHR, | (52)

follows essentially instantaneously.

4.2 Evacuated Solutions

In extending the earlier chemical studies of the reductive

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

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

characteristic reaction of compounds containing the grouping

.
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+ Y
NH3CH(R) c
\\X

where X represents Of,_QH,'OR, NHR etc.22’23’55’56 R

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

€ NHY CH_CONHCH..C00~ —-3 NH. + CH.

3CH, 9 3 2CONHCH coo (53)

2
is essentially quantifatiye fdr*bdth divand triglycine. Reaction of
OH occurs preferentiél]y along the chain away from the N-terminal

residue as formulated in step 48;. Subsequent steps in 0,-free

2
solution include
. - + [y -
CH,CONHCH,C00™ + NH3CH,CONHCHCOO™ ———>
CH,CONHCH,.CO0™ + NHACH,CONHCO0™ (54)
3LONHCH,L00 + NH4CH, o
R - . -
CH,CONHCH,,C00™ + NH 3CH,CONHCHCOO —
NH;CHZCONH?HCOO'
S CH, CONHCH,,C00™ ‘ : (55)
2 NH;CHZCONHGHCOO' ——> NH;CHZCONH?HCOO_
NH;CHZCONHCHCOO' (56)

The combined yield of products derived from the éHZCONHCHZCOO'
radical, i.e., acety]g]ycine'(reaction 54) and:agpartic acid derivative
(reaction 55) are markedly dependent on the glycylglycine concen-

tration. For example, in 0.5M solution the acetyiglycine and aspartic
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derivative are produced in essentially the same yield. However, in 1M
solution G(acetylglycine) = 2.9, G(aspartic) = 0.3. The crdss-]inking

reaction represents the major path for radical removal in 1.0M solution

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

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

G(NH = 2.4 and with polyalanine the free ammonia yield decreases

3)f
to G(NH3)f < 0.3. There is, however, no corresponding increase in
the amide éhmonia_with inéreasing chain length. This indicates that

electron addition along the chain does not lead to reductive

deamidation (cf. sec. 3.2). Similar conclusions have been arrived at

from pulse radiolysis studie557’58

which also provide evidence for
intra-chain electron transfer that is concentrétion dependent.

4.3 Solid Systems

:Free ammonia and the corresponding acety] derivatives are major
products in the y-rédio1ysi$ of éoiid'di; tri, and tetrapeptide
derivatives of glycine and a]anine.ss’59 Product yields range from
G(NH3)f = 4.5, G(acetylglycine) = 3.2 with solid glycine to
G(NH3)f = 2.5, G(acetyltriglycine) = 2 with solid tetraglycine.

The observed chemistry is consistent with the reaction

+ - + < | - F
NH3CH2CONHCH2C00 Sy NHBCHZCONHCHCOO + e + H (57)

- + - e - '
e f NH3CH2C0NHCH2C00 —_— NH3 + CHZCONHCHZCOO - - (58)

.
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followéd by reactibns 55-56 on dissolutions of the irradiaféd solid in
02-free water. |

The decrease in G(NH )f from 4.5 w1th d1g]yc1ne to ~ 2. 3 w1th
tetraglycine is attr1buted to an 1ncreas1ng probab111ty for capture‘of
e at peptide C = 0 bonds a]ong the cha1n. With po]ygTycine and

polyalanine G(NH < 0.4. At thessame time, the production oﬁ

3)f
amide ammonia gradua]]y increases from G(amide) = 0.4 With the
dipeptide to G(amide) = 1.8 w1th the po]ypephde.59 These resu]ts
are consistent w1th a compet1ng reduct1ve deam1dat1on by e” as

formu]ated in reactions 46,47. 59,60 Here again the alternative is

“the exc1ted molecule react1on sequence 35-39 Further work should

c1ear up these uncerta1nt1es in the 1ntermed1ate processes.

49, 50

A detailed chemical study of products formed in the'

‘y-raqjo1ysis of solid polyalanine gives as majdr products

G(amide) = 3.1, G(propioﬁic acid) = 1.8, G(carbonyls) = 1.4, These

findings are wholly consistent with the overall reaction

stoichiometries observed with solid N-acetylalanine as summarized in

sec. 3,3.
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