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Radiation Chemistry of Peptides

A few years ago we proposed that major aspects of the radiation chemistry
of a wide diversity of organic nitrogeneous compounds both in the solid state
and in aqueous solution could be correlated and generalized in tems of a
camion locus of reaction (1-»1;) These earlier considerations of mechanism
are consistent with 'bhe viewpoint that the formation of free-radical inter-
mediates and molecular products from campounds of the type RQN»CH(R)Q cen be
characterized in terms of chemical chenges involving the aliphatic carbon atom
adjacent to the nitrogen function. Subsequent applications of this concept to
‘the radiation chemistry of primery amines, secondery amines, N-alkyl ami@es,
~ and peptides have been made, and in & n{ore recent report we have gi%ren detailed
 chemical evidence of the validity of this approach to the study of the in-

- direct action of ionizing radiation on the variously substituted N-C bonds of
protein in oxygenated solution (5). In the present paper we sre concerned
more specifically with the mdiation-induéed resictions of the peptide bondv in
simpler chemical compounds, both in solution snd in the solid state. The
Negeylamino acids provide a convenient model for such studles. The chemical
and physical properties of the apetylated, enino aqids are fairly well defined
and, in addition, there is considerable literature on analytical methods for
the separation and determination of this particular class of peptide. In ‘
fact, the techniques of partition chramatography were originally developed
vby Martin and Synge (6) for the express purpose of analyzing protein hydro-
lyzetes follmring acetylatiom

Reactions in Aqueocus Solution

The radiation~induced oxidation of peptides in oxygenated solution can
be represented (5) in terms of the reactions
Rcomn-cm}a + O i Rcorm~c32 K0 (1)

Rcmmana +0, + g?_o ~——> RCONH, + RCOR + HO,. ' (2)



The relative importence of reactions 1 and 2 in the over-all radiation chem
istry of a particulsr peptide system will, of course, depend on the nature .of
the substitutions, R. However, even for aqueous protein solutions, reactioﬁ
~of type 1 and 2 represents the single most important path Ifor removal of
hydroxyl radicals. In the y-radiolysis of oxygenated gelatin solutions, for
example, both amide and carbonyl products are formed with G & 1 (5) It is
noted that step 2 represents &n over-all reaction and does not specify the

2
yield the a.cid emide and the corresponding carbonyl product. As 'diécussea.

- pature of the intermediate involved in the reaction of RCOD’&I-CPQ with O, to

elsevhere (5 ) 3 the simpleot representation of the intermediste processes of
reaction 2 involves the formation of the dehy&ropeptide
| RCONE-CR, + 0, —_ ROON=CR, + HO, | ‘(5)"
followed by : : ,
© RCONCR, + Hzowmmme + RCOR. = (2&)’
~ On the other hand, the peroxy radical RCONH-C(O )Ra may be fome& and undergo
| reactions cf the type
RCONH-~C( 0, )B2 H,0 —> momw(on)na + HO,« | (5)
| The’ product of 5 represents & hydrated dehyﬁropeptida wvhich decamposes accord.» |
ing to | _ | ' ' :
FoM-C(C)R, SN Rco»m2 + RCOR. R (6)"“
Recent studies of oxygenated acetylalanine and a.cetylglycine systms indicate
that reaction 2 occurs largely through the formation of the peroxy radical.
It is found that the rate of formation of pyruvic acld hydrazone, on addition
of 2,4-dinltrophenylhydrazine (2,4-DNPH) to an irrediated scetylalanine solu-
tion, spproximates that given by a r’:on'tx;ol solution of authentic pyruvic acid.
Dehydroacetyla&mine, CHBCOM(CH;)COOH, is relatively stable towards carbonyl
reagents such &8 2,1¢~DI\TPH undeyr stendard analytical conditions (7) However,
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we cennot positively identify the initisl product as free pyruvic acid, since
the hydreted dehydropeptides mzoxm--c(oa)R2 also resct rapidly with 2,4-DIPH (8)
Current studies should resolve this ambiguity. The reaction sequence l-2 is
identical with that proposed earlier for the radiation-induced deamination of
the free g-omine ascids (2). The nature of the intermediate formed on reaction
of mieé(R)COOII with O, vie: step 2 is, hovever, not readily subjected to ex=
;)erimeﬁtai 1nquiry‘,‘ since for primary amines both the dehydro intemea'iate
(i.e.; NH—JC(R)LOOH) and the intermmediates derived frcm the peroz;y redical
represen’o extremely lebile forms. _

In the radiolysis of oxygen-~free éminoacid.: solutions, removal of
'mzé(R)COOH oceurs alﬁxost exclusively through disproportionation to givé
I&H=CH(§)COOH vhich immedlately hydrolyzes to smmonie eand g-keto acid: dimeri-
zation c;f NBEE’}(R)COOI; also ocecurs but in quite low yield (2). The role of
corresponding ree:ctions in the radiation chemistry of peptid:es in oxygen~free
solution are nov undeér study (9) Tyia—ica.l data £or the scetylated wniino
acids are described below. |

Oxygen=free 0.1 M zsolutions 'of acetyig].ycing containing added
CH,),CONHCMHQCOOH were irradiated in emuated'pmx ampyules with 0‘060 7-reys
under conditions which have been previously described (2) Aliquots of the
irradiated solution were analyzecl directly by the method of’ partition chroma-
tography adepted in this laboratory from the original method of Martin and
Syng,e (6) and the later modifications of Marvel and Reunds (10) Water adsorbed
on s:.l:tcic ac:i& acts as the immobile yha.se, chloroform con‘baining increasn.ng

.,amcauntsz of butyl alcohol vas used as ‘the developing liguid. A second series
of aliquots was byﬁrolyzed in2 X hyé.mchloric acid for four howrs at 100°¢.
The spectrum a:é nitrogen products in the hydrolyzate wes then examined chromas-
tographically on Dowex 50 (hydrogen form) after Moore and Stein (J.1)~. Hydro~
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\

chloric acid in continuously inereasing comcentration (0 to 4 N) was used as
the eluting sgents Analytical details ineluding the radicmetric techniques
haﬁre been given (2) ‘

Flgure 1 shows a typical el\rticn curve for a hyﬂrolyzed froction. Peek I
contains the organic acid pro&uctu which pess &irectly thrcugh the scid form
of Dowex 50 v_:i‘th little or no retention. Pea_k II co~chramatographs with F=%) 28
thentic aspartic acid. The major peak IIT is comprised of glycine liberated
in the postirrediation hydrolysis of unrescted solute. Peak IV and the mmaller
adjacent peak correspond to the meso and rfecemic forme of diaminosuccinic acid.
. Exaet correspondence behreen authenticﬁdiaminosueéinic acid and activity from
both pesks was obta.ine&. chramatographically Although the relative yields of
ﬂmese two peaks vary samevhat froam one irz'adia.tion to the next, the total y:.eld

of diamiaosuccinic acid is quite reproducible.

Figure 2 shows & product snectrum for unhydrolyzed scetylglycire solution
as revealed by partition chromatography. Pesks III and IV have been identified
&3 the .acetylaﬁed isameric forms of diaminosuccinic acid. The activity of
peak I corresponds to free glyoxylie acid, and it i5 noted that the magnitude
of this peak varies with the ltime' :tnter_val_ between irradiation and chromato-
-‘graphi;: separation. Presumably; the labile precursor of glyoxylic acid co-
chromatographs with acetylglyeine or vith the product peaks ITI and IV.
Analysis for total glyoxylic acid production was‘ madev following z2cid hydxro-
lysis of the irrediated solutions. In effect, | this smounted to ‘fe-chrm;ata-
graphing peak I of Fig. 1 on silicic ecid. As shown in Teble I, glyoxylic acid
is the major organic acid product, although fomiq. acid 18 elso found in low
yleld. - . |

The Conway diffusion methoa (12) was used to determine free ammonis in -
the wnhydrolyzed solutions. The diffusates were a.ssayed by means of the
Nessler reaction. The measured free ammonie ‘yielrls were unifomly low and
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! did not increase appre‘cia;bly above the limiting value with prolonged éifmsion
times. “Amide-like" ammonis was liberated by hydrolyzing the irradisted solu-
tit‘:ns. in vacuo at 100°C in the presence of 2 Il hydrochloric or acetic acid.
Aliguots were taken at intervals, chilled, and assayed for frec aumonia.
Esgentially, identicé,l amide yields were cbtalned under the two coﬁditions.
Hy&rolysis tines required to reach the limiting values were gpproximately 3.
hrs. and 24 hrs. for hydrochloric and acetic acids respectively. .

Yields of niajor products formed in the y-radiolysis of o:quen-free solu-
tions of glycine and acetylglycine are compared in Tsble I. Although these data
were not taken under identical conditions, they serve to illustrate the nature

: of the differences involved in the .radiolytic' response of the two systems, It
| 1s clear that & principal effect of acetylation is n';anifes_ted‘ in a pronounced
increase in the yield of the diemino derivative and in & concamitent decrease
in the over-all yleld of the degradation reactions. Qualitatively similar ve=
sults have been cbtained with acetylalanine and & number of other scetylated
amino acids a:nd related canpounda By enalogy with the mechanism proposed for .
radiolysis of oxygen-free amino acid solutions (2), we may write for the
a.cetyla’ced derivatives
RcoME-C(R)COOR -
2 Rcom.-c(a)cooa — momz—-c(ﬂ)coox A7)
— RCOM(R)COOH + Rcomn-cn(n)coon (8)
| Rcom-c(n)coos: + B0, —> Rcoz.\m-c(ox)(R)coon + OH. | (9)
On this basis, formation of "amide-like™ emmonia on postirmdiation hyﬂ.rolysis
of the peptide solutions may be identified with a hydrolytic decomposition of
the dehydropeptide end/or its hydrated derivative through reaction of type
h;é. Current studies of the rate of hydrolytic reléé.se' of emmonia and 'carbonyi
prdaucts indic;a.té that both types of Lhtemediates could be contributing. Re-

duetive cleavage of the N-C hond‘via"“.
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H+ RCONH-CH(R)COOH -~..._> RCONHQ + E(R)COOR " 10)'
.._..,;. RGO + NHQC’H(R)COOH, (u)

does not appear to be involved :to any asppreciable extent in the aqueous a.cetyl-
giycine system.. This conclusion is based on the finding that degradation pro-
dueta containing the CE,CO0H radical viz glycine, acetic acid, succinic acid,
and aspartic acid are found only in low yield (Teble I). o

The possibility that chemical .chan@;e akin to the étrecker reaction (llx;)
might be involved in the postirradiation hydrolysis of these systems hes beén
considered in sozne detail? Reactions of monocarbonyls with glycine; alanine,
ete.; are known to lead to transamination of the type RCHO + &,"321&2 e
RCHzI\IH2 + RCHO in neutrsl or alkaline solution (15)_. However, under the con-
‘ -ditions of acid hydrolysis such reactions are mxz)px:essed, although on pro=-
- .longed heating, same evidence 'for tra.néaminatiozi 3’.:3 obtained (16)'.' Sinmilaxr
conclusions were reached in the earlier study of carbonyi produc’és formed in
the radiolysis of o:qrgena’cea. ?ep’ci&e solutions (5)- Hwever; the diamino
gcids forméd in oxygen-free solutions hé.ve been fc;und to be somewhat more
reactive towards monoéar‘bOnyl campounds. Hence, although the G'value for
earbonyl production remains constant on prolonged hydrolysis, the identity
of the cexbonyl product fraction is not reteined. And, ﬁ:rthermore; at the
longer hydrolysis times, some a&ditional ammonia appea.rs-»-presmably through
hydrolysis of aminoaldehydes formed via transemination. Similer reactions
have been observed between 1,_,2-dicé,rbcnyls and moricaming acids, under the
. game ccnditvicm The problem hére, of course, is that X reductlon of acetyle
glycine at the acetyl group followed by dimerization of the reduced radical
species would yield & 1,2-dicarbonyl derivetive which may not be detected as
such by our standerd methods for carbonyl anélysis (S)a’ Thesge aspecte of
the prcblem are now being investigated. | .
Reaction in the Solid otate |

* From the nature of the reactions observed in our mitial studies on the
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rediation~induced cleavage of the N-C bond in aqueous peptide systems, we 'were
led to the conclusion that the observed reactivity of the g-carbon locus might
also be & factor in the radiation chemistry of the solid state. And, as part
of these earlier studles, we found through application of the analytical methods
developed for a@eous protein systems that irradiated solid pepsin end geth
(evacuated) on dissolution in water do indeed yield high-molecular-veight com-
pounds con‘c;é.inmg the carbonyl function (3). Subsequent hydrolysis of the
products showed the constituent carbonyl cc;mpounas to include q-keto acids.
Hence, we tentatively proposed that dehydrogenation followed by the hydrolysié
step 4 could be involved. Meanwhile, Ceputo and Dose (18) in & comparative
study of solid proteins and their corresponding model hydx:olyzates found that
| proteins, unlike the hydrolyzates, exhibited smide~like function as a ma..jof _
radiation chemical chenge. Caputo and Dose also established that the product
fragments ('séparated electrophoretically) contained carbonyl groups, and.they
eoncluded that dehydropepﬁi&es were invoived. The more recént studies of
Alexander and Hamilton (17) end Bowes and Moss (18) eppear to generélly conw
Pirm the idea that a major chemical effect of ioniz'ing rediation on protein in
the solid state leads to degradation of the peptide chain with formation of
emide ammonia and cerbonyl products, both in the presence and in the absence
of oxygen. However, concepts of the n&turel of the elementaxry procésses ine-
volved remain largely speculative. | o

The initial proposal that the aliphatic ‘carbon atan o to the NH group
represents & major locus of the direct action of ionizing ra.d'ié.‘cion on come
pounds containing the \peptide bond was derived strictly from chemical evidence
based on & comparison of products formed in a.q;xeoué solutione and in solid
systems. Although qhamcﬁeristic ESR spectra of irradiated peptides had been
observed, it was not until several years later that these spectra were ine
terpreted (19,20). The ESR studies of & variety of irradiated proteins,
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T simple peptides, N-allq'rlémides, and N-acylamino acia.é ind.icate’ that fhe species
Rcomxaé(n) represents the principal free radical product at room temperature
(19—23)

The ESR spectra of acetylglycine and acetylalanine have been atiributed to
bzgconm-cncoo& (doublet) and c%corm-c(c%)coon (tetraplet) respectively. The
fact that these radical 'gspec':ies are stable 'in the absence o'f oxygen for piro-
longed periods of time makes it possible to distinguish, at least in part, their
separate contribution t6 the over-all chemistry of the irrediated solid. Taree
different e:@erimentai'treatmenfa are involvacl? (I) irradiation in vecuo, dis-
‘solution in o:qrgen-free water; Cﬂ) irradiation in y__a_q_u_c_;, digsolution in oxy-
genated water; . () irrediation and dissolution in the presence of oxygen. Now,
it has heen shown, in the case of the acetymted amino acids, that redicals of
the type RCODIH-C(R)COOH, as forme d in a.o;aeous solution, react almost exclusively |
in the sbsence of oxygen to give (a.cetyl) diaminosuccinic acid via step T;
whereas, in the presénce of dissolved o:qgen, cleavage of the N-C bond occurs
through reactioz_x‘ akin ‘c.c"step 2. Yields of dia;ninosuccinic acid and axmnonﬁ.a
from solid ace‘tylglyciné under the three prescribed experimental conditions are>
swmerized in Table IX. These data, obtained by direct application of the

- enalytical methods descridbed earlier in the section on aqueous systems, substane

tiste the ESR éssigrmept of C%CONH-»C_HCOOH as the long-lived radical species,

| and 8lso are in accord with the mecbanisms outlined here. -Coanpariéson of the

dieminosuccinic acid ylelds under condi’cion I ané. II gives 6= 1.2 as a minimm

velue for the yleld of cgcom-cncoon in the solid state. |
%corm-cnacoon,/m.% CI%CO'\TH-CHCOOH + H (12)

It 18 also seen from Table IT that the loss in cllaminosuccmic acid is balanced

by & corresponding increase in emide amnonia on changing the experimental con-

dition from case I to case IT. This finding is in ‘% quantitative agreément with

the concept that reaction of c%com-'czzcooa with 0, leads to cleavage of the
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N<C bond. The fact that the amide yleld is increased even more if oxygen is
present during irredistion (condition III) may be attributed to an interference
of 0, with radical or charge recmbination and/or to reaction of 0, with ex-
cited states which are otherwise ranoved. in vacuos A more camplete material
balance is reqdivred to distingui«sh the va;.-ioua possibilities.

The formation of amide simonia with G = 2.0 under the conditlon in which
both irradiastion and &issolution sre made in the absence of oxygen ca.nnot be
re¢presented simply in tema of the dehyﬂrogenation reaction _

csjcozm—cszcoozwm_s/. c%comacmoon + By - (13)
As shovn in Table II, the combined yield of glyoxylic acid plus fomald.eh;}de
corresponds to & G va.lue of spproximately 0.65. This aceounts for less than
onew«half the smide yield.\ Fuftheimore, some glmlie acid and smmonia
(G .2) are detected prior to hydrolysic, and this suggests the possidility
'hhat part of the caxbonyl yield arises from the molecular rearra.ngement |
. ' C%QOI\IH'-CI{aCOOH —/W\-—-} CI%CHC) + NE:C}ICOOH (14)
Studies of the € z"--lu,'bele(i degradation products formed in the ra.diolyuis of
C%CONHCHEC?HOOH indicate that & major i’_ra.ction of ‘ch@v Yamide" amonia pro-
duced in excess of the carbonyl yield arises from processes involving direct
cieavage of tﬁe H-C bond, for exsumple '

‘cﬁ'BcoréHc‘Hecoon..m_,} CH,CONH + CH,COCH, | (15)
followed by immediate hydrogen abstraction reasctions of the products of 15 with
neighboring acetylglycine molecules. Evidence has also been found for degrad-
ation of the N-C bond through intramolecular rearvangement. However, the ‘
major re-arrangenent process in the acei;yla‘ted a.mino acid.s is the &ecarboxy-
lation reaction

CHBCO’\IHCEECOOH-JW»-—-% CBB(!ORHCH3 + CO (16)
which, of course, is chmcteristie of organic seids in general--both in radioa
lysis and photolysis (24). | |
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Finaliyy we should 1ike to mention briefly scme observations that indi-

cate that the hydrogen-bond systems of so1id peptides are involved in the

co-valent chemistry of radiolysia. Now; the G values for production of longe-
l&vea radicals of the type -NH~CR- in the y-radiolysis of simple peptides;,
Neacyiamino acids, N-alkylamides, etc.; are in the order of unity (20,21,23);
in scme instances, eéven higher wvalues have been reported. On the other han&,
G values for‘radical'production in native protein are wiformly quite low; in
most cases the prbduction of & resonance center reﬁgires sone 103 €V or more
(25). OFf course, part of this effect may;be ettributed to differences in the
radiation chemical contributions of the various side cheins which have not, in 
all caszesy been separafely studied in simple ?eptide‘éystems. However,
Blyurenfel'd and Kalmenson (25) have shown that themmal denaturation of pro=
tein prior to irradiation reeults in -4 striking increase in the yleld of I'¢E0-
nant centers per unit of absorbed energy. They find that thermal disrupticn of
the hydrogen-bond network increases the free—radical yield by several hundred
txmes end heve interpreted this efmect evidence for electron or hole migra- |
tion. We propose an,alternate explonation. Consider the schematic represen-
tation of the g-hellx configuration in native protein conteining the raﬂical
sites (a), (b) o3 ghown in I | | | o |

¢
]

0 L
S
wCK(R)-é-N»Cﬂ» | 7 «CH(R)~C-N=C(R)~
' E (a) o B - S
< -,-CHR*C*I}I«CH(R)-H o ~CH(R)-C=N-CE(R)-
| 2 R %z
w(n)-c»;:a-cn( R)— S FC(R):C—-‘%%CH(R)-
(b) E : - ‘ N

On the basis of the spur nmodel (26 ) the radical siteﬂ in the solid are taken
to be formed in distribuxiona that are confined. Inﬁeractien of (&) and (b)
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- cen occur 1dth0ut a,ppreciable chenge in the position of atmnlc nuclei.
Chemica.lly, ‘thﬁ net effect is & dispropoz'tionation reaction
2 ~corm—c(3)w -—-——>~comﬂ-cn(a)« + ~COI\?=C(R)~' 5
'accmpanied by enoliza*tion of the interve:ning hydrogen-bond bridge. The latter
| cb.emical change; incidentally, provides a co-valent mechanism for the locallized
disruption of the hyaroge;nubond configuration of irradiated protein. Consider

. now a similar pair of redicals in & simple scylaminew-either as IXI or IV

= a
e S T _u
Hg = =t _ c(_R)m Chy C-P;‘-'G’C@l_
H | H
CHRI-N-C-cn, 4y CHz- C-iy — cH(R)
C'? % .
e E—no o) - C- N =< (R)
) v H« 2 : W
g A

| The point here is that in these siuple model compounds, radical H ccnnbinaﬁion
cannot. dcéur' simply through electron re-arrangement ag is possible in the

' poly@eptiés structure; al‘bhough both syatans have the peptide ‘nona 1n the trans |
. configuration. On the other hand, it 1s read:.ly shown that the smtno acld |
anhydrides as simple peptides containing the cis conf‘igura‘cion can undergo
radical dinproportienation and. enol:.zation. A similaxr fomula’cion can be |
writien z‘or the nuclelc acic‘is. Chemica.l ev:wence for radiation»-in&uced enoli--
zation of the h;snmou,m«bond has recently been obsarved in stud.les of the
radintion synthesls of pyrazine-like derivatives fram smino ecid a.n;zyﬁ.rideg

in the solid state (27). These preliminary concepts will be treated in detadl
in a forthcoming public'a“tian on the role of hy&rogen-hends in the :c'o;.-yé.‘!.ent

| radiation chemistry of peptide systems. -
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Radiétion,-indﬁced reactions of peptia.es in solution .and in the solid
étate are describved. It' 18 shown that the originel @roéasal regarﬁing the
reactivity of the ~NH-CH(R)~ locus is iz accord with the more recent
" chemical and phystcal evidence. A specific radiation-chemical role is

assigned to the hyﬁrpgeanon&'strucﬁuree
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| TABLE I

Product Yields in the y-Radiolysis of Oxygen<free
Solutions of Glycine and Acetylglycine -

Yield®

Product WE,CH,CO0 CHCONH-CH,COOR®

/" Amonla ‘ b3 o 0.90
Slyoxylic Acid 2.k oo
Acetic Aeid - L3 . ~.02
Diaminosﬁccinic Acid | e - 1.6
Aspertic Aetd 025 | 0.13

8 Molecules per 100 ev sbsorbed in water

b Compiled from dete reported in references 2 and 13

¢ Measured after hydrolysis

L
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Yields of Nitrogen-containing Products in the
7~-Radiolysis of Acetylglycine, Solid

_ Yieldb’,e ' _

Experimental Conditions  Ammonia _ Dieminosuccinie Acid
I ce 2.0 060
I o 5.2 | 12

o A o <as

® Dose=l x 10°% ev/ga

'® Molecules per 100 ev absorbed tn solid

© Measured sfter hydrolysis
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FOOTNOTES

1 s work was performed under the suspices of the United States

2

Ataonice Energy Camission

As pc‘intééi‘ out in ref. 5, one -cannci: és‘swne a gridr‘i that product
groups fameé. dn redlolysis ofv protein and other peptides are un=~
reactive during postirradiation treatment. It is quite 1likely that
part of the reported "redistion seasitivity® of the more labile

amino acid residues may be attributed to "dark" react tions 'betveen

-these residues and the initial productss Reactions of carbonyl

groups (end other wunsaturated Iinka.ges) with substances such as
ryatophane,hiatidine,and su.’l.ﬁn'wontaining moieties are well-

" known, and these could contribute to the 0bserved chemical and

bielogical properties of 1rraﬂiated proteins.
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LEGENDS FOR FIGURES

" Fig. 1 Typical elution curve (Dowex 50) of irradiated scetylglycine
. . pgolution; hydrolyzed (Weeké,' Cole,; and Garrison, ref. 9).

Fig. 2 Typica.l elution curve (silicic acid) of irradiated
|  acetylglycine solution, unhyamlyzea (weeks, Cole, and

" Garrison, ref. 9).
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