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_ Abstract
| In the Y—radiolysis ofvpeptides,_RCONHCHR2; ip'dilﬁte, oxygen-
saturated soiuﬁion, reactioﬁ of OH.rédiééls at the maidechain leads to

- formétion of,éeptide peroxy radicals, RCONHC(éQ)Ra . ¥Théée reéct prefer-
+ RCONHC(@)RQ —————éf products + HO

entially via:‘.gRCONHc(ég)Rg —_— 2RCONHC(O)R2 + 0. . The alkoxy radicals

are removed_thrbUgh the step: 02 5 ¢

Experimental evidence for these oxidation modes is derived from a detailed
study of_redétion stoichiometry in the Y-ray inducedﬁQxi&ation of aqueous.-

N~acetyl-DL-alanine and poly-DL-alanine.
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"Introduction
Radiolyﬁic oxidation.ofbthé peptide main—chaiﬁ in dilute, oxygenated

solution is characterized by the formation of labile "amide-like" degradation :

‘(2,3) pfoducts which yield free ammonia on mild hydi'olysis_.2 Although recent‘work3
(4-7) - has shown thataﬁhe OH radical formed in the radiation¥induced steph'_7
o C- + ,
H,0 «n—> H,0,, H,, OH, H, eaq, H | (1)

initiates peptide oxidation via

. OH + RCONHCHR2 > H2O + RCONHéRé (2)

the nature of subSequentbréactidns]in oxygenated solution has not been

clearly formuiatéd.2’3 The purpose of the present work is to elucidate the
mechanism of such reactions in dilute agueous solutions of typical peptide

derivatives_bf’alanine viz. N-acetYi—DLAal&nine and poly-DL-alanine.

Ekperimental :

The N—acétylalanine (éyclo Chemical Corp. NRC Grade I) was recry-
stallized from ﬁater. The polyalanine (Miles-Yeda Ltd.) as received
contéined traces'of ammonisa which were removed through lyophilization of a .
1 per cent.bolyalanine solution aftér addition of sodium hydrbxide.fo pH 9;
the,aikaline feSidue‘was‘fedissolved to'i.per cent, #éidifiéd'to'ﬁH y_with. ’
sulfuric acid'and then dialyzed:to neutrality againsf fediétilled wéter.
Water used in preparation of solutions was from a Barﬁsfead‘still and was
redistilled_in’pyrex first from alkaline perﬁaﬁgéngte and then from bhosphofic

acid. The pH.adjustments of solutions to be irradiated were made with sodium
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hydroride orVSulfaric acid.

Solutioﬁs were irradiatedvunder one atmosphere.of oxygen in sealed
pyrex tubestb-TheSe were removed'froh the 6000 source perlodlcally and the
contents were mlxed to insure that the solutlon contalned excess oxygen
throughout thefrrradlatlon.: A 10 ke 6000 y-ray source was used to glve a
dose-rate of‘ih%flOIB eV/gm—mln as determlned by the Frlcke dosimeter
[a(Fe3*) = 15}5;15305 = 2180 at 2h°cj. |

Anide ammonia wes determined by the micro-diffusion method of

(8) Conway.8 'Theasamples were made 2 N in sodium.hjdroxide in:the outer com~
| partment of the d1ffus1on cells hydroly51s and the transfer of free ammonla
to the acid compartment (0.1 N sulfurlc a01d) is complete in 2L hr.
Diffusates were assayed by means of Nessler reagent.v
(9) . ' Carbonyl ‘products were 1dent1f1ed by fllter—paper chromatography 9
The pyruvic ac1d and acetaldehyde were assayed by the methods of Frledemann
(10,11) and Haugenlo.and;Johnson and Scholesll respectlvely;' o |
The'aeetic acid was separated through 1yophilization of the.sample
solutions after‘acidification with sulfuric acid. Assa&'ﬁasrby vapor-phase
(12) chromatography (Aerograph 600C). The maximal acetic aeid yield from’
acetylalanine was obtained after the irradiated solutions were made 1N in
sodium hydroidde.and allowed to stand at room temperature for 15 mih orior
to separation and assa&.’ Aeetylalanine hydrolysis is negligible under thesev
conditions. . o |
Gaseoas,products were pumped off on the vacuum line through a
dry—ice trap@.-The carbon dioxide yield corresponds to-that fraction removed
on contact wtth sodium hydroxide. Analysis was confirmed by gas—chromatography

(Aerograph A§O4P3).

%
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"Hydrogenvperoxide and orgahiq peroxide;were détermined after the
(13) method of Johnson and Wéiss.l3
 Appropfiate'control and blank . runs confirmed the applicability of

the above analytical methods to the present systems.

Results and ﬁiscussion

| .The ffbdﬁéfion of amide—like_ammonia in the Yéray'radioiysis of
N—acétylalaniﬁéfin oxygenated solutionvis shown in'Figﬁre 1as a function
Qf'peptide cohcentration. The ammonia yield increases.abruptly Vith
increasing solﬁtg conéentration'and levels off at G(NH3) & 2'9-:‘GOH over
'ﬁhe cdncentrétiqﬁ range 0.02 M to 0.1 M. At N—acetyl@lénihe concentrations
above Ofl MJgthéf.reagtion modes begin to contribute-tb.the observed G(NH3)
values. The chémistry of these other degradation modeé_in the more con-
centrated sblﬁtibns is of quite a differeht nature as hgs been described

(lh) elsewhere.lu
_Now;.{n diluﬁe oxygenated solutions of N—aceﬁylalanine the reducing

species H aﬁd é;q’ formed in fhe rgdiation induced stép i are preferentially

‘scavenged via

0, + eaq(H) 02(H02)> | _ _(3)
o . ' i 15
(15)  where the products of reaction 3 are related by the equilibrium,

2

HO, ¥ gt o+ 0 . The peptide radicals RCONHCR

formed by OH attack via
reaction 2'are-alsq scavenged by oxygen i.e.

2

0, + RCONHCR > RCONHC(éé)R2 N O
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o . -2 S U _ o .
In earlier work we suggested that the simplest reaction scheme for the

subsequent chémistry_involves

- 'T_H02 + :RCOI\I.I‘{C..((.)2)RV2‘ ——-> RCQNH.C(vO(.)HV).IZ_?é + 0, (5)
,"'Heo + RCONEC(QQH)RQ —_— RcouHc(oH)Bg-;;_ﬁz'cJé , - (6)_ .
where the dehyd;%opeptide dorivo.tive RCONHC(OH)Rg 1slab11e and yields
 ammonio and‘oaroopyl on»mild.hydrolysis e
ROONHC(OH)R, - ~> RoONE, + R,C0 : S m
CHLO + Rcowné._ —> RCOOH + NH3 - (8) |

If deé;adation of.fhe oéptide main-chain does ocour pfedominantly
through thovschemé formulated in equations 1-8 then it:ié clear that the
ammonia and caibonyl yields should be in the relationohip,

G(NHj) o G(Rgoo) = GOH ~ 2,9, Quantitative assay of:too carbonyl fraction»
ffoﬁ irradiated N-acetylaianioe solutions show howevér'that the combined
yield of cafoon&l products, pyruvic acid and acetaldehyde, is quité_lowr
with G(R,CO) =oh as shown in Figure 1.

Furfher’study of the oxidation‘products_deri#ed]from N—acetylalanine
reveals that the principal nitrogen-free organic compounds produoeq.io this
system are acétio acid and carbon dioxide. Yieid deta are summarized ih-
Table i. The:fihding that‘acetic acid and carbon diokide ore formed as
major initial pfoducts in this-system suggested to us-thét removal of

RCONHC(OOH)RZ;via the hydrolytic reaction 6 occurs in competition with

-a second degradation ﬁode which in the specific case of N-acetylalanine
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may be formﬁlated in terms Qf the'intramolecular rearrangement

H?apH

RCONH~C- =0
] o

> RCONHCOR + H,

0+co, (9)

‘ 'The diacetamide éonfiguration, RCONHCOR, is hydrolytiéally,labilé. Milad

differential hydrolysis in 1 E sodium hydrqxide at room ﬁemperature for

15 min (see‘éxperimental)‘converts diacetamide to acetamide and acetic acid.

H20 + RCONHCOR -

> RCONH, + RCOOH (10)

Both N—acetylalanine and»acetaMide_are stable under‘this:treatment.
Theregis, however, a difficulty in the above interpretation in

that it does not account for the fact that hydrogen peroxide is also

' formed as manr-initial’product in the radiolysis of oxygenated solutions . -

- of N-acetylalanine. The over-all stoichiometry of reactions 1-5 followed

) = G ¥ 1.0 . Experimentally, however, we -

O .
)
202) ~ 2.2 as shown in Table 1.

To Satisfy both the qualitative and quantitative requirements of

find that G(H

the present system, we must conclude that the peptide peroxy radicals,

RCONHC(62)R2', are removed predominantly viél6

: SR oeo ()
> R_. o
2RCONHC(O2)R2. 2RCONHC(0)R2 + 0, o
In the case -of N-acetylalanine, reaction 11 is followed by
. Q QH _ _ o _ L
0, + RCONH(-C=0 > RCONHCOR + Co, + HO, (12)
R .

to yield the lébile diacetamide derivative. The HO2 radicals formed in
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reactions 3 and 12 are removed via

' éng —> H)0, + 02 » (13):
-Thevsequence 6f reaétioﬁs.l—k followed by“reactioné 11713 yield an overall
stoichiométrjniﬁ.good agrééméhf-ﬁithvthe N—acetylaiéﬁinéidata givén in

Table 1. | “

" The siéiiarity in'the n§ture of the oxidation producﬁs.derived from
N—acetylalanihégand polyalanine as obsérved'in Table»i indicates that the
Scheme of reéctions'l—h and 11-13 also appiies to the'radiolytic oxidation
of-thé'polypépﬁide méin—chain.‘ With polyaianiﬁe (molecular weight 2000)

K we‘mUSt assume that OH_femoval-through reaction 2 oécﬁré'at random along
the”chain. The peroxy radiéals RCONHC(éQ)RZ.SO forme&'ﬁré then removed as
"shown in reactiéﬁ 11 to yield the alkoxy radical, RCQNHC(b)R2 . We gnvisage
the next'step i.e, the analogue 6f reaction 12 as inVélﬁing the enol form
of the adjacgﬁt peptide linkage. - o

0 OH | o
RCONH{-C=N-R + 0, > RCONHCOR + 0=C=N-R + HO, (1b)
R . ; e .
' where
0=C=N-R + H,0 > €O, + RNH, .- (1),

2 .
follows essentiaily instantaneously.

‘We note in Table 1 that the oxidation yields in the case of
polyalanine aré'appreciably greater than GOH . For example, with poly-

alanine G(NH3)12 3.9 > G whereas with acetylalanine G(NH3) ® 2.9 % Gy

OH

in quantitétive.accord with the reaction scheme given in equations 1-k4 and
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11-13. Our_ihtérpretation of this effect is fhat with linear peptidel

molecules containing more than one amino acid residue, a fraction of the

‘alkoxy radicals react intramolecularly with other C—H_ ;ipkages'along

~ the chain e.g;-‘

R | R | |
RCONH-(-H "Q .. v~ . RCONH—g' o - (16)
o ONHag:R IS ONHeg—R o ' :

This leads to an enhancement in the observed‘yield.for anmide production.

- With small molecules containing a single amino acid residue (e.g. N-acetyl-

alaﬁine) the_eqﬁivalent‘chemistry can ohly occur intermolecularly and is

of négligible“imﬁortance in dilute solution in competition with reaction’l??
We find‘in substantiation of the above formulétions that additiqn

of small amounfs;of reducing solute such as Fe(II) to these oxygenated

peptide solutions leads to the formation of amide ammonia ahd_carbonyl'in.

equal yield. Af sufficiently low concentrations, Fé(IISJdoes not interfere

17,18

with reactidﬁé 1-4 but does intercept the peroxy radicals via

RCQNHC(ég)Rg + 3Fe(II) + 2M,0 > RCONHC(OH)R, + 3Fe(III) + 30H (17)

> RCONH, + R,CO : (18)

| RCONHC(OH)R2 N

Ho2 + Fe(II) + H2O > H20

o ¥ Fe(iII) + O~ - (19)
19

Hydrogen peroxide formed in Step 19 is removed via the Fenton reaction

H,0, + Fe(IT) > OH + OB + Fe(III) (20)

For oxygen-saturated, 0.05 M N-gcetylalanine solutions we observe the\
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" optimum yield at 10~
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3 M.Fe(II) as shbwh‘invFigure 2. Under this condition
G(NH3) S G(R2CO) ® 7.5 . The cdrbonyl yield,(chO) is made up of
G(pyruvic) = 5.7, G(acetaldehyde) = 2.0 . These findings are in quéntitativé |

agreément‘with the,yields of the'radiationfinduced reaction and the reaction = '

‘sequence formulated here. As would be énticipated on the basis of competition

kineticsgo’21

the.oxidation yiéld goes through a pronounééd-mgximpm as the

Fe(II) concentration is increased from zéro fo 10—2_M.as Obsérved in Figure 2.
_Theré_ié7ho evidence from these radiation—chémi@al studieé that the

;xiaizing speéiés formed in reaction 20 is‘other'thanvfﬁé free OH ijadical.2

In a separate:coﬁtrol study of peptide oxidatioh by Fenton'réagent, ﬁ dilute.

sbiution of HZOE(éXlO—h M) was addedvdrob—wisevwith oxygen stirring to

3 M Fe(II). We obtained the

0.05 M N-acetylalanine solution containing 10~
molecular stoichiometry —[H202] = [RCONHé] = [RQCO]_.which,is in accord

with the requirements of the radiolytic studies described above.
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_Table I: Product Yields in the’Y-Radiolysis of'N—Acetylalénine

. »fand'Polya1anine in Oxygenatéd Solution

Product

‘Yield (G)®

0.05 M N-acetylalanine 0.5% polyalanine

NH

3

002

_H202

b

ROOH® ~

Cly

CH.CHO

3

dproduct yields are independent of dose up to W2X10;?'éV/ml.

bUnspecified; '

3
'CH‘COOH o

COCOOH

2.9

3.0

2.0

2.2

0.5

0.2

A0.2

3.9

n3.9

2.

2.2

1.2

0.k
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Figure Captions
: Figufe 1 Effect of solute concentratién in the Y—radioiysis of
"N+acetylalanine in oxygénéted solution: G(NH3), pH 7 (0),

" pH.3 (@); G(CH3COCOOH + CH,CHO), pH 3 (A).

3
Figure 2 Effecq of Fe(II) in the y-radiolysis of oxygenated 0.05 M .
N-dcetylalanine solutions at pH 3: G(NHB);.(O); G(CHscOCOOH), (A);_

G(cH,CHO), (A).
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