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RADIOLYTIC OXIDATION OF THE PEPTIDE MAIN-CHAIN IN DILUTE AQUEQUS
SOLUTION: CHEMISTRY OF THE PEROXY RADICAL, RCONHC(O2)R21’2

‘M. J. Kland-English, H. A. Sokol, and W. M. Garrison
- ' - . Lawrence Radiation Laboratory
University of California

Berkeley, California . 94720

July 1969

ABSTRACT
In the Y—fadiolysis of peptides in dilute 02-saturated solution, reac-
tion of OH radicals at the main-chain leads to formation of the long-lived

peroxy radicals RCONHC(ég)R Subsequent reactions of these radicals lead to

X
main4chain cleavage. A number of competing modes of degradation are involved.

A proposed scheme of reactions accounts for the observed product stoichiometfies.
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The radiolytic oxidation of the peptide'main—chain in dilute aquebus
solution containing O2 has been _described3 in terms of the radiation-induced

steph’5

' - +
——>
HQO H202, H,, OH, H, eaq,,H (1)

followed by

OH + RCONHCHR,, > RCONHéRQ + HO (2)

2

[ RCONHéRg

5 > RCONHC(OQ)R : | {3)

2

The reducing species formed in reaction (1) are scavenged by-O2 via

e (H) + 0,

aq

> O;(HOZ) o (W)

where the products of reaction (4) are related by the equilibrium,

—_ + - . . .
HO2 =H + 02. The simplest scheme for subsequent radical removal involves

HO, + RCONHC(OQ)Rg — RCONHC(OQH)RQ + 0, (5)

> RCONH,, + R,CO + H,0, (6)

H O + RCONHC(O2H)R2 5 o

2

to give amide and carbonyl functions. The yield of reaction (2) is readily

followed in terms of free ammonia released on hydrolysis of the irradiated

3,7,8

The removal of OH radicals via reaction (2) is essentially quantitative
in the y-radiolysis of various peptide derivatives of the simpler a-amino acids

3) as a function of N-acetylalanine

concentration in Og—saturated solutions levels off at G(NH3) ~ 2,9 = Gop'iﬁ'the

such as glycine and alanine. A plot of G(NH
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coﬁcentration range 0.05 M to 0.1 M as shown in Fig. 1. At N-acetylalanine
concentrafion above 0.1 M other reaction modes begin to contribute to the ob-
served G(NH3).valﬁes;‘fhe chemistry of these other degradation modes in the
more conéentrated solutions ére of quite a different nature as has been described
elsewhere.9 |
Now, if degradation of the peptide chain in.dilute, oxygenated solutions

occurs exclusively through steps (5),(6) we would expect the ammonia and car-
bonyl yields to be in the relationéhip G(NHB) =~ G(RQCO). Experimentally we
find however, that the-ratio G(RQCO)/G<NH3) is élways less than unity in these
VsystemsfS With 0.05 M N;acetylalanine, the carbonyl yieldlo’ll is extremel&
low with G(RECQ) < 0.2. |

| Further study of the oxidation prpducts formed  in the y-radiolysis of
N—acetylalanine solutions reveals-that the.principal nitrogen-free organic
compound produced in this system is acetic acid. Yield data are summérizéd in
Table 1. The finding that acetic acid is produced as a major initial product
in this system suggestéd to us that removal of RCONHC(OéH)R2 via the hydro-
lytiq reaction (6) oceurs in competition witﬂ a secqnd degradation mode which

in the case of N-acetylalanine may be formulated in terms of an intramolecular

oxidation, i.e.,

jas]

(7)

.

> RCONHCOR + H20 + CO

o

RCONHC-
] 2
R

The diacetamide configuration RCONHCOR is hydrolytically labile and on mild dif-

' ferential hydrolysislg:of the solution yields acetamide and acetic acid

H,0 + RCONHCOR ——> RCONH, + RCOOH ‘ (8)
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There is however a difficulty in.thisbinterpretation in éhat it does
not account for the fact that ngg_hydrbgen peroxide and acetic acid are formed
as major products in the radiolysis of dilute oxygenated solutions’ of N-acetyl-
‘alanine. ‘The over-all stoichiometry of reactions (1) to (5) followed by reaction

(7) requires that G(H202) ¥l 0.8. Experimentally 13 however we find that
' ‘ 272

G(Hgog) ~ 2.2 as shown in Table 1. Hence we conclude that radical removal via

step (5) and the subsequent degradation of RCONHC(O2H)R2 as formulated in reac-
Itions (6),(7).are not predominant reaction modes in the radiolysis of N~-acetyl-
alanine under the eXperimental conditions stipulated in Table 1.

The present.evidence is that the RCONHC((52)R2 radicals derived ffom

N-acetylalanine are removed predominantly vial

ERCONHC(ég)R

2 > 2RCONHC(O)R2 +0

2

Reaction (9) is then followed by

H

Y
RCONHg—é=O + 0,

> RCONHCOR + CO,, + HO (10)

2 .

to give the labile diacetamide derivative. The HO2 radicals formed via reac-.

tion (4) and (10) are removed via

> HO + 0 (11)

2HO, oY * 0y

- The sequence of reacfions (1) to (L) followed by reactions (9) to (11) satis-
fies both the qualitative and'éuantitative requirements 6f the present system.
The data of Table 1 were obtained at pH 3 under which condition the hydroperoxy
radicai'is predominantiy in the HO2 form.6 -A;though the yield for main-chain

degradation is essentially the same at pH 3 and at pH 7, (Fig. 1) the relative
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contributions of reéctions (65,(7) and (9),(10) may Be pH dependent. Such
effects are now being evaluated.

For 02—Saturated solutions of poly-DL-alanine we find G(NH3) = 3;8.15
With this oligopeptide (M.W. 2000) we assume random attack of OH at the main
chain and. envisage thé analogue of reaction (10) as .involving the enol form of

- an adjacent peptide linkage

o

0 | , .
-¢ > RCOHNCOR + 0=C=N-R + HO (12)

RCONH 5 5

=N-R + O

H=-=O

where

0=C=N-R + H,0 > (0. + RNH

2 2 .

- follows essentially instantaneously.

Addition of smali ;mounts of Fe(II) to these oxygenated peptide solu-
tions suppresses the productibn of acetic acid and leads to the formation of
ammonia and carbonyl in equal yield. At sufficienfly low concentrations Fe(II)
does not interfere with reactions (1)-(4) but does intercept the peroxy

16

radicals via

RCONHC(ég)R2 + 3Fe(II) + 2H20 — RCONHC(OH)R2 + 3Fe(III) + 30H (13)
RCONHc(OH)R2 > RCONH,, + R,CO (14)
(HO, + Fe(II) + HQO > H202 + Fe(III)_+ OH “(15)
17

Hydrogen peroxide formed in Step’(lS) is removed via the Fenton reaction

H 0, + Fe(II)

> OH + OH™ + Fe(III) (16)
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For'Oz—saturatéd, 0.05 M’N—acetylalanine we observe the optimum yield at

1073 M Fe(II); i.e., under this condition G(NH3) > G(RECO) ¥ 7.5, The carbonyl
yield (RQCO) is made up of G(pyruvic) = 5.7, G(acetaldehyde) = 2.0. These
findings are in quantitative agreement with the yields of the radiation-induced

16,18

reaction (l} and the reaction sequence.formulated'here. As would be

anticipated on the basis of competition kineticslg the oxidation yield goes
. through a pronounced maximum as the Fe(II) concentration is incréased from zero
to 10—2 M as shown in Fig. 2.

There is no evidence from these radiation—cﬁemical studies that the
oxidizing species formed in reaction (16) is other than the free OH radical.21
Ip a separate control study of peptide oxidation by Fenton reagent, a dilupe
0 (2X10_MM) Was'addea dropewisefwith'p

solution of H -stirring to 0.05 M

2

2

N-acetylalanine solution containing lO—3 M Fe(II). We obtained the molecular

stoichiometry -[H,0,] = [RCONH

ments of the radiolytic studies described above. The ratio

2] = [R2CO] which is in accord with the require-

G(acetaldehyde)/G(pyruvic) here also is "0.30.
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= 0.45, G
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Hydrolysis was done in 2N sodium hydroxide at room temperature in the

outer compartment of a Conway diffusion cell. Amide hydrolysis and

‘ammonia transfer to the inner chamber (0.1 N sulfuric acid) is complete

in 24 hours (Ref. 8).

H. L. Atkins, W. Bennett-Corniea, and W. M. Garrison, J. Phys. Chem. T1,

772 (1967)f We refefvto raaical attack aﬁ thé C-H linkaée 0 to the nitrogen
functiqn as the.characteristic peptide reaction. With the more complicated
amino acid residues OH attack may occur in parallei or preférentially at
side-chain léci. See Réf. 3..

(a) M. A. J. Rodgers and W. M. Garrison, J. Phys. Chem. 72, 758 (1968).

(p) W. M. Garrison et al., Adv. Chem. Ser. 81, 384 (1968).
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Soiutions Wefe’madeVE N in hydrochloric acid, heated ﬁnder hitrogen for

two min at 95°C? éooled and assayed through use of 2;h~dinitrophenylihydra—'
zine reagent (Ref. ll).. o

After the method of_H.vA. Sokol, to be published.

The maximal acetic acid yield as measuredvby‘v.p..chromatograﬁhy Was'ob-
tained affer the éolutions were made.l H_ih sodium h&droxide and allowed

to‘stand at room temperature-for 15 minutes. Amide (RCONH2

) hydrolysis is

‘negligible under these conditions.

Organic peroxides and hydrogen peroxide ﬁere determined after the_method
of G. R. A. Johnson and J. Weiss, Chem. and Ind. p. 358 (1955).

In an earliér study we foundzreaction_of the:type.‘QRO2 —> 2RO + 02 fovbe
of major importancé in the radiolytic oxidation of acetic acid in diluté

agueous solution. [Radiation Res. 10, 273 (1959)]. Such reaction of RO,

was invoked in earlier studies of radical-initiated oxidation of gaseous

”'hydrocarbons by Vaughan and co-workers. [J. Am.” Chem. Soc. 73, 15. (1951)].

We find (W.'Bennett—Corniea, H. A. Sckol, and W. M. Garrison; to be published)

that the G(NH3) values obtained in the y-radiolysis of dilute oxygenated

solutions of oligopeptides and polypeptides are consistently greater than
GOH' Our interpretation:of.this effect is that with such compounds a frac-

tion of the RO radicals,formed via rea¢tion'(9) react intramolecularly with

an adjacent C-H locus of the main chain RO + RH —> RCH + R. 'This leads then

- to an enhancement'in the observed yield for amide production: With small .

molecules containing a single amino acid residue (e.g. N—acetylalanine) the

: ”equivalent RO chemistry can only occur intermolecuiarly and is of negligible

importance in dilute solution.
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"reduction by Fe(II), i.e., specifically (a) RCONH¢ COOH —> RCONHC' + CO
R
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Reaction (13) represents a composite reaction which includes the steps:

(a) RO, + Pe(II) + H,0 —> ROOH + Fe(III) + OH , (b) ROOH + Fe(II)

- —> RO + OH  + Fe(III), (c) RO + Fe(II) + H,O —> ROH + Fe(III) + OH .

2
F. Haber and J. Weiss, Proc. Roy. Soc. (London) AlLT, 333 (1934).

The production of écetaldehyde in the N-acetylalanine system we envisage

as arisiﬁg through rearrangement of a fraction of the RO-radicals prior to
QH
2

H
followed by (b) RCONH% + Fe(II) + HQO —_ RCONH2 + RCHO + Fe(III) + OH .
R

The rate constants for reaction of N-acetylalanine and Fe(II) are both

8 -1

_ about v2x10~ M sec_l. See Refs. 9, 20.

M. Anbar and P. Neta, Intern. J. Appl. Radiation Isotopes 17, 493 (1967).

Cf. T. Shiga, J. Phys. Chem. 69, 3805 (1965),
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Table 1. Prdduct yields in the y-radiolysis of 0.05 M

N-acetylalanine, O

-saturated, pH 3.

2
Product Yield (G)a
NH 2.
3 ‘ 9
CHscOOH 2.8
H202 2.2
b
(ROOH) =0.5
CH3COCOOH
£0.2
CH_CHO
3
.aProduct yields are independent of dose up to N2Xlol9 eV/ml.

bUnspecified.
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' FIGURE CAPTIONS
Fig. 1. Effect of solute concentration in the Y;radiolysis of N-acetylalanine
in 02—saturated solution; pH 7, O; pH 3, ®. Dose = l.SXlOlg eV/ml.

Fig. 2.  Effect of Fe(II) in the Y-radiolysis of 0.0S{M N-acetylalanine,

og-saturaﬁed, pH 3; G(NH3), e G(CH3COCOOH),‘0. At 1073 M Fe(II),
G(NH3) = G(CH3CDCOOH) + G(CH3CHO)A2 7.6. Thése yields are strongly dose-
' 18

" dependent and fall off rapidly at values above " 0.5%107 ev/ml.
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