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RADIOLYTIC OXIDATION OF PEPTIDE DERIVATIVES OF GLYCINE IN AQUEOUS SOLUTION

Hashim A. Makada and Warren M. Garrison

Abstract
[ ’

A study has been made of the Y—fay in&uced reactions of the peptide
derivatives N-acetylglycine and glycylglycine in oxygenated soiution,“ In .
these systeﬁs the OH radical is removed through reaction at the C-H position

~of the main-chain OH + RCONHCH_R -——> RCONHCHR + H,O to yield the'corresponding

2 2
+ RCONHCHR —> RCONNCH(O_)R. The éubsequent chemistry

. peroxy radical via O o

has been examined in detail. The proposed reéction‘Schemes account for the

2

yields of ammonia, glyoxylic acid, formic acid and hydrogen peroxide observed -

in both systems.

' Radioiysis"
Peptides - -

- Oxidation
(
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Hashim A. Makada and Warren M. Garrison
Lawrence Berkeley Laboratory‘
University of California
Berkeley, California 94720

October 1971

i Rediolytic oxidation of peptide derivatives of. the simpler a-amino acids

" in aqueous solution is initiated by OH attack at the C-H position of the peptide

Wain-chain (1).  With peptide derivatives of alanine, for example, such attack

ipqtherpreééhce»of oxygen leads to formation of peroxy radicals of the type:

2 l .
-R ' _ ‘ - _ I SR

- R-CO-NH-

e == O .

 We have fecéntiy.completed a étudy of the chemistry of such radicals as formed

" in the rédio1ytic oxidation of aqueous N—acetylanine_and polyalanine (2). In

‘the present work we. consider the nature of the intermediate processes involved

.in the radiolytic oxidation of peptide derivatives of glycine. In this case

the degradation involves the radical species

‘R-CO-NH~C-R S o 11

It was gxpected that the pfesence of the C—H'linkage o6f radical II in place of

~ the C-R linkage of radical I_would“leéd to differences in the subséquenf chemistry.

f
!

/

lWork performed under thé'auspicesvof-the u. S. Atomic Energy Commission.
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We present here a detailed study of the Yéray induced oxidation:of the

simple peptide derivatives, N-acetylglycine and glycylglycine.

EXPERIMENTAL o -

The Nfacetylglycine and the glycylglycine'were obtained from Cyclo
Chemical Corp (ﬁRC grade 1) and were recrystallized from dist;iled water.

Water used in preparation of solﬁtions was from a Barnstead still and
was redistilled in pyrex first from alkaline permaﬁganate and then from phosphorio
acid. Solutions which were irradiated under one aﬁmosphere of oxygen were con-
tained in Sealed pyrex tubes. These were removed from the source at frequent
intervels and shaken to insurevthat the "solution contained excess oxygeh during
the irradiation period. Solutions under eight to ten atmospheres of oxygen -
were irradiated in open tubes enclosed in a small metal bomb. Dosage was deﬁer—
‘mined through use of the Fricke dosimeter [G(Fe ') = 15.5, €505 = 2180 et 2hoc].

Amide ammonia was determined by‘the microdiffusion method of'Conway (3).
.Samples of the irradiated solution were made 2N in sodiuﬁ hydroxide in. the ooter
compartment of the diffusidn ceil;.hydrolysis of the amide and the,transfer of
free ammoniaeto the acid compartment (0.1 N sulfuric acid) is complete ini2h
hours; The diffusates were assayed with Nessler reagent. In the estimation of
free aﬁmonla magne51um ox1de slurry (1n excess) was used in place of sodium
hydrox1de in the outer cell (k). Acetamide which is the major degradationbproduct
.of N-acetylglycine is stable for prolonged periods oflﬁime in the_presence of
maghesium oxidez the diffusion of free ammonia is complete in approXimetei&
eight hours. Applicetion of this megqesium oxide technique to the deﬁermination

of free ammonia in the irradiated glycylglycine solutions ﬁas‘not as satisfactory.
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The difficulty:here étems‘from_the fact that the amide products formed in this
‘systém;.i{e.;'glyCine amide and'glyoxylamide,-are quite labile and hydrolyze
- slowly even in the mﬁldly basic magnesium oxide éolutiqns. The fréé‘ammogia
data repprtea in Table IT is basea on initial rates df aﬁmonia transfer and
mﬁéﬁ'be cbhsidefea'Semi—Quantiﬁative in'hatufé.’vWe Qére unaﬁle'to devise:é
precise method for determination of free ammonia in éélﬁtions of labile amides.
Hydrogén peroxide and-ofganic peroxide were assayed accofding to the
method 6fiJoﬁﬁéoh and Weiss (5).' In all cases, the organic peroxiée yields Qere
found to be negligible, G(ROOH) < 0.1. |
'Pfior to the determination of other organic products, the irradiated
solutipﬁ’Was,ﬁreated with platinum black for 30 minuﬁeS‘at room temperatﬁre
to remove“ﬁydrqgen berbiide. This step was deveiopgd'in earlier work (6).tov
.eliminate the possibility of post-irradiation oxidation during the acid
hydrolysis step. The platinum black was ;embved witﬁ cenirifugation, the

solution was made 0.1 N in sulfuric acid, eVacuated, and then hydrolyzed for

n 36 hours at 9560.

The«carbonyl products, glyoxylic acid and forﬁaldehyde were identified
through filter papér éhromatography of the 2,h-dinitrophen&lhydrazone derivatives
(7). The quantitative determinations of glyoxylic acid and formaldeﬁyde were
made after the methods of Friedemann and Haugen (8) and Johnson and Scholés.(9)
_fespectively,_with the médifications introduced by Sokol.2

!

Formic acid was separated from the hydrolysate through lyophilization.

_The 1yophilizate was neutralized with sodium hydroxide, evaporated to dryness hd

" and treated with methanol saturated with .anhydrous hydrogen chloride. The

H. A. Sokol, Lawrence Berkeley Laboratory Report  LBL-2h1.
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methyl formate so formed was identified by vapor-phese. chromatography (10).
Formic acid in the hydrolyzate was quantitatively determined after the colorimetric
method of Grant (11). In this procedure, the acid is reduced to formaldehyde which
is then assayed through use of chromotropic acid. Appropriate corrections for |
the contribution of formaldehyde in thelinitial sample were made.

A series of control and blank runs confirmed the applicability of the

gbove analytical methods to the present systems.

RESULTS AND DISCUSSION

Radiolytic oxidation of the pepﬁide main-chain in dilute oXygenated
solution istéharacterized by the formation of labile amide-like degradation
products (1,2,6). The yield of amide ammonia in the y-radiolysis of N-acetyl-
glycine in oxygenated solution corresponds to G(NH3) = 2.8 over the concentration
range 0.005 M to 0.1 M. A summary of thé yields of inorganic and organic products
observed in the radiolysis of 0.05 M N-aceﬁylglycine solutions under one
atmosphere of oxygen is given in Table I.

The evidence from previous radiation-chemical studies (1) in which
Fe IIT was used as a radical scavenger is that the OH radical formed in the

radiation-induced step 1 (12-1k)

: - +
H20 —M-> H202,H2,OH’H ,eaq’H ? . (l)

reacts with simple peptide derivatives such as N-acetylglycine and N-acetylslanine

at the a-carbon position i.e. for N;acetylglycine

OH + RCONHCH,COOH > H0 + RCONHCHCOOH . - (2)
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In the presence of oxygen, the peptide radicals, RCONHéHCOOH, are scavenged via

> RCONHCH(0,)COOH . _ (3)

0, + RCONHCHCOOH

The reducing species formed in the radiation-induced step sare also scavenged

by oxygen

e (H) + 0,

" > 05(H0,) L | (1)

2
(15). We attribﬁte the production of glyoxylic acid with G = 0.3 as given in

where the products of reaction 4 are related by the equilibrium HO2 e H+ + 0

Table I to the'steps

HO, + RCONHCH(éz)COOH > RCONHCH(OOH)COOH + 0, (5)

> RCONHCH(OH)COOH + H. O R (6)

H,O0 + RCONHCH(OOH )COOH 205

2

where the dehydropeptide derivative, RCONHCH(OH)COOH,‘is unstable and yields

amide and glyoxylic acid via

RCONHCH ( OH ) COOH > RCONH2 + CHOCOOH . (7)
Then on acid_hydrolysis
> .
320 + RCONH2 RCOOH + NHB . (8)

The finding (Table I) that formic acid is the major organic product in this

system suggested here, as in the earlier study of alanine peptides (2) that the
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removal of the hydroperoxide via step 6 occurs in competition with a second

degradation mode

> RCONHCHO + H.O0 + CO R (9)

RCONHCH ( OOH ) COOH > o 2

where the diamide, RCONHCHO, yields ammonia and formic acid on hydrolysis.

2H20 + RCONHCHO > RCOOH + NH3 + HCOOH . | (10)
However, if steps 5, 9, 10 do represent a major oxidation pathway in
the presenﬁ system then it is clear from the incident stoichiometry that the
observed hydrogen peroxide yield should not be appreciably greater than the ‘
"molecular" yield of the radiation-induced step l; i.e., 6 =0.8 (14). We find
experimentally, though, as shown in Table I, that the actual hydrogen peréxide
yield is apprecisbly greater than‘this, viz, G(H202) = 2.1. To account fqr
the observed yields of hydrogen peroxide and formic acid we conclude that the
peroxyvradicals,.RCONHCH(éz)COOH, are removed not onlyvthrough step 5 but also

through

, (11)

2RCONHCH(62)COOH > 2RCONHCH(O)COOH + 0,
which reaction is followed by )
0, + RCONHCH(Q ) COOH > RCONHCHO + co2 + Ho2 R (12)
and by
oH > H ' (
02 202t 0y - 13)
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Reactions akin to steps 11-13 were invoked in the earlier study of the radiation-
induced oxidation of peptide derivatives of alanine (2).
In the particular case of the glycine residue it is clear that reaction

12 could be accompanied by the parallel reaction

, | | |

0, * RCONHCH(0)COOH ———> RCONHCOCOOH +'Ho2 , (14)
which step would lead to the liberation of oxalic acid on hydrolysis
'2H20 + RCONHCOCOOH > RCOOH + NHj + (COOH)2 . . (15)

However, the yield of reaction ih is apparehtly quite ‘low since we find as
sho&n in Table I that G((COOH)2)=< 0.1 for the N-acetylglycine system following
acid hydrolysis.
"Turning our attention now‘to the glyeylglycine system, we éonsider first
of all the remarkably high ammonia yield, G(NHB) = h;8, obtained in the y-radiolysis
of,0.0S M glycylglycine_solutiohs saturated with oxygen as shown in Table II.

This value is almost twice the yield for OH production (G.. = 2.8) in reaction 1.

OH
Our preliminary conclusion was that either (a) both e;q and OH react with glycyl-
glycine to yield ammonia or (b) a short chain reaction is involved in the radiolysis
of this system.

With reference to point (a) we note that e;q in evacuated solution reacts

essentially quantitatively with glycylglycine via (16)3

- . .o
€gq + NH,CH,CONHCH,COOH > NH, + CH,CONHCH,COOH + OH (16)

3We represent glycylglycine here in the uncharged form rather than the zwitterion

form (NH3+CH2COHHCH2COO") for the purpose of simplicity in notation.
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are preferentially scavenged by O

of dose-rate on G(NH

11 S - LBL-2k2

However, the rate constants for reaction of e;q'with glycylglycine and with

8 -1 0 -1

-1 ' 1 -1 : ) :
M~ sec " 'and 2 X 107 - M = sec  respectively (17). Hence,

bxygen’are 2 *_10
in 0.01 M glycylglycihe solution gnder oﬁe atmosphére'of oxygen the eleétrqns
‘ 2Q We ‘also find that ihcreasing the qugen
pressure to’8-atmospheres hasleSsentially_no effect on.the ammonia yield. Ve
concludé then that reaction 16 doeé not contribute apﬁreéiably tb fhe prbduction
of ammonia in the-radiolysis of these glycylglycine solutioné. As regards

point (b) abové,'Wé find experimentally that.there is no abprgéiable effectv

) from oxygen-saturated 0505 M sqlutions of glycylglycine

3
over the range 1 X lO18 eV/ml to 1 x 1019

eV/ml. While this observation does

not wholly exclude the possibility of a chain reaction;_still, thé above.findings
€en toto suggest Qe should consider other possiﬁle explanations for.thevhigh
ammonié yields observed in the radiolysis of the glycylg;ycine system.

Now, previous work (16) has shown that glycylglycine undergoes the

characteristic peptide reaction with thé OH radical i.e.

> ' CHC )
OH + NH,CH,CONHCH,COOH H,0 + NH,,CH,,CONHCHCOOH V(l?)

which step in oxygenated solution is followed by ’ O A
0, +_NHQCH200NHCHCOOH —> NH,,CH,CONHCH(0,)CO0H . , (18)

As observed in the acetylglycine case, we find as shown in Table II that fofmic
acid and_hydfogen'peroxide_are-major products of the radiolytic oxidation of
glycylglycine. By'analogy_with reactibns'll; 12 we fbrmulate steps 19, 20 as

major paths in the chemistry of the peroxy rédicals NHQCHQCONHCH(ée)COOH-
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: ' ‘. . 4 .
 2NH,,CH,,CONHCH (0,,) COOH > 2NHCH CONH (0)COOH + 0, (19)

2

o2 + NHQCHECONHCH(O)COOH

+ CO s
> NHQCHECONHCHQV+ HO,, 5 . (20)

where the HO fadicéls formed in step 20 yield hydfogeh peroxide vié'thé dis_
o . , , :

2
"prOportionatibn reaction 13. The diamide derivative NH2CH200NHCHO is labile
"~ and yieldé'ammonia and formic acid on hydrolysis

2H,0 + NH,CH,CONHCHO > NH,CH,COOH + NH, + HCOOH . (21)

" In explaining the remarkably high yield of total ammonia, G(NH3) é:h.58,
from glycylglycine, we note that in the earlier sfudy of the radiolytic oxidation
of alanine peptides (2) there was some evidenze that the alkéxy radicai éite§
formed in reaction of the type given in quations ll, i9 can react intra-
molecularly with other C-H linkages along. the chain. In the case of the élkoxy
radiqals formed froﬁ glycylgiyciné Via step 19, the subsequent chemisffy.would

"be of the form:

> NH éHCONHCH(OH)COOH . (22)

4NH20H200NHCH(O)COOH 5

The radical product of reaction 22 reacts in turn with oxygen

,CHCONHCH (OH) COOH

0 2

> + Hg o (23)

> NH = CHCONHCH(OH)COOH + HO

-

“H,0 + NH =" CHCONHCH(OH)COOH

2 .

—_ NH3 + CHOCONH,, + CHOCOOH . (24)

The glyoxylamide, CHOCONH,, then yields additional ammonia and glyoxylic ascid

on acid hydrolysiS'b

Ay

4




. 'acetamide, CH

~13-

H20.¥:CﬁOCONH2 > CHOCOOH + M, : '. (25)
The fermulations of reactions 19-=25 pfovide a-seif-consistent e#planation

for soth the qdalitativeband Quantitative on glycylglycine oxidafion.as-giVen .
in Table II.  In the case of N-acetylgl&cine, the equivalent chemistry of
reactionsil9-25_can only 6ccﬁf intermoiecularly‘and sueh'reacfioﬁ is of
negligible importance in competition with reaction 12 in dilute solﬁtions of
N-acetylglycine.

v It‘is clear that direct identification of glyoxylamide, CHQCONH2, as
a major oxidation product in the glycyiglycine system would provide convinCing
supportlng ev1dence for the intramolecular ox1dat10n steps formulated in the
reaction scheme of equations 19-25. Accordingly we analyzed chromatographlcally
the 2,4- dlnltrophenylhydrazone derivatives of the carbonyl products present in
the 1rrad1ated glycylglycine solutlons prior to acid hydroly51s We separated

to major hydrazone components: (1) glyoxyllc acid hydrazone (c1s and trans

forms) and (2) a second hydrazone fraction which yields glyoxylic.acid‘onvmild

'acid hydrolysis. Additional evidence that the second component is the hydrazone

derivative ofvglyoxylamide is to be found in the fact that this same component
is observed as a major‘carbonyl’product in the y-ray induced oxidstion of

3CONH2,‘in oxygenated solution. ' The OH radical attackshacetamide

2

preferentially at the methyl group to give CH CONH,, (18). In the presence of

oxygen, radicals of this type are oxidized to the cOrresponding'glyoxylicfacida
derivative which in the case of éHZCONHe would be glyoxylamide, CHOCONH,.
And finally we note that implicit in the’formulatioh of the intramolecular

step 22 is the prediction that the y-ray induced oxidation of a mixed dipeptide
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such as glycylalanine should yield both‘glyoxylic acid and pyruvic acid.
_Examihatign of the carbonyl fraction isolated from an irradiated glycylalénine-
oxygen solutiohlrevealsvthat both keto acids are indeed formed in approximately

equal yield.
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Table I. Product YleLdS in the y-Radiolysds: of K- acetylglyc1ne ( OLM) in.
: Oxygenated Solution '

Product . B . Yield, G

| X a ‘ v"
NH3(total) : i 2.9
'NHé(free)'. _— - ‘ <0:2
CHOCOOH : 0.3
CH,,0 . o 0.1
HCOOH _ - 2.9
(coom),, o : <01
H,0, _ . 2.1
ROOK" - | <0.1

aAmide_plus free ammonia.

bTotal’organic peroxide, unspecified.
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Table II. Product Yields in the y-Radiolysis of Glycylglycine (0.011) in

Oxygenated Sclution

1

Product Yield, G
NH3(totai)a - 4.8
i 'NH3(free) ~ 2"
CHOCOOH 1.9
 CH,0 0.1

- HCOOH 1.6 -
~ (coon),, : < 0.1
H0, 2.1

ROOH ,

< 0.1,

Samide plus free ammonia.

b '
. For the basis of this estimation see experimental section.

“Potal organic :peroxide, unspecified.-

&

b

L
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