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RADIATION CHEMISTRY OF GLYCYLGLYCINE IN OXYGEN-FREE SYSTEMS

Warren M. Garrison, Harvey A. Sokol, and Winifred Bennett-Corniesa

Abstract
.Aistudy has been made of the radiation chemistry of glycylglycine in
oxygen-freé sys£ems. These include dilute and concentrated solutions as well
as the sélid.state. Detailed reaction stoichiometriesnfbr each system are
férmulafed onvthe basis. of broduct analysis. Specific contributioné of radicals

ions and'excited molecules in the formation of products are discussed.

LS

Radiolysis
Peptides

Oxygen-free systems
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RADIATION CHEMISTRY OF GLYCYLGLYCINE IN OXYGEN-FREE SYS'I'EMSl
Warren M.'Garrison, Harvey A. Sokol, and Winifred Bennett-Corniea
Lawrence Berkeley Laboratory
University of California

Berkeley, California 9L4T20

October 1972

Radiation-induced reactions of the a-amino acids in the uncombined
form have been studied quite extensively both in aqueous solution and in the
solid state (1). Similar attenﬁion has been given to the radiation chemistry
of certain peptide férms of these amino acids such as thé N-acyl and polyamino
acid derivatives (1,2). However, no systematic and detailed radiation—chemical

study of the peptide series

. NH2CHRCO(NHCHR00 )nNHCHRCOOH

has been made over a range of molecular weight.

We have undertaken such a study and in the present paper we examine the

radiation chemistry of the simplest member of this series viz. glycylglycine
(n=0). Work described here is confined to oxygen-free systems. The radiation
chemistry of glycylglycine in oxygenated solution has been described in an

earlier paper (3).

Lork performed under the auspices of the U. S. Atomic Energy Commission.

Ter®




.,

-5- } , "~ LBL-1269

EXPERIMENTAL
The glycylglycine was obtained from Nutritionéi Biochemicals and was
recrystallized from distilled water to remove trace amounts of ammonia. Water
used in preparation of solutions was from a Barnstead still and was redistilled
first from élkéline permanganafe and‘then from phosphoric acid.
Both liéuid and solid samples were de-gassed on the vacuum line, sealed

T

off, and irradiated with 6000 Y-rays at a dose rate of T X lOl ev/gm-min.

Dosage was determined with the Fricke dosimeter [G(Fe3+= 15.5, 6305= 2180 at

24°C]. All yields are expressed as G values (molecules per 100 ev absorbed

ienergy). Energy deposition in solids and solﬁtiohs was.ﬁaken to be proportionsal
to electron density. The irradiated solid samples weré dissolved to a concen-
tration of V1 M in redistilled water under nitrogen in preparation for
subsequent analysis.

- Free ammonia and amide ammonia were determined by use of a modification
of the micro-diffusion method of Conway (U4). .Diffusates were assayed with
Nessler reagent. In the determination of free ammonia, the sample solutions

were diluted three~fold with saturated K2CO solution in the outer chamber of

3

the diffusion cell; recovery of ammonia in the acid compartment (0.1N H2SOh)

is complete iﬁ three hours. For total ammonia (free plus amide), a second

sample was placed in a diffusion cell and made 2N in NaOH; under these condi—i

tions fhe amide hydroiysis and ammonia transfer is complete in 2L hours. |
A series of control runs established that the above procedures are

adequate for the separate determination of free ammonia and amide ammonia when

the latter represents.the minor component as is the case in the present system.
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However, at the higher (amide)/(ammonia) ratios observed in other systems (3), ' :
hydrolysis Of.the amide in the Na2CO3 solution becomes appreciable and other .‘z
modifications of the method must be employed.

Free acetic acid was separated through lyophilii&tibn of the sample
solution after acidification with H2SOh. The volatile fﬁaetion was neutralized
and concentrated to avminimal volume. This was then re-acidified and the acetic

acid compbnent'was identified and assayed by vapor—phase chfomatography after

the method of Baker (5).

Acetylglycine was separated by passing the sample solution through
Dowex 50 in the acid form. Glycylglycine and all producfs containing the free
amino group are quantitatively removed. Aceiylglycine and free acetic aeid
pass through the column with little or no fractionation or retention. The

effluent was collected and lyophilized to remove water and any free acetic.

acid. The N-acetylglycine in the residue was identified and qualitatively
estimated through application of the techniques of filter-paper chromatography (6). .

The quantitative determination of N-acetylglycine was based on measurements of

free acetic acid released on hydrolysis of the product in dilute HQSOu. vThe |

acetic acidAassdy techniques use@ were identical to those employed in the

aeterminatien'of free acetic acid as an initial product.(see above). o : :
All other products were determined after hydrolysis in 2N HC1 aﬁ 95°cC

for 24 hours.

The carbonyl products (glyoxylic acid and formaldehyde)‘in the hydroe . T

[ \gd 4

lyzate were identified through filter-paper chromatography (7). The quantita- -

E
tive determinations of glyoxylic acid and formaldehyde were made after the
|
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methods of Friedmann and Haugen (8) and of Johnson and Scholes (9) respectively,
with.thé modificatibns introduced by Sokol.2 S S

'Iﬁ the.determinétions of glyéoiic acid, succinic ééid,»aépartic aéid;
and diaminosuccinic acid‘the hydrolyzate waé lyophilized to drjness prior to
assay. | |

."In the measurément 6f'giycolicvacid the residué was redissolved in a
minimumvfolume of water ahd assayed coloriﬁetrically, using thé teéhﬁiques and.,.
precaufions oﬁtiined by Calkins (10). Sucéinic acid was éxtracted from the
solid residue‘with acetone. The latter was evaporated off.aﬁd the non-volatile
fraction was treated with methanol containing v 10 percen£ anhydrous hydrqgen
chloride. Thé methyl succinate so férmed was identified and quantitatively
determined by vapor-phase chromatography (5).

The aspditic‘acid and diaminosuccinic acid were isoléted by ion—exchange
chfomatography after the method of Moore and Stein (11) as modified by Wgeké .
and Garrison (12). In this procedure, the semple is plaéed on Dowex 50 (acid_
form) and then éluted ﬁith HC1l in progressively increasing concentration (b to
L) tdvfraétionélly separate nitrogen prodﬁcts from pafént'glycine; The apprp;
priate effluent fractions ﬁere collected and lyophilized to dryneSS. The sam-
ples were then tréated with methanol containing v 10 pefgent anhydrous hydrogen
chloride to férﬁ the amino acid esters. Theée were in turn acetylated #ith
triflﬁoroacetic anhydride. The volatile dérivations were characterized and
quantitatively determined by vapor-phase chromatography (13). .

An extended series of control analyses of glycylglycine solutions-'

containing the appropriate concentrations of the observed reaction products

4. A. Sokol,:Lawrence Berkeley Laboratory, Report LBL-2Ll.
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'establlshed the quantltatlve appllcabillty of the above methods to the present "

system. Determinatlons of all products listed in Table I with the exception
of the diaminosuccinic acid were reproducible to within'is percent. The
reproducibility of the diaminosuccinic acid yields from the aqueous systems

is in the order of %10 percent. Yields of diaminosuccinic acid product from

the solid system could not be determined with any satlsfactory reproduc1b111ty.

We have found no acceptable explanatlon for this peculiar finding; further

work is in progress.
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RESULTS AND DISCUSSION

Dilute aqueous solution

In the y-radiolysis of glycylglycine in dilufe oxygen-free solution,

we are concerned primarily with the cliemistry initiated by reactions of the

peptide with the oxidizing and reducing species formed in water radiolysis (1k-16)

—_— s - out Q1
H,0 — > H202,32,0H,H,eaq,n | | )

Studies (17,18) of the effects of added second-solutes on G(NH3)

. values from glycylglycine in oxygen-free solution indicated that the hydrated

electron, e;q, reacfs essentially quantitatively with the glycylglycine zwitterion

via - +
e + NH_CH,CONHCH
aq 2

3 Co0™ —> NH, + CH,CONHCH,COO (2)

2 2 2

and that OH is removed via

: JCHCONHCRCOOT . (3)

OH + NH,CH,CONHCH,CO0™ ——> H,0 + NH

The recent pulse-radiolysis studies of Simic and Hayon (19) and the ESR studies
of Sevilla (20) are consistent with the assignments forﬁulated in equations 2,3. .

The reductive deamination reaction 2 is analogous to that observed in earlier

‘studies of the radiation. chemistry of the free oa-amino acids in oxygen-free

solution (21,22).

We haﬁé now completed a detailed chemical study of final products

" formed in the Y-radiolysis of glycylglycine in oxygen-free solution and the

results are summérized in columns 1,2 Table I. The experimental findings

provide chemical support for reactions 2,3 as written and also provide

information on the chemical properties of the organic radicals so formed.



-10- P : LBL-1269

The yield of free ammonia from .05M glycylglycine solution corresponds
to G(NHé)f': 2.8 = G- - The totél ammonia yield Vhich includes "amide-like"v
ammonis plus free émngia.is appreciably greater i.e.'G(NH3)t Z 3.3. This
formation of amide~like ammonia is aésociated with the concomitﬁnt formation of
the carbonyl products, glyoxylic acid and formaldehyde. The observed stoich-
iometry is interpreted as evidence that a fraction of,thé peptide-ra.dicalsE

formed via OH attack in reaction 3 undergo subsequent oxidation via

ONH' CONHCHCO0™ ——> NH

3 *CHchNHCH Co0™ + NH!CH_CON=CHCOO™ ()

3 2 372
and
+

H202 + NH3CHQCONH¢HCOO —> NH

+

;CH,CONHCH(OH)COO™ + OH | (5)

where the H,0 of reaction 5 is derived from the radiation-induced step 1.

272
The dehydropeptide derivatives formed in reactions 4,5 are labile and yield

amide and cérbonyl prodﬁcts

= T cm— g .
H,0 + NH,CH,CON=CHCOO NH39H2CONHCH(0H)CQO, | (e
NH;CHQCONHCH(OH)COO- —> NH;CHéCONHQ + CHOCOO (1)

Consistent with this we find that carbonyl yield in .OSM'glycylglycine'éolutionv

corresponds to G 2 0.6.

vIn'the dilute glycylglycine solutions there appear to be two major paths

for removal of the éHa

reaction 2. These are

CONHCHQCOO- radicals formed in the reductive deamination

+ ‘ - . . _ + N ’ _ '. - . .
—_—
, NH3CH2CONHCHZCOO + CH2CONHCH2000 NH3CH2CONHCHCOO + CH3CONHCH2000 (8)

N
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and
: .j _. . N - ‘ -+, ) ‘_Y
NE' CH,CONHCHCOO™ + CH,_CONHCH_CO0  —> NH_CH_CONHCHCOO . = -
372 e 2 - 372 | | (9)
CH comuancoo' ;

2
In the .OSM glycylglyc1ne solutlon, reaction 8 produces acetylalanlne with
G =z O0. 9 and reactlon 9 ylelds aspartlc ac1d with G = l 1l as measured after
hydrolysis of the irradiated solutiona The peptlde radlcals, NH3 CONHCHCOO N
formed in reactions 3 and 8 are, as we have noted, consumed 1n'part through
reactions 4,5 and 9; those remaining are ultimately removed ﬁhrough dimerization
+ . - R - . ‘
ﬂ2NH3CHZCONHCHCOO —> NH3CHZCQNHCHCOO L o
N o (10)
+ _ . ,
NH30H200NHCHCOO

The diaminosuccinic acid observed in the hydrolyzate with G = O.8rrepresents
the yield of reaction 10.

The chemistry of reactions 1-10 appears then to satisfactorily account
for  the product stoichiometries observed in the Y-radiolysis of glycylglyoine

in dilute oxygen-free solution.

Concentrated aqueous solutlon

On 1ncrea51ng the glycylglycine concentratlon from .OSM to 1M, we flnd
“that the yleld of free ammonla_lncreases from 2.8 to 3.8. ThlS increase is
accomnanied by a corresponding increase in the combinedvjields'of acetylglycine
and aspartic acid}which products:are'derived from the éHéCONHCHédOO- radical.

The evidence is that the yield’of the reductive deamination reaction 2 increases

with increasing glycylglycine concentration in qualitative accord with the
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spur-dlffus1on model developed by Schwarz (23) Glycylglycine at the.higher:v
concentratlons scavenges ea (and OH) wh1ch in . dilute solution undergo the
back-reaction eaq + OH —> OH within the spur. Schuler and co-workers (2l) heve
recently made e detailed study of such concentfation effects in aqueous
solutions of methyl éhloride, which is an effective electron scavenger,

RC1. + O —> R + ¢1'. |

We note here‘aleo that'the.relative yields of finalfproducts derived.
from the éH2CONHCH2000- ra&ical,.i.e.vacetylglycine end aspartic acid, are
markedly depeﬁdent on glycylglycine cdncentration. For example, in 50ﬂ!
solutions, the acetyiglycine and aspartic acid.are frbduced in essentially
equal yield. However, in the 1M solution, the acetylgiycine;yield is almost
an order of magnltude greater than the aspartic y1eld This is consistent
with the formulations of reactions 8,9 as wrltten. At the.higher,solute'
concentrations’ the radical—molecule reaction 8 is favored'over.the radical-
radicel reaetion 9.
The increase in the yleld of free ammonla in the 1M solution 1s_

accompanied by an apprec1able increase in the yleld of amlde ammonla. Part

of this increase in the amide yleld may be attributed to.theffact that
éHecONHCH2COQ—iradicals in the cencehtrated eolution are removed preferentially
through the'hydrogen~abstraction step 8 to yield acetylglycine_and the peptide
radical, NH3CH200NHCHCOO . Hence, fc_he yields of both reaction 10 to give
diaminosucc1n1cfacid and reaction 4 to give amide aﬁd eaeﬁoﬁyl preduétsf(viéieb'e
steps 6,7) are greater in the 1M solution. However, the increaee in the total
carbonyl yield corresponds to AG Z 0.36, whereas, the ihcrease in the amide

yield approximates AG = 0.9. We have not been able to explain this "excess"

. (%
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amide yield of AG = 0.5 siﬁply in terms of chemistry arising from the radiation-
induced step,ag defined by equation 1.

We note in this regard that in our earlier radiolysis studies (25,26)
of the N-acetyiamino acids in oxygen-free aqueous soiution, we obtained evidence
for involvement of excited-molecule reactions at the hiéher peptide concentra-
tions.. At the present time, it is not clear whethef'ex¢ited states of solutes
in concentrated solution aiise frbm interactions of solute with sub-excitation
electrons: RH:+ve_ —_— RH*‘+ e (27) or through charge-transfer reactions:

2

here is that such excited .states of the peptide bond can lead to chemical

RH + H.0t —> RE" + H,0, RE* + ¢” —> RE" (28). However, the main point

change. Two major over-all reaction stoichiometries were identified in con-
centrated solutions of the N-acetylamino acids (25,26). For the case of

glycylglycine, the analogous stoichiometries would correspond to

+ - + - + . -

,3NH3CH2CONHCHQCOO — NH3CH200NH2 + CHBCOO‘ + 2NH3CH2CQNHCHCOO_ (11)
_ N _ + _ ,

NH+CH CONHCH,CO0 ~ ——> NH3CH20(1_\IH)OCH2COO : : - (12)

372

If'chemistry of type 11 were important in the produéfian of the "excess" amide
in ‘the concentréted glycylglycine sqlution, we should observe both glycine
amide and free acetic acid as products of the radiolyéis. However, as shown.
in Table 1 the yield of free acetic acid from lM_glycylglycine-corresponds to

G <0.1. We conclude that reaction of type 11 is of negligible importance in :
this particular system. Reaction 12 may be envisaged as a simple rearraﬁgement
of the peptide bond to give thévimino ester derivative

0 -~ NH
1 "
N C=NHV —> Vv -0V
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Hydroiysis'of the rearrangement product of reaction 12 yields ammonia and

glycolic acid

2H,0 + NHSCHZC(NH)OCH C00~ —> NH3CH CO0™ + NH, + CH2OHCOOH (13)

We find in Tabie'I that‘glycolic acid is indeed produced in the 1M solution
" with G = 0.5 as measured after hydrolysis. ‘(In.the .05M solution, the yield
corresponds to G ; 0.1.) The ammonia deriﬁed from reaction 13 would be amide-
_like in.that‘acid or base hydrolysis is required to liberate free ammonia
from the imino ester derivative. We conclude that reaction of type 12 repree _
sents a principal source of the "excese" amide ammonia produced in the con-

centrated solution.

Solid state

As sﬁdwn in Table I, we find that acetylglycine and.ammonia are also
formed as majcr products in the radiolysis‘of glycylglycine in the solid state.
‘In fact the specific yields of these products from solid glycylglycine and‘
from the concentrated glycylglycine solution are remarkably similar. We have
pointed out elsevhere (1,2) that such a result would be expected if electrons
formed in the pqlar glycylglycine solid escape the positive charge and suBse-
quently react through reductive deamination via the analogue of reaction 2

. 3
i.e.

T+ - + . - + -
NH:CH,_CONHCH,CO0™ —h—> NH,CH, CONHCHCOO™ + H' + e_ (1)

3772 2 372

- + - . - . . )
+ NH
eg 3CH,CONHCH,,C00 > NH, + CH,CONHCH,COO" | (15)

35imilar reductive deamination reactions involving electrons in aqueous and solid

o-amino acid systems are discussed in reference 1.
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The peptide radicals of the type formed in reacﬁion 14 correspond to
the loné—liyed radical species observed in irradiated giycylglycine at room
temperétﬁre (29). The éHQCONHCHzcoo_ rédicals formed in reaction 15 are
removed through the equivalent of the hydrogen-abstraction reasction 8 to yield
acetylglycine_and additibnal peptide radicals. On diséolution’pf the irradiatgd
soli@,in dxygen~freé water, the loﬁg-lived.péptidevradica;s formed in steps
14,8 are fémoved, primarily through dimerizaﬁion via-sﬁeﬁ 10 to yield the
diaminosuccinic acid derivative.

The stoichiometry of reactions 1k,15,8 provide a basis.fpr estimating
the yield for ion-pair production in solid glycylglycine i.e.

COOH) = 3.5.

G(I.P.) = G(NH;). = G(CH,CONHCH

3 2
There appear to be two mechanisms for production of glyoxylic acid with
G = 1 in the radiolysis of solid glycylglycine. First; we must assume on

the basis of the aqueous studies thet a fraction of the long-lived peptide

3

radicals NHfCchONHéHCOO- present in the irradiated solid undergo the dis-
proporfionation reaction ﬁ in paféllel with the combiﬁafion reaction 10 dn
dissolution of the solid in water. The dehydropeptide fdrmed in ;eaction L
thén undergoes hydrolysis as noted in equations 6,7 to yield carbonyl and

amide. We must also consider the direct formation of the dehydropeptide via

+

3CHQCONHCH2COO- — > NH+CH2CON=CHCOO— +H

N ;

2 (16)

Production of the dehydropeptide function “CON=C(R)™ plus hydrogen in the
radiolysis of other simple peptide systems has been deécribed in earlier
work (25). Cosgrove ggigl:, (30) have recently estimated that reaction of

type 16 occurs in the y-radiolysis of solid glycylgiyéine with G V2. On the
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basis of the frésent study we would say that the overall yield fér dehydro-
peptide formation in feactions 4 and 16 combined cannot exceed the total
carbonyl yield viz G = 1.3.

| The production of aﬁide-and carbonyl with G = 1.3 from solid giycyl;
glycine via steps 4,6,16 does not account for the entife yield of amide
ammonia which approximates G(NH3)t - G(NH3)f - 1.9. The othér major source
of amide ammonia appears to be related to the radiation-induced N-O shift |
described in equation 12. Such reaction leads to formation of amide-like
ammonia plus glycolic acid as the characteristic organic product. The yield
of this product in the solid glycylglycine and in the concentrated glycylgly-
cine solution is>essentially the same. For the solid, the combined yield of
glycolic acid and carbonyl products corresponds to G = 1.7 which value accounts

for a major fraction of the yield of -amide ammonia.
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Table 1. Product Yields (G Values) In The y-Radiolysis
of Glycylglycine In Oxygen-Free Systems

Product Aqueous” ' So11aP®
e
0.05M  1.0M .
Ammonia, total - 3.3 - 5.2 ' 5.4 !
Ammonia, free o 2.8 3.8 : 3.5 1
Acetylglycine . 0.9 2.9 - 3.3 o Jm:E
Acetic acid, free - <0.1 <0.1 . " <0.1 i
Glyoxylic acid 0.52 0.76 1.0 | | i
Formaldehyde | <0.10 0.22 0.30 |
Aspartic acid ' 1.1 0.30 0.1 é
Diaminosuccinic acid 0.8 1.7 | pre_sentd %
Glycolic acid <0.1 0.5 0.4
Succinic acid v <0.1 <0.1 v <0.1

8

%Dose, 1.4 x 10% eV/gm solution.

bDose, 2.1 % 1020 eV/gm éolid..

c . : oy .
Free ammonia plus "amide" ammonia.

d .
See experimental.

-
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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