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_ + Abstract

The y-radiolysis‘of so0lid cysteine is shown to yiéld hydrogen, hydrogen
sulfide, ammonia and'cystine as major products. Radiolysis data are‘alsovgivenv
for a series of related compounds : cystamine,N—acetyl cysteine, S-methyl cysteine,
glycine ahd alanine. 'The‘proposed reéction schémes prbvide a basis for corre-

lating the radiation chemistry of these solid—state systems.
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introduction
Radiolysis of the simpler a-amino acids such as glycine and alanine
leads to deamination as a major chemical consequence both in aqueous solution5
and in the solid state.h'iAnd, there is accumulating evidence that the inter-
mediate processes of dea@ination in the solid state are clbsely analogogs to

i_thOSe'that occur in agqueous solution. For example, in aqueous solution the

ionization step5

. + - ' '
H,0 —~—>H, OH, €aq . .(D

" is followed by’

. + _ ' ; _ v ‘ :
Coq NHBCQ(R)CQO > Ny + CH(R)C00 - . (2)

OH + NH;CH(R)COO_ —> H,0 + NH;é(R)COO-" | - 3)

where e;:'represents the hydrated electron. The experimental evidence is that
'e;q adds'initially to the C=0 linkage of the carboxyl group and that dissocia-

b, 0Oc

tion of the reduced intermediate then ensues. . Subsequent interactions of

éH(R)COO- ahd NH;é(R)COO_ yield keto acid and fatty acid as the major

organic products,Bc’Bd e.g.,
NH;cﬁ(R)éoo* + CH(R)CO0™ —— >'NH;é(R)coo*_+ CH,, (R)C00™ o (L)
| ,zmngé(R)dob' —_— NHg=C(R)COO_ f.NH;Cﬁ(R)COO-' C(5)
H2b +“NH;=c(R)cdb' . > NHZ + RCOCOO~ | (6)

where the hydrolysis of the labile imino-acid intermediate occurs essentially

instantaneously.
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The identification of reaction 2 prompted the suggestion6 that dis-
sociative electron-capture is also involved in the formation of ammonia as a
ma jor product in the radiolysis of the O-amino acids in the solid state. Ionic

processes infthese irradiated polar solids would then be represented by

: NH;CH(R)cso-' ——> NH56(R)coo' +H + e (7)
- + . - o ‘ - .
e + M;BCH(R);:OO > 1\1H3 + CH(R)CO0 8)

where E?actions_7,8 are the stoichiometric equivaleﬁts of reactions 1 to'5.
Reactions h,§ which may occur in part in the solid are completed on ddsselution
of the irradiated solid in water.. | |
It has since been established elsewhere7 that glyoxyllc and acetlc
acid are 1ndeed formed as major products in the y- radlolys1s of solid glyc1ne
with G(NHB) G(glyoxyllc acid) + G(acetlc ac1d) = 5
The l\lH5 group in these solid-state systems does not appear to act as a

proton donor

e” + NH. CH(R)COO~

; ~> H + NH,CH(R)C00" B ,(9) _

since hydrogen ylelds in the y- radlolys1s of both glyc1ne and alanine (measured
after dlssolutlon) are qulte low with G(H ) <o. 2. ke, ka

The_recent results obtained w1th paramagnetic—reSonances'hethods provide
- convincing ph&sical evidence of the impertanée of reaction 8 in the radiolysis -

of the simpler (-amino acids in the solid statezs on irradiation at T7°K the

‘initially observed radical has the electron located at the carboxyl group and
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on warming -to intermediate femperatures the initial radical dissociates to
yield H(R)C0O™.

Tﬁrning‘now to a conSideration of the effects'of SH substitution on the
'radiation chemistry qf the afamiqo acids we note that in the radiolysis of

'cysteine, NH+CH (cH SH)COO_ in oxygen-free aqueous solution the processes of
; 3o\ _

deamination are wholly absent; the reactions of e;q and OH occur exclusively

9

at the sulfur moiety

- : - + . - o
€pq * RSH > HS™*+ N, CH (CH,)C00 (10)

OH + RSH > H

L0 + NH;CH'(CHEé)qoo' ety
Iﬁ fhe pfeSentjworkfwé examine the role'pf the‘SH funcfion as a competing
locus of reaétion in the y-radiolysis of cysteine in the solid states Data on a
number of related (sulfur containing) compoundé are aiso included. Alfhdugh
_there‘have been anerous studies,of‘fhe paramagnetic-resonance propefties of
irradiatédlcysteihe,lo the.detaiied‘radiation chemistry>of tﬁis system.has not

been elucidated.

Experimental
Sample pfeparétiOn and iandiation.—fAll of the orgenic materials ﬁere of reagent
_grade or of;the higﬂest purity available from'Nutritioﬁal Biochem. Corp., Cyclo
Chem. Coryp., ahd M;nn Res. lab. Inc. In some instances several recrystaliiza-v'
tions from:ﬁatef were réquired to obtain acceptable "blank" readings in the .
various analytiéal procedures described below.
Pyrex ampoules containing one-gram samples of the polyérystalline éolids

were degasséd on the vacuum line for about 24 hours, then sealed off with the
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torch and irradiated in & 10 ke Co "Gamma~Cell" at a dose rate of

1.3 X 108 eV/gm/min.

Analyses.——Geseous products were pumped off following complete dissolution

of the irradiated solid in degassed water which was introduced through a
break-seal COnnection to the vacuum line. Gaseous products were identified
and assayed by mass spectrometry (Consolldated 120) and by gas- chromatography

(Aerograph A9O P5)

i

Ammonia was determined by a modification of the Conway diffusion

‘ method:Ll in Which a»slurry of MgO was used to release ammonia from a solntiOn
of the irradieted samnle in the outer compartment of the diffusionvcell.
Conventionally, a satcreted KéCO5 solution ie so6 employed, but, we found

* that hydrolytic degradation of cysteine in the X CO3 solutlon leads to ex-

'cessively high blanks. Diffusion of ammonia from the MgO solution to the
acid compartment (Q.iN HQSOM) is complete in 8 hours. Diffusates were assayed
by means of Nessler reagent.

The "NHé-free" fractionwconsists of the totality of organic products

that contain an SH group but no NH2 group. This fraction was isolated by
passing the dissolved sample through ion-exchange resin (AG-5OW-X8, Bio Rad.
';Lab.) inbthe'acid form. Cysteine and amino derivatives are retained hy the

column The "NH -free" fraction was collected and assayed for total SH

functlon after the method ‘'of Ellmen. 12 . B-mercaptopropionic acid was identified

by filter—paper chromatography.l5

Pyruvic acid and total}carbonyl were determined after the_methods'of

15

‘Johnson and Scholeslh and Lappinzand Clark,”” respectively.
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‘ﬁydrogen sulfide wae.also determined by the Conway technique.11

| Irradiated:saﬁples were dissolved in dilute air-free 0.1 M NaOH and trans-

ferred to the outer chamber of the diffusion cell. The solution was then

.acidified'with 10 percent H SOh‘to‘liberate HQS which was collected in C.l M

NaOH in the inner compartment after a diffusion perlod of ~5 hours. The

dlffusates were assayed nephelometrlcally (B1285) |
Cystine is sufficiently insoluble in water (~2.5 x lO-)+ M at’25°C)

fo ﬁefmit e gravimetric determination. Irradiated saﬁples were disselved in

air-free wefer and allowed to stand for several heurs to allow for equilibre-

tion. 'Cysfine was removed by filtration through a tared sintered-glass filter

and dried'at 100°C. A series of blank and "splked" runs establlshed the

 solubility correctlons.

Results and Discuesien
| 3 velﬁes for the various‘producte formed in the y-fediblysis of

solid polycrystalllne L-cystelne at 30°C are summarized 1n Table I. Dose-
yleld plots for all products are linear up to doses in the range lO2 eV/gm;
typical plqts are shown in Flg. l. Yields of_hydregen, hydrogen sulfide and
ammOnie from a number of feleted sulfur-containing comﬁounds are given in
Teble TT. . | | |

| The fact that carbonyl products are not liberated in any apprec1able
_.yleld G(>CO) ~ 0 1, on dissolution of the 1rradlated cystelne in water in-
‘dlcates that little of the observed ammonla, G(NH ) = 1.8,arlses through

hydrolysis of labile imino derlvatlves of the type NH;=C(CH28H)COO'.
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‘Apparently reactions askin to steps 4-6 of the "glycine" mechsnism do
not contribute to the radiation chemistry of solid cysteine.

_ The low carbonyl yields also shbw that the over-all stoichiometries

RSH —w—> H, + NHE:C(CHESH)COO‘ (12)]L6

REH —w—> H,8 + NH;C(=CH2)COO— | (13)

are unimpoftant since it is cléarvthat the organic-products of both reactions
- 12,13 ﬁouid.yield carbonyl compounds on dissolution, (Amino acrylic acid
NH;C(#QHQ)COO_ is tautémeric with imino propionic acid NH;;C(CHB)COO-).

We suggest that fhe radiation chemistry of solid cysteine may be

interprefed in terms of the reaction scheme:

(ih')

) RSH —=—> RS +H + e
RSH > RS +H s - (15)
followed by | |
T 4B o (16)
2 H
H + RSH./”’/’ .
> H,S +H CH(CH )coo o ' | (167
N e + ::RSH > 1\1}13' + C'IH(CHQSH)coo'. , (a7)
| | /752 + NHECH(CHQé)coo'- o | | (18)
e + RSH < | _ - i
- )_HES&‘NHQCH(CH,IBI)COO._ _ | - (18a)

and by the;radical removal steps
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© RSH + CH(CH,SH)C00™ ——> RS + CH, (CH,SH)C00™ (19)
RSH + NH,CH(CH,)C00" > RS + NH,CH(CH;)C00™  (20)
2R§

> RSSR (Cystine) . (ew)

-where reaction‘2l.bccurs‘mainly on dissolution, although we éahnétArul;-out
the pqssiﬁility‘ﬁhat some dimeriiation occurs in spur regions18 alohg the
track of;ﬁhé Comptoi electron)f"

| The ionizatiqn'act, reactibnllh, as formulated here, incorporates the.
concept ﬁﬁat ‘a pafént positive ion in a polar medium is converted insfan-
taneéusly‘to the corresponding radical species through reaction of the typé
—— >R + RHg.lg

position would be expected on energetic grounds;20 EPR studies show that

Localization of the radical site at sulfur

RE' + RH

Ré-represénté the 1ong-lived fadical in ﬁhirradiated cysfeihe at foom tempera.-
- ture.lo We assume that any contribution of excited states will arisé through
homolytic cleavage of the labile S-H bond as shown in reaction 15.

| | Thé evidence is that ammonia liberation from cysteine occurs almost
'ekclusiveiy thféﬁgh the dissociative capture of e as formulated in reaction
;7. Thié'step is, of course, the analogue of reac£i0n>8 of the glycine
.mechanism. The formétion of ammonia via reaction 17 liberates the
éH(CHESH)éoo--fédical which we assume abstracts H from the -labile S-H bond
of cysteiné»(step 19) to yield B-mercaﬁtoprbpionic acid. A "NHé-free"
fraction of organic pr6ducts is producéd‘with G 2 1.2 (Table‘I).and‘
_,B—mércap£0?ropionic acid_has been identified aé a constituent of this
fraction;*'The fact that the observed yield of "NH,-free" products is

2
somewhat less than the ammonia yield, G(NHB) = 1.8, is not too surprising
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since one might ekbect that a fraction of the éHQ(CHQSH)COO_ radicals formed

"in reaction 17 would undergo the rearrangement

- ( 3 ‘-
cHQ(CHesg)coo > CHB\CHQS)CQO , (22)

in competition with the iH abstraction step 19. On dissoiutioh, the radicals
1CH5(CH $)coo” areffheh‘femoved through combination with cysteine radicals RS.

. That e~ adds 1nit1ally to the carboxyl C=0 llnkage of cysteine (as in
thé réaction of e with solid glycine) is supported by the results obtained

with cystamine NH SHV(Téble II). We find that cystamine which does not

5
- contain the carboxyl group as a trapping center for e does not -yield
ammonis in any appreciable yield G(NHE) < 0.1. |

ivThefSH groqp.of cysteine represents a competing trapping‘centef-for
e_.22' Invfacf?‘as we.havé nofeq, e;q “in aquéoué.sélutions of cysteine
.reacts exclusivély through dissociative attachment to yield H§(HQS). On the
other hand, recent studiesza’gh'of the radiation chemistry of thiophenol and
ethyl mercaptan in the ﬁure liquid state indicate that dissociative-papture

reactions of the type

RSH + e >R +HS : o (23)

“REH + e >RS +H ' | (2k)

do not occur; these 11qu1d systems are cons1derably less polar than water
and the evidence is that reactlons 23,2l beecome exothermlc only 1f solvation
energies in a polgrnmedlum can be utilized in the over-all energetlcs.23 »23

Whether or not such factors are involved in the reactions of e in a polar

solid such as cysteine we cannot say.
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_ Hovever, .simple_diseociative atﬁachment‘of'e;'heed not ﬁecessarily be
 ihvolvéd&iﬁ sfeps 18, l8a. Ah'alternate ‘explanation is that e is capturedﬂbj
| the sulfhydryl group to glve RSH and that chemistry then ensues as a conse-
dquence of proton transfer from an adjacent NH3 group. 26 Some ev;dence for
such concerted aetlon is to be found in the fact that G(H ) + G(H‘S) from
N—acetylcysteine, CHBCONHCH(CH SH)COOH,lS markedly lower than the corre-
e?ending value for cysteine as shown in Teble II. However, as formulated
here, reections 18,18a feﬁresent enly the over-all stoichiometries.

The reactlon scheme given in equations 1L- 21 leads to the. product

relatlonshlp G(H ) +1/2 G(H 8) + 1/2 G(NH )

mentally that G(H,a) + 1/2 G(Has) +1/2 G(I\IHB)

G(RSSR). We find experi-

4.8 and that G(RSSR) = 5. -
The combined yields of the radiation-induced steps 14,15 is given by'
Gy * G5

the contributions of ionization and excitation via reactions 1b and 15

=fG(H2) + G(HES)'+ G(NHB) = 6.4. We cannot separately evaluate

respectively since we have ho'knOwledge of the relative &ields of the

branching reaqtions 16, 16a, and 18, 18a.
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Table I. Product yields in the y-radiolysis of solid‘L—cysteine.

Product B : G

Hydrogen S | ' 3.1 * 0.1
..Hydrogen:sﬁifide | 1.5 % 0.1
:vAﬁmonia . , 1.8 £ 0.1

)Cystine o | o ) v . 5.0t 0.5

"1\]H2v-‘f.ree{' fraction L | | 1.0 + 0.1

- Ps‘rr"uvic- acid | < 0.1
;j_ﬁfgfal carbOnil E < 0.1 
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‘Table IT. :Comparative,product-yields in the y-radiolysis of -

cysteine and related compounds in the solid state.

,Cyéteiné S
lmgmym%anmm'

Cystamine |
(NH;CHCHESH)Cl-_ |

- N-acetyl cysteine

CHBCONHCH(CHQSH)COOH

s—methyi cysteine
+ : -
CH SCH.
NH; ((:1712 5 )Co0
Glycine
+ -
NHBCHQCOQ
Alanine |

g -
NHBCH(CHB )c00

a) Hgs vas not anticipated nor was it observed as a product from

G

3.1 1.5 | 1’%.8
5’.6  1.2 <o.1
0.5 0.9 <0.1
~ 0.2 -2 '5.:1
~ 0.2 5.2
~ Q;e >5.1+  |
S-methyl

cysteine; other measurements with S-methylcysteine gave, G(CHM) ~ 0.5;

. G(CHBSH)’S 0.1. These results indicate tha£ e” 1s not captured via dis-

sociative attachment at the sulfur locus; the observed H2 and

NH, yields

suggest that the "glycine" mechanism is of major importance in the radiolysis

S-methyl cysteine.
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