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" 1. INPRODUCTION

1.1 Ceneral

Development of é conprehensive mdiatiqn chenistry of aqueous proteiﬁ
gystems has been limited by é number of experimental factors. One of the major
problems arisee from the fact that the cm@'léx chemical cdnposition of prbtein
offexrs a mulﬁiplicity of loel for. pm_?allal maction-' The magnitude of the
analytical problems involved in chavacterizing these reactions 1s indicated
most directly by studies of the emino acid composition of hydrolyzates prepared
fram irrediated protein solutions. Although the a&m;étic and heterocyclic cone~
stituents and, in particular, the sulfur moleties appear to be the most sus~
eeptiﬁle to indirect action, the evidence 18 that the mier-all reaction of

protein involves a diversity of emino ecid residues even at the lowest irradie-

ation levels. (1-3) In fact, quite recent studies of the radiation-induced
insctivation of -en.éymes containing & maximal number of free ~8H groups show

that an a.ypreeiable fraction of the absorbed energy is not ae‘éomted. for. simply

in terns of the destiuction of sulfiydryl function (4,5). Wnile, such studies

of the loss of components and functions of protein structure have provided
az;piricé,l estimate;s of the "radiation sensitivity" of amino ma{ residues,

8till, most concepts regerding the natﬁm of ‘the products end the mechanism of

ths reactions involved are 1a.rgely based on various types of Mdimct evidence (6).

The present peper describes & direct spproach to the study a.nﬂ neasurement -

- of radistion-induced modifications in the co-valent structure of protein. The

reactions to be considered are :w.rgely those of the N-C bond which, in its
HArXTE R1ST I

various chemical foms, mpresenta the single most meu‘mmn’i;‘ coﬁﬁgumtion of

protein structure. ‘

1. 2 Development of the Present Agﬁroach

Of the variocus types of compounds containing the N-C linkage, -certainly‘ the
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a-anino aclds have recelved the greatest attention in radietion chemistry. With
the exception of cysteine, all amino aclds of the type NﬂaCE( R)COOH undergo
oxidative desaination in aqueous soluticn to yield mninonm, a~keto acid, and
hydrogen peroxide (6). Primary eliphatic aaines undergo enalogous reactions with
formation of sxmonia :and’ the corresponding aldehyde or ketons. The net reaction
for cleavage of the N-C linkage of primary emino canpounds 18 represented to a
first spproximetion by the equation:
NH,-CH(R),, + O, + 320 —vi—y My + RCOR + nao (1)

On thc basis of & detailed study of mechanism in the radiolysis of the

a-gaino acids (7), we were progpted several years ago to investlgate the radio-

lytic oxidation of certein of the simpler secondary emines. We found in the

. case of diethylamine, for exsmple, that a principle over-all reaction in oxygen-

ated solution yilelds ethylamine amdt acetaldehyde (8)s
RH-CH(R), + O, + B0y > Wil + RCOR + Hy0,, (2)
and Bubsequent stuites of verious N-alkyl amino acids have emtabliahed that the
sbove reaction is generally charecteristic of this class of compounds. For ex-
ample, sarcosine (N-methyl glycine) end proline (pyrrolidine-2~carboxylic acid),
both undergoe degradation as represented by equation 2., Such miaction is chemi-
eslly quite anslogous to the redistion-induced desmination of primary enines,
as given by equation 1 end, as will be discussed, pmamzamy involves similar
intermediate processes. | _ |
Now, in our initisl communication (8) on rediation-induced degradation of
secondary amines via reaction 2, Aw also suggested that a corresponding reaction
viz '
RCOMH-CH(R), + Op + H,0 —m—> RO, + ROOR + H,0ps (3)
could be of importance in the radiolysis of aqueous peptide systems notwithe
standing earlier reports that various H-substituted éxnima hod been found to be
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velatively inext to the action of ionizing rediation in equecus soluticn. The
latter conclusion wvas baced primaxdly ca the finding that asumcais production in
mmmwd solutions of such ¢campounds represents only e fraction of the amonia
yield obteined fvew l‘me a-trsino seids undey 1dentiee) conditions (0) Hwa\f@r, '

in tewig of mmtians 1-% ’ mmsmmentm ox‘ Mrree" mumonie would nm: provide

| Yasle for estimeting reddntion-chemical reactitm et the peptide unm.,_;e, for exe

euple, unless the “mmids® products had been quentitatively hyérolyzed pricr to

- ennd, ym. We havg {nvestigeted ﬂw emt of pwt-«imm' rredt: tion Nydvolysis on s

vardoty of finple peptide systens, und find that the totel yield of liberated
gmmonta dwﬁmmﬁaypmehthm abta&mﬁfrmthetr&aamimmmmrm
sems experimentsl cenddtions (10),
By ennlopy with resstions 13, ve conafder it Miely thet the refatione
fnduced doconposition of tevtiasy anines and queternary nitrogen compounds
ﬁxwolvea resation of type 4,5 respostively | |
(R JCR(R), + 0, + B0 ~w— (m) ot + mome R0, ()
) m”'mt(n) 40, + B0~ wﬁ(n)mmm%a + ¥ (5)
The asxbonyl pmm, mjmm, from triethyl amdne has been abmm& (11), but
the nature of the profucts formed in em decomposition of chmm awiwuws i:u ‘
oxygenated solution (12) hes not heen gstemined, -
| Finadly, Yo ference 'mmd Ye made to the I‘mt mt at pH values ebove T) &
eampating path for degmantion of ths ?zM bow& iuvolvea fam‘mm of on oxime
intexmedinte. Yor primsry aminez, auch reaction nay be mpmm%d by the
stoichienetry,
‘acm(n) + 0, — YV RClOH + 1,0 (6)A
RNM* Hgﬂ wwsinwin  BOOR 4+ m‘gm.
mm of “tota) Wdroxylofne® (hydroxylamine + Gxﬁm) fron prinary snd
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secondary emines increase abruptly with pH over the range 8 to 10 and then
level off ebove pH 10 to 113 however, the mescinngs ‘ymm. of reaction 6 is relo-
tively low even &t the highest pH values (11). '

The basis of the present approach to th«a' elueidation of mechinlam in the
rodiolysis of oxygenated golutions of protein is that renctiom at the loei of
N-C linkeges ma.y be @enera&izéd :Ln.. terms of the over-all equation: -

(R), r:~cz:(n) + 0, + O~V (n) M + FCOR + },0,,, (P) |
vhere (R) N- CIi(R) mpmsenta any of the vm'immly gubstituted prinary, seccnd.- '
axy; snd tertiary mnino configuraticns of protein molﬂcm structurs. Note
that regardless of the type or extent of substitution, a reactive earbouyl
function 18 obteined as one of the products of reaction P ms written. The chemi-
gal Lo of the ni‘bm@n-é:ozxtainin@ product 1s specified, however, by the nature
of the N-C linkage., Asc will be $hmm in subsequent mtmﬂs o this papei*, Y@=
actions of P, together with other closely rolated reactions, account for a

principal fraction of the epergy sbsorbed In soluticns of certain proteines

Prelininary chendesl svidence of the walldity of this general epproach to the
radiation-chemleal study of aqueous proteln aystems hos been reported on hr'igﬂy
fron time to tine (5,15-15); the present paper amplifies and extends these ohe

gervatlons snd offers the dstailed experimental procsdures.

2. FXPERTMENTAL PART
a.l mtm‘iala end Trrediation (':onditima : _
Solutions of pepsin (Worthington maahmiml CQrp. " *bwica mcmtalixed)

were prepared by sdding solid in suncessive pal], emounts to ddstidled wmter |

that Yad been edjusted to pH 5 or below with ﬁgm&’ & magetio stirrer provided
edequate mixing without cousing widus fosming., In certoin emﬁmtma the pepsin -
solutions wére dim,ymd. in cellophane epainst acmiﬁad woter (pH % to 5 ) At~

quatza of the stock solutions were adjusted to a particular pR velus by addition
. of H,50, or NaOH {rmediately prior to irrediation (ETAP
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The gelatin used in these gtudies (Rastmon, ldme pmcsrsaed) we.s nélectpcl '
because of its low malde and caybonyl content. The stock solutions (epproximately
5%) were routinely dialyzed sgainet ruming wter at 30°¢ for 18 to 24 hours to
remove split produsts ond traces of free ermoniay finel concentration wes de-
temined by drying an sliquot to constent welght at 100°C. The poly-&l-glutamic
acid (PLlot chemicals) waa treated 1o & sinilar manner, Solutlons of yeast ale
cohol dewﬁmgﬁmw, B«lwﬁagl@h&un, end a-vehymﬁmsin (l\m;ri.timal Blochenical
Corp.) weve prepared by adding the materisls as received directly to triply dis-
| tillﬁd: watar immedlately prioxr to lLrradiation. |

Reagent a,l&-dinitzwghanyﬂiwﬂmzma (Begtmen Qrganic Chenmiosls) was used at
8 concentration of 1 mg/ml in 2 ¥ hydrochlorie acid. Irredistions were made with
y-reys from either e 2000 curie or e 100 curle source, Dose-rotes for the
geanetries used weve 1.0 x lﬂwav/ml/mm and 7.2 % 10%v/nl/uin vespectively.?
The solutions (10 ml) were m@émﬁ wdey oXyren
Pyrex tubes. Contents wsre rixed ot intervals to prevent depletion of axygen in
the solution dwring e:q;:ama
2,2 Total Carbonyl Profuction

(5 m1) ot 1 atmosphere in seeled

the seme amomtwn maﬁm in ddlute &odiwm hydroxide and have very similex
extinctim coefriclents (£ ) at the veve length of mextmm ehsorption ( Lo, )s
Bxceptdons fnclude the 1,2~dicarbonyls and certsin other foms cantaining s
wsaturation (17); The fact that the spectral preperties of the chrowphore
(n)acnv-macévth(m )a in allaline solution ave camemtislly {ndependont of the
nature of R (with the exceptions noted) hes been ‘mri.mmly a;ppuaa in the eluci~
detion of structure oF organic campounds mnd, in the present iuwmm, provides
the basis for e sensitive and direct mwwmnt of total mrbﬂn:fl production
in Lryediated protein systeas.
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2.2.1 Fometion of Protein Fhenylhydrazones: Phenylhydrecdne derivatives
of the Mghmmmammi@w products were fomed by treating the irredinted
protein solution with 2,4-dinitrophesylhydrazone-hydrochloric acld solution
after vemoval of Wydrogen peroxide an described in Section 2.3. The protein

phenylhydrazenes cowld be quantitatively determined in smounts as mmall as 10"8

wols after removal. of excoss resgent (2,4-DHFE) by solvent extraction ov by
dielysis. |

In the extmaction procedure, the protein solutions were mads approximately
roshiorie sold end trested with 2,4-DHPH to give a two-fold to five-

0.1 zi in hyd
fold excens of yougent over the eatimeted cavbanyl concentyation (A dose of

1x mmwm, for exempls, gives o carbonyl concentration of 16 % 10”5 M for

8 G0=0) of 1), The solutions were sllowsd to stand for 3 to k hours at voon
vesperaturo to insus conplote resction, and were then extracted with o serles

of equal volumes of dlethyl ether. Some 4 to 6 extractions were requirved to ro-
move all unrencted 2,h-DNFL. Sn the dlalyeis procedure the inttial hydrochloric
acid comcentretion was inareased to 1 N to insure that the solutlons weve acidlc
as long 86 wirescted 2,4-DNPK vas present. The solutione were dialyned in celloe
phene agsinat runn |
found that 1f the initlal soluticns were made wp to mmm o five to ten-fold

ng vaber et 5070 for e perded of 15 to 18 hours. It was

excass of 2,4-DIEN, no pre-standing prior to dlslysis was required for camplete
resctions Highor concentrations of 2,4-DNPK were svoided for yeusons noted in
Bootion 2.2.2. After removel of waresated reagent by extraction o dlalysle, an
appropriste aliquot of the protein solution wis made eppraximately 1.23 N in
potassium hydroxide, oud the ebsorption spectro of the protein phenylhydrazonesn
were measured over the range 400 mpu to 650 mp with & Beckman model DU spectro«
photanetor (17), Aliquots of the wnirredisted solutions were alwsys carried
through the eitire prosedurs in perallel with corresponding Lrmdtoted sexples.
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2.2.2 Dark-reaction of 2,4-dinitrophenylhydreszine with protveins: Of the

proteins studled, pepsin, chymotrypsin, and p-lnctoglobulin in unirradisted
solution chow negligible retention of 2,L-DNPH after dlalysis or extraction as
outlined in Section 2.2.1. Usirredlated gelatin solutions, particulsrly et the
higher concentrations (1.e., above 0.15%) exhibit measurcble reedings at lesd mp
even after prolonged dimlysis or _‘emauat‘we extraction of the gelatin-,l~dini-
trophenylhydrarine solutions. However, for e particular stock gsolution, the
background. correction is reproducible and introduced sn uncertainty of lees
than 5%. Aliquots of the unirrsdisted solutions (in all casen) were corried
through the desoribed procedures in peralliel with the 1rmd1,ata;a pamples, end
ealculations of carbonyl yields ave based on the differential spectrs.

All of the proteins stulied undergo a slow "aarke-reaction” with 2,4-DNPR
1f the resgent im present in large excess, or 4f tha reaction mixture is allowed
to stand for long perinsds (24 hours) prior to dialysis or extraction. Heating
accalerates the reaction, and temperatures above 3500 wers svoided, We have
not inquired into the nature of the dark reaction, although oxidation of protein
by 2, 4-DNPHR m;ﬁ(or) fomation of Wiﬁa darivatives would seem to bé likely
processes, Pigure 1 illustretes the effect of concentration on reactions of
2,4-DNPH with trradieted and unirradiated solutions of gelating these data were
. obtained through use of the extyaction procedure. |
2.2,5 Cusntitative meacurements: The sbsorption epectra of the "protein

p}wnynwﬁmzene{é)” obtained fram pepsin and gelatin are shown in Fig. 2. That
these axe predominently mumaugahe& ?hzanylhyﬂmzoma is evidenced by the shape
of the sbsorption cwrva. The presence of apprecisble amounts of the phenyl~
hydrezanes of conjugsted carbonyls, particularly the 1,@-dicarbonyls, would be
menifested by a pronounced shift in M to longer wave lengths (17).

Most of owr quantitetive studles on the yleld of total carbonyl EG(MuO)t]
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involved the pepsia mud gelatin systoms and, unless otherwlse noted, the values
of G(>C=0) t herein X‘Lpol"'tud wers calewluted, using 2.4 x 1()“ po the cxtinction
coefiicient of the (R) w*\rnmcénu(uo ) eonfiguration at 450 my 1n 1.25 N NaOH.
This velue represeuts an average of the moleeulay exti netion g,oefficients roe
ported for a wide veriety of authentlc mcmocm*brqny‘l derivatives (17,18). Valuea
of G(>Cu0) fur acwml different proteins under e st&nﬁmﬁ set of 1rr:a‘x11ation
eond.ition.s are gg,iven in Toble YA, In subsequent references to the effect of d
particuler experimental parouweter on G{>C=0) & 1t mey be assumad, unless otherw
wise stated, thet all other voriables ¢onf::-x;n to these stendard reference cons
&iﬁi@ns. _

Values of G(>C=0) ¢ Vere Tound to be essentlally independent of dose at
levels below 1020ev/ml, provided the solvent oxtracth ton procedure wns used.
Pertinent data for gelstin are shown in Mg, 3. If dialysis was cuployed to
remove exeass 2,4DIPH reagent; then the medsured G(’>cwo)t value for géla‘tin
vas Tound to decrease grodually with increasing ﬂmg& abov:e upziro:dxnately 3>x 1019ev/ .
golutions of pepuln amwa the same éi‘feci; but 6t & somevhat higher dose. ?rén

sunably, after prolonged expostres of these solutions, the molecular welght

distribution of the product fﬁmeyxﬁm’ta 13 such thmt & mensurable fftmc'tion of the
,phe:-nymmmm derivetives are ravioved in the dialysis step alojng with the ex-

ceaﬁ r»a&mt. Althowm the effect ut’ pm'hr:-i*n goncentration on é(‘wwo). was not
studied :Ln é;ra&i, dctail, we did esteblich that (iniual) Lax%onyl yiel::‘ts from

pepsin and gelatin 4o not deereasa appreciobly wi th d«aemnsim prote:in eoncen«

tration untll concentrations below 0.1 are reached, Carbonyl yields- from

o Y
-~ gelatin are cu.wnt{nl}’ conea’t it over the rasge 0 14 to 3. 0%.

Table IB shows the effects of verlous added solubteés on carbouyl ylelds
from pepsin.  Melther Te, th nor NaZl at concentrations as high as 0.1 M have aay

-appreciabl@ affect on carbonyl production.s The ebsence of an attenuation by
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chloride ion ls of particular interact from the radistion biological stand-

point. In regard to the effects of odded cysteine, we observe that a molar
concentration approxinately ten times that of the protein s reguired to de-
crease G(>C=0) g, B 50%. large differences in the effect of pH on carbonyl
Yields from p&ps&n end goletin solutions were found e¢ shovm in Teble IC. It
ig to be noted that pepsin is stable in scid solution and 1naativatéd rapidly
at pH values cbove neutrality (16). |

Reference should be made to tim fas_ct that the G(WwO)t valug of 0.5 re=-
ported for elechol dehydrogenase (Teble IA) is -Eubjéut to 'eunaidg.mble w-
certointy« We consistently found with thie partiocular system that the (&ifu.-
femntial) cbsorption spectrun of the product phenynaydmzcnea indicated
appreciable anounts of l,e-dicaanyl or aonau@;ataa carbonyl derdvetives (with
unknowm extinction noefﬂcienta)a The neture of this phenomenon 48 not under-
stood, but 1t seems ikely that it s related to the finding that the (un-
irradiated) alcohol dehydrogenase contains sdme 4 to $ uncenjugated eaxborwl
groups 88 évidanca& by reaction with 2,4-DNFH reaction.

2.3 COnatitum'nt Cexbonyl Compounds

In the ile'ltial stages of this work various nttempts were made to hydrolyze
the protein-hydrazones directly to the constituent hydrazone derivatives but,
unlike the classical case of the N-dinitrophenyl derivatives (19)p the dinitro-
phenylliydrazones (as mig,m be emected) wndergo extensive decw(poaitim and.
rearvangenent under conditions req,uim& to bring sbout complete hydrolytic
cleavage of protein. However; as will be described in a following par&gmh,
we i‘ouna. in a series of quantitative control studies that the censtituent
earbonyl product coapounds are themselves relatively mtfa_ble undexr the condi~
tions of conventional acid hydrolysis: Accordingly, the constituent carbonyl
compownds were first liverated by hydrolysis fn 2-h N HCL end then treated
with 2, Mxm to obtain the individusl hydrazone dertvatives for subsequent
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zmﬁipul&ti Citw

fhe irrediated solutions were dis zly.,c:cl wntll hydrogen pm."b:ddeB (in an
aliquot) could not be detected with titeniud sulfate reagent, mode b Hin
HC1, and then hydvolyzed in vecuo at 95°C for a period of 18 to 24 hours. The
hydrolyzute wus neutralized ws.th Na0H in & minlmun ‘voluaz and placed on a
c¢olumn of Derrex«~50 (hyd.rmen fom) ma was then washed with water to effect
8 slmaple sepuration of mro carbonyla-prod.ucvb fractions. Aldchydes, kéimnes;
and carvonyl scids (fraction I) pass Adrvectly through the column with little
or no retention, and wvere coll«;ctegd together for subsequent sualysig. The
nitrogen-containing carbonyls, e.g., aldehydo g-amino acids, emine a-keto
aclds, ete., (.mmm IT) are retained on the coluwm slong with the unchanged
émino e.;:id.a. m'&cﬁ:{cn I w:a;ea treated irith excess 2,4-DIPH and, after stonding
for 3 to 4 hours ('w sllow for complete m&cti.on), hydrazone products plus wie
reacted reagent werg quantitatively cmtmcted vrith chloroform or ether.
Separate aliguots of the extracted mixture were chromatographed on filter
paper (m:atmn No. 1) by use of the solvent systems (n,) butanol saturated with
34 aqueom amnonia (b) hepwm (pract.) ssturated with mthzmml (20).
ﬂmt nethod m%mwa the carbonyl Mm hyclmmn,aﬁ; the second mﬂthod separates
the "neutral” hydrazones, 1.¢., ﬂmme of formaldehyde, acemlaﬂhy&e, ate-.

All the ‘i’rmdime& 'protein solﬁtmm mmﬁ.nea in this woy gove & conplex

' mixtum of az«-lwto aclds as t.ha prineipal cwu;mnent of fraction I, However,

most of owr detalled studies oi’ e-keto acid proaucw were confined to the
geletin -ayg*b.tmn because of its low serine-threonine content.. These B-hydroxy
g-amino eelds yleld mmall macunts of pyruvie scid end a~ketobutyric acld
respectively during conventionsl seid hydrolysis of protein (al) end, in the
cage of pepsin, the yields are wah a5 to aorimly interfore w:lth the

- measurenent of g-~lteto acids derived fyom mﬂ.mtion—chmic&l mmtionm
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The wper cuxrve of :.Lg,. Y vhows o densltometric tracing of & btyplcel
chramatogres of the a-keto acid phenylhydinzones isolated fram on irrediated
gelatin solution. The lowver cwrve wos obizined with an equal volune of the
wnirredisted control solution wnder identical conditions. These tracings

are presented here primarily to ifllustrate the oiders of magaitude of the

principal ‘peaks. The actuel chromatograns, particularly those of the hydra-

zones isoleted from irredisted solutions, dre considerably more eusplex vhen
scanned visunplly. _

This complexity érises not only from the fact that fraction I conteine a
nixture of g-keto acid hyd.razdnéa, but -ii’lac) from the fact that each individual
a-keto acid yield.m two looumeric (ciautmns) hydrazenes with different R, values.
Although one form usuelly predasinstes, th.@ relative yie:tda of the two are in-
fluenced by twa'-pemture, solvent, concentration, tine of mmaing, ete. (22). )
Therefore, identifications could not bo based wholly on co-chrauntographic '
studi_e.m of product and authentic hydrazone derivatives. As & correlative pro-

 cedure, the a-keto ecid hydrszones were eluted with methanol end then hyédro-

genated over PLO, under 40 1b. pressure for 16 hours to obtain the correspond-
ing a-emino acids which were then re-chvoanatographed (23). Through omm
conbinations of thece two procedures, we succeeded in identifying the following

acids among the redietion-chemical products of fraction I from gelating oxalacetic,b'

oc—ketag,lutwic, ;glyo:wlic, pym‘rie,“ and phenylpyruvic. Although pyruvic acid

-~ {and anlmtobutyric) 18 obgerved in the czontrol, it is mcudily epparent even

qualitatively fron: Mg. L that the eniount 16 conszmerably {nereased by irrede
1ation, Incidentally, the yleld of a-katobutyrie acid provides en 'mteml
control on the hydrolysis conditions since this particuler corbonyl scid
sppears to be derived vholly from the hydrolytic degradaticn of threcnine.
Although 6 valuss for individual a-keto acids in the product mixture were not
determined because of the complications introduced by cda~trons mqmrism,y |
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the conbined yield of a~keto acid i‘tu;c‘:'l:ion s neasured by a m-odii’ic&tion of
the spectrophotasetrie procedure outlined in “ﬂctlon 2820 A mx;aified procadure
is requirved since the gig-lsomers of the o,-luato a.cid hydrazones, wunlike the |
w—ismera,_ do no'tv rshow the. characteristic hydmzone colwr—x*emtion in
dilute (1.25 N) podiun hydro*d.de. - Howevery 1t has been shown elocvhere (22)

that hyﬁrawn g m the various a=keto acids do have very sbﬁlar sbaorption

. e:pectm in 0. 25 H Hallco with values af) 580 mp.) and € that ore esaentially

3 max
independent of the relative concentrations of the cls-trans 1-sumera.'6 Appli-

cation of this modified procedure to the a-keto aeid hydrazones derived from

. gelatin givea G(>Cm0) o o G(;}c“o)t" This mmﬁionahip'ma‘ found to hold con~

stant in the case of galatin (1% solutimn) for dmagea wp to a.pprommtaly
lx 102 V’/mlu
© In the later stages of this work ve fousd that a-ketoglutarie actd

(mxlika all othey ozwkcto aems studicd) giwm but one h;vdmmm (tw;iamer)

in the -afamam;mmd extraction procedure. This Pinding, tog@ther with the
faetthat the hydrazone of a-ketoglutaric acid i'ﬁ 'wej.l seporated chrasatographe
1cally from other product specics ensbled us to measure the effect of dosage ”
and other varisbles on the yiem of this particular carbonyl acm; As shown
in Fig. 3, a-ketoglutaric acid production from gelatin (1% solution) 18
direct].y_prapo%wm to dose over the range studied. Similay mauita were
obtained with pelactoglobulin (0 1% aolﬁtion) 3 no preferrentinl oxidation of
the Neterminal mina acid J.eucine could be d.atacted even et doses ao lov as

C1x loww/ml.

In the Mtroductory pamgmph of this section we ata.ted that the :mentity
of the ozwkm‘ta acid products in retainea during acid hydralysim Evidernice for

'thifs 1z @8 followss (a) pyruvie and a«ketobutyriec acids are the only cx—k.eto

acids cbsewed in bydrolyzstes of unirradiated comtrolss (b) addition of any one
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of the product wmu o 'irmdiatced. or unirredisted solutions just prior to
hydeolysis does noi, e udl’b in *my mim ificant change in the spectium of the
other caponents of frac cicm I, (c) no evidsace wus found for the formation
of ¢-keto aclds by resctions of 'muca formaldehyde or acetawclw&e 3 (cl)
{ncrease in 'the tme of hydrolysis from 15 hcmrs to 36 hcmm does not introduce
& measursble chonge in G(>Cm0) 8 It ahould also be ncate.d here thot eddition
of variomz amdno @.cma, glycino, glubamie acid, & ‘tc.., to irrudisted protein
solution (1 mg emino acid/mg 'promin) does not result in any préfam\én’cml :
change in thg; c@r‘bényl produet distributlon. | |

2.l Amonie tnd Ardde Groups

study of nitrogen pmﬁucts wag ccn:t‘incﬁ largely to the g.elatm pysten.
Line processed gelatin (Boction a...a_u) wag found 1o be particwlarly wsuiteble,
since »mcmt "of the enide groups of t’hl;e glutasine ahd asparagine mamst of
the parent collsgen ore mmov@d through hy&:xém,ysm in the mmuf&cmring
Process 1(21?) ‘ _thméimﬁa proteins generally contain euide groups in suffis
cient numm:é to mask the raﬂliartim*emuml production of Tamide" function
at the l.mier ivmﬂia.‘tiﬁﬂ-ﬁ@&i%ﬁﬂq | | \ |

Analyses were .&ﬁﬁa for free and "anlde" emmonia, both before and after
j.rmdiatiom An mmrmte aliquot of each solutlon was mods alkpline to
phonclphthalein, chilled, and then distilled in yseuo into s recaiver con-

 taining 1 ml bf 01 K,30, ot the tempereture of guid nitrogen (control

enelysis esteblished thot amides sre not hydrolyzed sppreclubly during this
m&nipulatimm).. The distillete yms then isclated, tmmg ond -#smgx;md for
amaonit by mé’ema of the Nessler reaction. A pecond sliguot of cech solution
was mode 1 N in HCL end heated for D0 minutes st 9‘5'00 1o berste amaonia
fron wnme Linkoges (25)5 subsequent trentnent wes ,tlmn ag described for
eomonis. Flgure 5 glves typlcal hytlrolyaw dota for dontrol and ifrradisted

solutions of gelatin, end Fig. 6 shows the dose-yield relotionships for the
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tonida™ and free eomonis. The corresponding G velues are ineluded in Teble 1.
The possibility that part of the Yanide" fraction &8 m@urmm& in the sbove .
procedure a.risw fron & Strecke '—*r Gegredation of N-C 1inlmgrﬂea during the hydro-»

lysis wms tnvestigated in some detadl since both pe:ro:ddm amd carbonyls un&er

certain conditions mre known to degrade waino acms with formtien of anmxonia (26)

Hovever, 1t ves found that the eddition of hydrogen poroxide” end a-leto acids
in anowits eqxﬁmlam to five times the mmpcctiva product ¢ values do«m nr::t ,
change the cbberved emide yleld: Also, tham is no affeat of m& fmea mino
acids in large excess (1 mg wima Mid/mg pmwin).

.5 Pem*d_ﬁeg

Eyﬁm@en peroxide wes ﬂ@mmimed. by the titanixm muli‘ate methody total
peroxide (ma 4+ m) vas neagured m«imtricmlly The dotalled proc@&uma
mgploye& wera those mcently glven in m series of mpm‘tw on the pma\wtion of
organie p@ro:c:me:ﬂ in the rediolysis of aquoous solutlons of mim acids, pop-
tides, and related ummmﬁa (27) ¢ . In the present application scme aifriculty. -
was encountered in the use of the iodide mothod for measurmnent m‘:’ totul
peroxide in irrediated gelatin solutionss Whereas most of the Watma stu&ied
in veforence A7 give reasonsbly steble golutiong of I,, on addition of KI in -
excess) we Poumd mwe cge of gelatin tmgsabmmtion of _:!5 at 350 ny do-
crossed on %anding with o holf-tine of mpp,rommly 30 minutes. However,
since the mmtim of I° with peroxidan m these syatezm iz ripid coanpared to

i‘aﬁmm vesetion, extrapolation cowld be employed to cbtedn the mitio.l
13 ezmcentmtions. Peroxide d&ta sre incluﬂad in T&bleﬂ
_ “51. GENERAL CONSIDERATIONS
5.1 Elensntery Prccessmw

'rm over-all chenical c¢hange pmdw:a& in mmr by abaox:ption of highu

energy rediation ies represented here by

H«»" dVV")‘ Kw 0**# Hm 1‘120 : ._ o
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e assune- for y=rays the 100~ev yields es glven by the spproximations

G(H)dt}(wi)r:’:}, G(Iia) .':~"G(H,aoa).:;o-¢5 (7). Hecent proposals that the ;:Sévated

wlestron ema may represent ah alternate form of the H aton (28,29) 28 not
cansldered J.z:. vny wetadl hwre, al.uw the sysiens under conplderation both eaao

and M rewct preferventlally with (12 o yieid the equilibrium sycten %I +

%

may bo dnterpreted Lo texms of the priuacy wtep (W) Lollowed by the iaterw

=7 :10 ¢ the genoyalized oleavoge reaction oe yvepresexnted by equation 1

nediote provessedt
_ B+ @'i:t m— o (7)

(8, wcu%) + Qe (R)aﬂoc(&a) + B0 - ®)

(:Ez) "M,(.t%) ¥ 0, ¢ zsaa I (zri) H + HCOR + HO, A (9)

BHO, e Hea *Ope | (10)

It s to b@ ncrw& thet stép 9 a8 wrd ta:m glven coly & stolchicmptric represen=
obiva of the rezetion of ug with _({E);aﬂ»(:‘(ii)_ag the nature of the intermedistes
Lkely %6 be favolved in this sbep 15 considered in'a fol

ving dlscussion on
the .17‘.:;1.»!'3 t::f ara,mia mromama . | .
3.2 Lool of Beagtion |

O tha dato glven lu the amrimanwl part, certainly the most direct
aﬂc&e’m‘m for major invcﬂ;vmthz of yeasbicn L in the rediolysis of awmmd
prioteln volutlons are the repulis ahmdmd on awmm and codde producticn as
susmarized in Yable IT. The fact Lhat B(Nﬂg)t = 125 gnitenten on the basis

of the reaction mwmg T=10 that at least half of the avallable OH radicals
ave roweved by mmﬁm ot N-C linkoges wador the described conditilons Aml,
adncu ':’m-'" GREIOnLE _‘ié tormed &g am indtisl product in the clesvege of pri-
wary omdng linkegos, 1t 1s cpporent that the value G(I\X% )f. 1,3C yepresents

en upper Linlt for the collective contribution of ssidm-wammu,(am torminal)
emine groups. The mpjor fraction of the total wmmonio yleld, G(ﬁ%)a = 75~

1o attridbuted primerily to renction wt the peptide bond as glven by é-wtim Be |
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It might be anticipated oa t}m basis of ronction 3 that the ccx&ﬁvﬁmd ;yi’el;i
of o-keto scids should approximete tho ”mi&)" mmonia yield more closely than
1 indlcated by Tuble IT which shous G(»ﬁmﬂ)( L G, ) We note, howsver,
that the reported &'(2’6@0)& value ie bBaged urx aualysis of cm‘bmxz«i frastion I
(Section 2.3) sad doce not inelude combributlons of the possible nltrogens
containing carbonyl derivetives. Quidation vie reaction 3 of the peptids chmin
at the lmi of lycine and arginine vesiduwgs, for exmmple, would yield nitmgem
coittaining o«kato acida, emﬁ these would sppesr in carbonyl fraction II. A
mertioned in the experimental part, methodls are being developed for the d@t&iled
analysis of fraction II, bub at the present time the most that can be sald s
that eurbonyl ;smﬁmm are definitely presents 01? course, part of the dia- ,
erepancy botweon a(«c«o) and G(Im ) must be aﬁtwibuta& to the fact thet there
:us gany lops of am’%mnyl oclds &uring; hydrolyuls of‘ the imﬁiamﬁ polutions
(footmte 7)s Howover, there appear to be other move baﬂicz cemslderations in= _
volved.  For sumaple, there io evidence thet oxidative cleavnge of the th‘
bond at the loous of the glyeine residue i move complicated than is chowm by |
equation % Stuldles of the aéﬁdﬂtiou of glycine snhydride indicate (10)that
paralisl mmtim of the typet

RCONH-CE,R + 0, ,— Vv RCON, + REOOT (3)
is fnvolved. Analogous renctions have been involed in interpreting rediation- |
induced oxtdntions of various organic opeclen (20), Also, (88 & camimm of

reaction 3), it wust be acsumed that resction of the guanidino group of argin-

m%‘m:(wz)x% + G + H20 Ny Q%C(M)M% + RCHO + % : (Eb)
way contribute to the yield of "wnilde" mmsomis through hydvolysis of gmﬂm
wider the analytical conditions employed, Bridence thet chemical cheage worvoa-
ponding to 3b occurs in the rediclysis of oxysenated solutions of arginive ip
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to be found in the older Llterature ( ,O) » olthough we have not us yet deteru-
ined specific contributions of res cﬂom of ‘this Type iz:\ protein myutws.

The fact that plde ehydo c-aaing acids ey be formed in reaction b eand in
other clemvegy retctions of side-chain NG Mnkeges (of lysine, for e:wzzgple_)
erphasizes the importance of extending theos studles to include 8ll of the
nitmgénmemuﬁmniﬁa carbonyl, products. There are of course other pussible
oxldation reactions which do not involve the N-C linkage, but which do yleld
antno aldehyde snd endno ketone derivatives: Optdation of the alechol function
of perine snd threonins would be of this type. Oxidative Wﬁm of aranatic
and hat@mmm oide-chadns (31) may nlso contribute to the carbonyl content
of fraction IT. A fairly detalled stuly of the contributions of the varlous
mtmgena-cmamm; carbonyl products 1o novw being carried on 88 &n outgrovth

of thm mmm wm%
3.5  Reaction $p<a¢:tf1cﬁ:{t§,: |
Apropos of this generel subject of the multiplicity of renction loel in

protein mﬁia;;ms; thore 16 the tnteresting mwmtima‘)af shoether or not cere
| tain of ﬁh@% loci wndergo preferentisl atteck by OR radicals before other
loot becdne Lmvolved. Frow the dons-yleld data of Pigs. 3 and 6, 1t 18 seen
that the production of amionis, euide, and the several carbonyl fractions from
gelabin m strietly proportional to dote mmr the rangs atudiad, ana that
gach of tho cuwes extrapolstes through the ordgin. Since the ﬁrst e:wsria-
mental polnt in Fig. 5 corresponds to the forntion from water of less than
one OH radicel por protein molecule, we ameluda that the ahmrm& chemical
changes ardce ﬁm_ initial resctions that occuwr in mmlluel. Dute. obtaited
with p-lnctoglobulin (Soction 243) alse letd to & sindlay conclusion, in
that chyanatoprens of the(pfoduat oYt aw.’td hydrazones show (é,) no measurable
 variation in relative yi@i& with dose, and (b) no evidence for preferentisal
oxidation of loucine, the Neterminel seid. |
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Although the relatlve contfibuticms of various reaction loci of proteln
would be expecied on a sirletly chemical basis to vaxy with ph, 1t 1s .in~
teresting to find (Tsble IC) that the nagnitude of the effect of.‘ pi on G(>C==0)
for pepsin is conslderably g,rea.ber than for &,Ll&tin &t pH values abc)ve neutra.l»
1ty. Wuile ¢ gelatin maintains a rela.tivaly exten'dﬂ\d configuration over the pH
rmage gtudied, peapuin is denu’c.m*aﬁ:ed &t pH T and above to give & ran&cm coll~
1ike configuration (16). The canparative effects of pil on G(ﬂCwﬁ)t in these
two syatmaa would sugg,ast that mdia.tion-chmical studles may have useml '
applications in the atudy of pmtein structures fm aqnem aalutmn.

3.h Hole of Omygen |
Mferenm has been made to the fact th&t atep 9 of tha wechaniam outlined

above aoes not specify the mtura of the intaamwdim formed on reaction of
(R) N-»C% rodicals with 0,0 For NG 11n1wma containing at mm one B atom
attachﬂd to nitrogen, two alternate ‘paths for ﬂt@p 9 can be writtem The
simplmt i‘oamnu.ation 1w01wa hwm'ngen abstmetion with formation of % dehydro |
profuct’® - |
- N -m-rﬁ;(ﬁ)a"l- 0, ~=> mvmc(n)g + HO,, L (o)
followed by
EI*I-—vC‘-(R)2 * 1720 o IWH,Z + RCOR
| 2N, —~——> 1,0, + 0,
On the other hend, an orgenic peroxy rodicel mey be involved
REt-C(R), + 0, ~~=— RH~C(O, )112, | , (9v)
end fsubwquentw leed to the seme profuct stolchiometry vie |
mmuc:(o IR, + B0, =i r“m»c(oen)% + 0,
o ~c(o<m)ne H,0 ——> R, + BOOR + K0,
or poselbly through -
. RV mt»b(b )R, + H0 e mm-c(on)% + YO,
| - mnw(omna 3 [+ TCOR.
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With prhosry anfnes (R = H), it Lo difficult o adifrerentiate reactions of
type 98, 9b, cince buth the debydro intemmediate end the intermedictes dee |
vive a fraa the peroxy rodicel repre sent m:h-wo:y iohile chealcol f‘ou.m:s.
On the other hand,. .H, d.on..\ appesr posalble to di@t&iwiiﬁh such ﬁltulﬂxi@&l&'ﬁéﬁ
in recctlions 1nvolv:tn ¢ the peptide bond, (R RCO).' Ta this cose, the de-
nydropeptides, R?;OE#C'RQ, pxe woderately stable in .aq;w’@r;&m solution (32), and
it w;meara that they can be &11“?@‘%%11;‘1&";@1 kinetleally frou intermedlates
derived fmm the orgonie tzjdx‘cmrzrmidc.». L On the basls of this pproach, we
have obtained preliminery resulis on certain of the shpler e wlaninoncids
and cyolic dipeptides vhlch indfcente thot botl reastions can be of fmportaace,
end that the relative contributions of #tops 9a and 9b are determined by the
chenlcal) properties of th aadng setd (r*mium) mvo}.wd. | |
Although mmtlvely lcmgwliwd hydroperoxides sre knowa to baa ;pmdxmca
in the radiolysis of various &nino aelds, p@ptmea ond mla.’wd. cmmound& (27),
the evidence is that moxzt of the peroxy grovps datected :l.n such casen are not
at the ge-crrben position, snd are hot dlrec ctly involved as major intemmediates
in oxidetive cleavege of the N-C bond, Those eaino @cids and slrple peptides
thet have been found to giﬁa relatively high ylelds of orgmia hydﬁmpw@xidm
hove slde~-chaing that pogs C’.E}t’a edtha r & tertlory co rbon stad or bt least WO
adgac;ént methylene groupds The ml&ti\mly stuble h;y&rm;ermdﬂr&(s) that 1s
forsed in the rodiolysis of oxygensted gelatin solutions with G=<0.J (Bection
2.5) 18 presused, therefore, to be essccleted with such .ﬁi(flmavc_lmi.x,! confg-
urations. | | | '

3.5 Applications to Solid State Studics

On the busis of the initiel propocels rogurding the reactivity of the

peptide linknge (8) 5 1% wme upparent thut thﬁ £ Lﬂ,ume*u_m ve ppecelos could

be of impux"umc,ca_ 1;1 the raddclysis of protein in the asolid QLM
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le»BH-CHRz - RCON:CRa + Iif2
| —a~n—> RCONH-CR, + H

aod 1n & subsequent paper (13) 1t was shown that frreodiated nolld pepsin on
ﬁiasolution 1n water ylelde high mazecmww..ght products contedning the
~ carbonyl funetion. Simllur cb“cwvtio 1 Im'm been rveported from other labe-
orstories (33,34).~ At the present tiwe wo ave epplying the ::maly'tt"m pro~
gedures awawpc& i1 the present yorle to 4 ded rodled study of cons titu&nt
cw’bmyi pr@duct derived from “dry” proteins following 7-»11~m<3.mtiona of
the prelintnery r’*aulta ebtainad to date with gehwiu, ‘parhans m@ nost in-
tarcsting 15 the a‘bwmtion that (m) the relative ylolds of the varimxs
1nd1vidu:z1 cxwmw aetd productn arve fstrmngly Infiuenced by the presence of
oxypon, and that (b) the spectre of carbonyl acidSfrom both gvacusted and
. wwgesnatad oyatens A4L0ar strildngly fron the tracing shown in g, h. A
prelimfunry veport on this work 18 1n preparotion. |

The satlon of muiaiua rediatione on copouwnds conwinine: pr!mry enine,
gecondexy umlne, n—-mwwme and poplide boxza. conﬂgumtwnu axe cm'related
16 teras of raloted machmximﬁ tnvolviag the N«¢ linkage as the locus of
cheqical changes It de showa -'ﬁmﬁ‘ %w&.i’ar radiotion-chenical changes in equeous
protein mystens way be interpreted in teoaa of o goneral over-ull reactions
R N-CHR, + 0y + 320 —w—) Ralm + RCOR + Baoa waave RZ'N-CI{% ney represent any
of the variously substituted N<C linkages of proteln molecwlar structure. De-
tailed e@exﬁmental studies of cxddntion products derived fram various gucﬁ

lool sre raported; corcelatlons vith studles of "dry" protein are glven.
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TABLE I

Production of Reactive Carbonyl Function in the %—ray
Radiolyeis of Oxygenated Protein Solutions®s

TA: Values of'G(>C=O)t for various proteine

Pepsin . 1.20

Gelatin S o 89,

p-lactoglobulin _ ' .85
- @-chymotrypsin , 1.25
 Yeast alcohol dehydrogenase o~ W5

I8 Effect of added solutes on G(>C=0), for pepsin

NaCl, 0.1 | | 1.15

3,80y, O.IM o 1.27
CyBtetne, 5 x 1017 M , 1.15
5 x 10~3 o ~85
B 5 x 10 | ©ohoy
Oavfree o o 25

IC: Effect of pH on~G(>Cé0)t for pepsin anéwgelatin

gelatin Pepain

: pH 1.3 . 1.3k
500’ o ‘087 10&5
5.0 H -.82 . 1.20
7:0 - 1.52
9.0 1.0k 2.21

& Unless otherwise stated, doaeajxld;aev/ml, protein concentration=0.5%, pHx=S5.
b Each of the reported valuec represents an average of st jenst two independent
measurements . "

® For & 0.3% solution.

d Carbonyl production in oxygen~free solution is attributed to disproportionation
reactions of the type 2RUH- — RNH~CHE§ + RN’:=‘CB2 and subsequent hydrolysis
of the dehydro product (C£. réf. 7).

e Not measured.
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TABLE II

—— ” s

- Product Yields in the y-ray Radiolysis
of Oxygenated Solutions of Gelatin®

Product ‘ ' ‘ . 100-ev yield, G

Total ecarbonyl | | - .89
 a-ketoacids - : B - Who
(czﬂaetoglutaric) ' , |
Total emmonie - . . ' ' 1.25
 Autde ' | +95
~ Free ' o , .30
. Hydrogen peroxide ) _ U

Organic peroxide - - | 38

& gelatin concentrations=lf, doses2.5 x 10™ev/ml.
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POOTHOTES

1 This work woe performed under the duspices of the U. 8. Atonic Energy Commlesion.

e Yields arve reported as 100-ev ylelds or G values. Dose was determined by

conventional techniques using the value G(F@+3)w15.6 for the Fricke dosimeter.

3 Platinun black wes used to remove hydrogen peroxide in a nunber of yuns. Con-
trol experiments established that if the solutlons were centrifuged prior to
hydrolysis, no untoward effects were introduced by the platinum black treat-

ment «

4 Oxplacetic acid mdergoe-s decarboxylation during the hydrolyeis step and hence
contributes to the pyruvie acid yield. However, in several of the runs

oxalagetic acid was isolated separately (es the hydrazone) in minute ssounts.

5 We ére prosentiy investigating the use of 13 2<diamino-h-nitrobenzene (35) in

the analysis of these complex mixtures of a-keto acids.

6 Reference 22 shows this to be the case for pyruvic, oxalacetic and a-ksto

glutéric acids. We have found that the seme values also apply within 5%

+o the iwne-t-g of glyoxylic, a-ketobutyric and mesoxalic acids.

T Recovery of added a-ketosclds {glyoxylic and a-ketoglutaric) from both

{rradiated and wnirredieted systems was approximately 85%.

8 This indicates also that the obaewed a-ketoacids are not produced in any

apprecisble amount through hydrolytic decomposition of redistion-produced
g-hydroxy aclds. ' |
9 Hydrogen peroxide does, however, dacreace the observed yield of a-ketoncids

and for this reason was routinely removed from the lrredleted solutions prior

to hydrolysie as described in Section 2.3,
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FOOTHOTES (continued)
lO'_The 100-ev yields for total, "emide", and free amoniu arve decignatad

G(NHB){;’ -G(NI%)P‘ and G~(NH3)f respectively.

11 The proline resldue represents en important exomple of a tertlary amino

configurotion which through resction 4 may also contribute to the amino

carbonyl content of fraction II.

12 'Qu@litgtive data on enmonisa formation in the p‘hotqusia vé.nﬁ. (cathode ray)
rediolyeis of -acylamindacida and si;nplm p@pticles‘ in aqueous solution are
given in the older litersture (ref. 56) Alth‘ough the distinction between
direct and 1nd.irect action was not mnde in these early studles, 1t 18 of

¥

mtemst to note that -dehydro pm&ucts of the type mowacaz",(ﬁclm among

the possible maction m‘bemed.tatea.
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FIGURE LEBGENDS

Bf'fect of irradiation on the reactions of
2,h—dinitrophenylhydrazine with gelatin.

MAsorption spectra of 2, l&--din1.1;Jc'a;phenyllfwcilraz:I.ne

gnd derivatives.

Fig. 5.,,Carbonyl production fram ld gelatln as a

Fig. L.

- Flg. 5.

Fig. 60

function of time of irradiction.

Densitametric tracing of typical chrdmatogram
of a-ketomeld 2,4-dinitrophenylhydrazones
from gelatin: (1) a-ketoglutaric acid;

(2) glyoxylic acid; (3) pyruvic acid;

(4) a-ketobutyric aéid;’ (5) phenylpyruvie
acid. '

Typical hydrolysis data for control and
irrediated 1% gelatin.

Ammonia production from 1% gelatin as a
function of time of irradiation.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





