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PREFACE

fhe work doperdbed dn tho presest thesis hat beon done witk the
obloct of galrdny further bnowledge of She mochanies of action of Shas
proteolyiic ensyme Fepsine The studies describes £l into Your maln
ﬁiapss {1) Synthools of racdiosctive rubstrates, (2) Isoistion of dre
terrediate complexcs, (3) Chromatogrsphic separation of peptides core
responding to the actlve centor, (4) Identificabion of lower rodicace
tive peptidos,

Following an in?;mgmctnmf seetion (Chupter 1), the thosis is
divided inte two wain parts, the first (Chopter 2) o desling with the
exparimental protedures, and the second (Chapter 3) with the rosults
obtained snd & Clscusision of the significance of the exporirental yge
sults obteined,
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ABSTRACT

The cm—lamnﬁa oynthetic substirates, carbobensoxy=Isglutaryle
I~tyrosine and its etlyl ssber woere synthesizod Yy the condensation of
carbobezzzaxy~L—glutamic anhydride and I=tyrosine ethyl esbar. cib £lu=-
tamic acid awi G wyrosine were used in these syntheses giving substrate
molecules labelled in the glubamic actd moiety or in tho iyrosine molety.

The varicus radicactive substrotes were incubsted at pH kO with
pepsine Aftor a glwven period of time, the vepsin wae isolated from the
incubation rdxture and found o be radicactive oaly when substrates conw
taining Gmutyzminu vwere involveds This radicsctive protein wes found
to liberate clu-tyrosine ethyl ester upon incubstion in acid solutions
These facts were taken as evidence that the radiosctive protein isolated
is an intermediary complex mmin—tymsine ethyl estor formed during the
hydrolysis of the peptide derivative by the rroteolytic engyme. A mechae
oism is proposed to explain the furmation of such a corplexe

After partizl acid Iyydrolysis ol this radioactive cmp.fl.ex, papsr
ehrosatosraphy and paper electrcphqﬁsia wers used W isolste a radicace
tive peptide. The amino acid compcéition of this peptide wvme found io be
the following: alanins, sspartic acid, serine, glutamic acid, threonine,
glyeine, arginine, valine, tyrosine and leucire. We claim thet this pep=
tide represents part of the sctive center of pepsin.
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CHAPIER 1
1s Introduction

It is a key object of Wiologicai investigators to relate in o
precise way the structure of a neturs) materisl to its function in a
living systems Tho succossful elucidation of the structure of ‘inaulins
Ifrom geveral species, and of & mumber of smaller polypeptides, hormones,
and anﬂbiotics has stimulated efforts to understand the relationship
between protein structure and bticlogical activity. Enzymes ere particue
larly well ewited for such investigation inasmch as their activity and
specificity can be studied in vitro. The structure of several engymes
has been investiguted by a number of investigators. However, a knowlede
ge of amino acid séqunnca will not by itself solve the problem of corre=
latihgt structure and functions Much more inforrstion will be necessary
to enhance real undersbanding of the catalytic properties of enzymos,
First of all, the region or vegions of the protein which are involved in
specific interaction with the substrate mst be aveilable. Secondly,
the kinetic bshavior and oversll reaction mechardem must be explicable in

terns of the enzyme structure.

2¢ The notion of active center

2. Dafinition

Since most anzymes are of large mélﬁcular welght compsred to
thelr substrates, it is clesar that only a few of the smino aclds of the
engyme can be in contact witb the substrate during enzymatic actione
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wfoe
Fven in the case of enmymes scting on high molecular weight substratos,
such as the protesses and the nucleases, the fact that thelr specificity is
the same for low molecular welght analoss and the sequentisl neture of fheiy
stteck on the high molecular weight substrates, indicate that only a small
portion of the large substrate is in contact with the ensyme at any one time.
It is the amino acids in contact with the substrate and their immediate neighe
bors which we designate as the active center or active site of an enzymo.

It does not follow that such esctive parts weuld- retain thely activie
ty 4f they conld be split the remainder of the moleeule, as the essential
structure of an active center may be dspendent on the primary and secondery
valences which join it %o the Wk of the moleculs, The identificztion of
active site for any particular engyme is a matber of very recent history,
none of the work done hes yet permitted more than very penersl conclusions

10 be dran,

be Historical review

Information concerning the active center in snzymes can be traced
back to 193k, }{ex'riot;b (k1) (L2) showed that acetylation of the tyrosine
phenolie group caused. inactivation of pepsine ILater Herriott (L3) inmcti-
vated pepsin by lodine and concluded that a substitution in the tyrosine of
the engyme was responsible for the loss of activitys Substitution undoubbe
edly occurs, for di-iodotyrosine was isolatede

o Philpot and Szall (71) found the partial insctivation of pepsin by
nitrous acid to indicate that alteration of some of the tyrosine led to the
loss of ﬁctivity. | However, -P}ﬂlpot and Suell (72) measured the extent to
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which lodine was introduced into the tyrosine of pepsin and found (at pH Se4)
that sowe other group present in the protein reacted moye rapidly with iodine
than the tyrosine 4id, when this proun rascted the repsin was insobivateds

Fellx and Mager (2L) found that dialywed pepsin inactivated by
standing in dilute sulfuric acid or in a trypsin solution pave a vrecipitate

" with clupein methyl ester. This precipitate together with casein showed a

slight digestion, whoress the clupein ester alone and the innctivated pepsin
alone gave nothing., The experiment may indicate the transfer of sone sort
of active group from the original pepsin to the moddified elupeine

In 1946, Mayur and Bodansky (57) showsd that both true and pseudo
cholinesterases were readily inhibited by diisopropy) ifluorophosphate
(DFP). Later, Jansen and coworkers (LS, U6, L7) showed thet both the ege
terolytde ard the proteclytic activities of trypsin end chymotrypein are
inhibited by DFPa

In 1951, Jansen, Curd and Balls (49) found thet a reaction strice
tly analogous to that obaerved betwsen a-chymotrypsin and diisopropyl-fluo~
rophosphaté also took piace with & variety of similar reegentt. The anae
lysis of the crystulline-inhitited protein showed that in each case, the
enzgyre had undergone pﬁosphoz‘ylation with the introduction of a singls
phosphate residue in the molecules Bartley and Kilby {3%) siso found the
inhibition of ciymotryosin by dietlyl-p-nitroprenyl phosphate to follow

the zame course., Fres nitrophenol was produced in this case, Just as ¥
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was formed in the reaction of the enzywme with diisopropylferophosphate.
Horeovexy the liberation of nitrophenol parailelsd the course of inhibvition
ami stood in 11l equivaience to the enzmme inldbiteds

The work of Michel ant Krop (58) concermns chedine antorass like

that of Poursnsll aud Webd (Ik4) on horseeLiver esterase, can leave Jittis

doubt w8 to inhibitory setion of those phosphetes on the esterases in queg~
tione Jansen and Bells (50) fonrd § ang Y-chyvrobrypein to veact mole for
wole with thie iniddlter, Trypein alse reacted with diisopm,yi—-ﬂuoro-
phosphate to fore o .inmb,‘:‘.tfed protelin that on cm-stéllization and anglysis
contained ore role of pheephate per 20,CCO gos of protein, the valus of
this equivalent woight comes close to the molecular weight of trypein,

Hartley and Kilby (36) irvestirated the reaction of diecmrl-p-
nitropheryd phosphate with a=clymotirypeine (ne mole of nitrophenol was
liderated per moie of engyme, and hence the results suprord the hypothesis
of a single active center in chynotryosine

In 1953, Schatier, Hay and Swmerson {7h) reported that bl-‘I’-eh,m;
trypsin prepared with pnoanhomwa lrballed DFP, upon pardial ivérolysis by
engynes and sold, ymlc}ed serine phosphate in apprecishle quantity {30%).
The seme compound (containing 4& per cent of the totsl radicactive phospho=
rus) was identified in a partial hydrolysate of DFP-inhibited esl cholinege
torase (75)e The fact ﬁhat tun estorases, so differsnt in many respects,
ware both inidblted by organic phosphate ans that both gave rise to (e

pnosnhmvyl sering on partial hydrolysis, is probably of the greatest impore

e T

s
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tances  Hydeolysis of DFP and of diethyl«flucrophosphate is acceleruted b
histidine and imidarcle. 7The catalytic offect is grastly enhanced by the
eoppar chelated derdivative of ethylene diamino=Osphenarthroline and ty ale
dipyridyl (76)e It istentatively explained by the formation of a quaternary
ammonium compound >\,}1"‘~PO(OR)2, with one of the oyclic nitrogeng, in which

© the reactivity of the phosphoryl radicel is high.

In 195k, the important studies of Hartley and Xilby (37) on the
action of chymotrypsin on acetylep-rd trophencl led them to the conclzsion
that an ecetyl chymotrypein wag formeds. This was followed by the signifie-
cant achievement of Balls and Aldyich (5) in the isclation of this pogtula=

ted intermadiate. These investigcatbrs took advantsge of the fuct.that at P

S %o 6, free pepltrophencl is rapddly released and the chymotrypsin is inace
tive towerd Letyrosine ethyl ester. At PH Te2, the inhibited clymotrypsin
readily regains its oripinal activity toward the synthetic substrate and in
tho olotbing of wilk, since the inhibited ercyme veacts with rydroxylanine
to form one mole of hydroxsmic acid per moles of protain, it is inferved
that & mono acetyl-chymotrypsin was formed ip the reaction at PH 5. That
the acetylation involves = group concerned with the enzymic activity of
chymotrypain is indicated not only by the inhibition, but also kyr the fact
that chymotrypsinogen, denaturad chyrotrynein, and Diwchymotrypsin fail -
to canse the rapid liberation of perdtrophencl fron acatyl-penitrophenol

at pH S The nature of the chericalgroup in chymotrypsin that is
acetylated is stild unclesy, but obviocusly presents o question of great
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importences Balls and Aldeich raise the poesibility thet it may be &
sulfhydryl group (06), and Hartley (38) has sugrested the imidescl) of g
histidine residue as the site of abtack. Both thiolesters and acytimidae
zoles are known to be reactive acylating agentse Since DP-chymotrypsin is
inactive in eatalyzing the release of prltrophenol, 1t would appear that
the diisopmpy}phcapmzyl group may be attached to the same group in the
protein as that which is acetylateds |

Gutfreund (32) exemined the effect of pii.on the rate of hydrolysis
of benzoyl-learginine ethyl ester by crystalline trypsin and imterpreted
the results to isdicate that en uncharged imldazolyl) proup of histidine
vas essential for the cntalysise

Freenkel=Corrat (28) comparad the reactivity toward 1-flvoro=2,
hetinitrobengene (FONB) of native chymotrypain and of its diisopropy) phose
proryl derivative, The results indicated that one of the two histidipe N
residucs in the inhibited onzyme showed o decrease in reactivity,; while
the tyrosine and lysine groupsreacted at similar rates in the fuwo protoina,
time, this experimoental evidence showed thot an imidazole proup was the
site of attachment o6f the inhibitory phosphate, and most probably an ime
portant part of ihe enzymatic site. The same conclusion was reached ty
duifreund (32) for chymetrypsin and trypsin on the basis of sirtlarities
between the imidasole froups and the catalytic site in regardi o their

ionization constants as affected by temperiture. ]
In a study of the effect of peroxidase and Hz202 on chymotrypsin
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Wood and Balls (02) found that o derivetive of about half the ardpinel
activity resvlted concomitantly with upteke of one mole of oxygen and
destruction of one residue of trypbophan but not of histidine or tyrosine.
Resctivity to, end intdbition by diisoprepyl fluorophcephate was unimpairved,
These results, in conjumction with those earlier wihtained by Weil (80) with
photooxidation, were in accord with the idea that a histidine residue was
involved in the dialkyl phosphate binding by the ensymatic site, tut they
also sugsested the prosence of an indole group near that sitee It now
Seems possibls that the half active periodate mdﬁaﬁion Product that had
been erystallized by Jansen snd covorkers {U8) also was modified at tha
szme indole grmp.

Nassey and Hartley (56) indicated that a fIvorescent dye, as the
sulfonyl chlordide, may also be introduced inte the active site; these anw

thors alse used FORB in conjunetion with vardous inhibitore of ehyuctoypain, -

and their results fevorod the 3des that an imidazole group wes imvelved,
At the samo time; Beils and Aldrich {6) isolated and erystallized the .’m—A
terzediate ronoeacetylechymotrypein formed from imtevaction with the PitrC-
phonyl acetates, iIn the presence of ethanol, scetyl chymolrypsin formed
ethyl acetate, so that the enzyme nay be regerded as a transacetylsse which
transfers acetyl proups from ritrophencl to ethanol (7).

In 1956, Schaffer and his coworkers (76) established the sequence
of one of the labelled reptides isolsted irem the aeid hydrol:ysate of ine
activeted ehymotrypsin. The sequence arpeared to be Gly=Asp-Ser(lye
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Thdls report was conlirmed by Costerbaan and coworkers (65)a

Dixon et al (21) obtained twe labelled peptides from a clymotrype
tic hydrolysate of trypsin which had been inactivated with cifelsbelled
DFPs " After roaction with FDNB followed by acid hydrolysis, one of the
peptides ylelded (:yst-ﬁ.sp-ﬁ]nt»ﬁlyﬁer«;&la-?rol-?al, but no dindtrophenyl

derivative (DNP derivative)s The other peptide contained the same amino

aclds and in eddition E-DNPelysine, Lysine was probably in Ceterminal
position, eince a, E-diDKP was not formede. Schaffer and coworkers (76)
s1so isolated the tripeptida Asp-Sor-Gly from sarin Snactivated trypein,
while Gosterbaan and coworkers (65) isolated tho veptide Asp, Ser, Frol,
Val, Gly (2 or 3) from DIP=trypsin,

Tre behavior of phosphoglucomutase iz not quite the same as that
of the esterases. Larger amounts of organophospha.te are required for come
plote inhibition af phosphogivcomutase (53);, the reptides containing the
active site were no't. Obtained by reaction with D¥P, but were labelled with
P32 phosphate which is known to bind covalently with the enzyme (1)e
Foshland and Erwin (54) reported that all the labelled peptides contained
aspartic acid, seriwe, glycine, and plutamic acid, although no sequences
were detersmined, the a;zthars concluded thal phosphogiucomutase contained
the same amino acid sequence in its active alte as chymotyypein and
trypsine

In 1958, snalysis of the enaymically ective region in trypsin was
accomplished by labelling the ‘enzyrme with P32 orgencphosphate, éz:d hydroly-
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sis bty engyme or acid procedures. to yield p32 lebelled peptides. Dixon,
Kauffman and Heurath {23) obbaired severel peptides, one of which conteined
15 rosidues in the soquence: Asp, Ser, CySOsH, Glu, Oly, Gly, Asp, Ser
(DIP), Oy, Pro. Val, CrSGsH, Sers Cly; Iyss, whers DIP roproconts the Gie
isopropyl phospheryl moictye .

Qosterbann and Van Adrichen (65) also exemined peptides obtained
by peptic digestion of acetyl chymotrypsin, prepored by treatwent with D=
zitro-phonyl sootate labelled with ¢X4 in the carbowyl mroup of the acetate
aogntye Five :‘mucllnn poptidos weve isclated from the digests, and al-
though no sequences were deterwdined, the composition of the poplides were
compatible with the sequence Gly, Asp, Ser, Gly, Gly, Pro, Leus, where the
serine repidue bears the acetyl labele ,

In 1958, Gladner and Laki (30) also identified the pepbtide Asp,
Ser, Uly, Glu, Ale. a8 the site of DFP binding in DFP inhibited thmoubing
Hartley and coworkers (39) determined the sequsnce Gly, ASp, Ser, Oly. oo
the site of DFP bAnding in DFP inhibibed clastoses On Lhe other hang, |
recent studies on inactivated pseudocholinestersse (52) and inactivated
horse-liver ali esterase (S1) have given the Dollowing peptide Gly, Glu,
Bery Ads, Glys oo part of the achbive mite. Thus the sequence Aep, Ser,
Glys; which is possibly an essential cosponent of the ective site, is
identical in chyrotrypsing trypoin, phosphoglucormtase, thranbin, and
olastase, while the sequence Gly, Glu, Sery Ala, Oly is cormon o horge-
liver ali esterass and psendocholinesterase.
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Co DISCUSEION
(1) Ceneral considorstion

in w0 singls oese can & cumpiste picture of an active center be

given, The active center determsines both the specificity and the catalstic .

activity, and ib yust be & structure of some complexdty, adapted to e
fairly close fitting of ths substrate moleculs, or at amy rate of those
parts of ﬁ:L vhich are voncerncd in the reactione

The active canter need not bo considered to lis within one pope
tide chelin only; 4% may be = potern of grovps extonding transvorsely .
&CTOSH Lwo oy more adjscent poptide chainms ofF sections of one Folded chaine
If so, setivity will depend not only on the existence of the comciring
groups, but alzo op the intactness and econfipuration of native protein

malocule which detersines the relative positions of thoss groupde

It is well known thet when the adjoining psptide chaing are sepa= ‘

rated in denaturation, the activity Ls lost in practically all cases. The
fact that some power of combining with substrate has sometixes been found
alter denaturation although the metiviiy hes been completely lost, woauld
suggest thet the inc’iiviﬁ.xsl combining groups are still present although
the patiern of the gctive conter hes been disruplode This patiern mar be
reformed in certain coses u‘mm the densturation can b reversed ond the
activity then returna, Such a picture is consistent with the fact that
combinatlion with the aubstrate often protects the emsymes fvom dermturas
tion since it wuld tont 4o hold the chnins togothers
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(2) Histidine as & part of asctive center

The catalysis of hydrolysis of penitrophenyl acetate by imidizole,
Bender (8), Bruice and Schmir (17) have led to a theory of penera) hase
catalysis of ester hydrolysis by imidasoles

Bender and Turnquest have shown that the formation and disappea-
rance of a species which absorbs at Ezus (corresponding to Neacetyl imidae
zo0le) can be determined. Broumer et al (16) have demonstrated the presence
of this intermediate in the imidezole-catalyszed hydrolysis of acetic anhy-
dride, penitrophenyl acetste, and phenyl acetate, and have shown that ite
cencentration reaches a level high enough to account for the emtire hydvoe

lysis in the initia) steps. Brecher and Balls (15) have observed a similar -

intermodiate in the hydrolysis of penitrophenyl acetate catalyzed by & a-Ne
benzoyl histidine metlyl ester, and have isolated the a-Nebenzoyl-l or 3 He
~acetyl histidine methyl ester as an intermediate. Berrhard and Cubfreund
(10) have alse demonstrated the appearance of an Eals intermediste with
histidine methyl estor.

Howaver, as Boﬁder points out, even if the active site of chymoe
trypsin involves an iwddazole ring, the mechaniswm is certainly more complex
than a simple diaplacément by an imidazclyl side chain to give an acyl
enzyme intermediate followed by hydwolytic cleavage, since in the catalytic
Iypdrolysis, chymotrypsin is 105 times more efficient than imidazole. Also
the following differences are evident:

(1) Aliphatic slcohol esters are not gplit by imidazele tut by
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chymotrypsine In this vonnection, Broumer (16) hos shown that irmidasole
can c:a'ta:%;}ma the lydralysis of dimethyl oxslate, but thies is rather a
ppeclal case of a2 very unstable csters
{13} The socond imidazols in Shymotrypain, i.ee that not in the

active center, is catalytically ecuivident to freo inldagole, thus the
prinary irddazole rmsd hove a unique ervirormornt,

© (311) There is more selectivity in the descylation step than
would be expected fron atreight hydrolypsis of acyiimidazocle. |

(3) Serine a5 & part of active cemter

A1l the work on the degradation of proteclytic ereynoes, laballed
vith dilsopropyl phosphoryl=pe, tends to confims the observation that the
eliphatic hydroxyl of @ seryl residue bears the phosphoryl frovpe Hesults
reported in part b indicate that 4sp, Ser (PO),); Gly &2 o sequence common
to the active centers of several estorases, including chymotrypain, trype
8in and cholinastorase. The gingularity of this ohservation is reemphagie
%ed by the devonstration of Keshland and Srwin (5h) that phosphopluecme
tase, which binds phosphate in eovalent linkape curing its eetalytic
trangfer from gluco-sé-l-‘p}:os;mate to glucase-Sephosphate, alse possesses
an active cerder with a sequence Asp, Ser, Gly, with phosphate osterified
on to vhe seryls As a resulty Xoshland hes sugpested thet phoaphogiucasaze
tese and othor esterascs possess the same basic bond=breaking nechanism,
The ctemon emine scid sequence being important in the activation of the
seryl hydroxyl, clearly however this basic bond=breaking mochanism is
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oeverlaid with other structural facters which determine the substrate specie
ficity, and since in the cese of phosphoglucomiiase thers is no hydrolysig,
they slso provent a mielacphiilic attack by water on the engyme bond phosphos
ryle Dixon and Neurath (61) have reported the isolation of a mmbep of
largs labellsd peptides from tryptic hydrolysate of diisopropylphosphoryl

. (P32) labelled trypsin, oxldized with performde acid. The larpest peptide

isolated is a poptide conteining 55 residues wideh posgesses five - cystele
&cid residues and no histidine.

(L) Propesed mechanises
Many workers have assumed that serine hydroxyl is the secorndary
point of attachment of phosphate, a5 the result of an N —> 0 ml.gration,

the I‘avm'i te mechanism belng the initial formeticn of an unstable Nephose
phoryl imidezole which subsequently denates the phospﬁoryl to serine. A
major plece of svidence for tiis view has been the two phase nature of the
resctivation of organo phosphorus inkibited esterases by nucleophilic reaw
gents, there being an initial resctiveble pbass imcediately after inhibie
tdon (LL) passing into a nom-reactivable phase after seversl hourg. The
first stage is equated with rhosphoryl imidezole, and the second with
phosphoryl serine. Howewver, most of the evidence has been gathered from
gholinestorase, dilscpropyl phospboryl chymotrypein mi trypuin have nover
been reactivated to a sigrificant extent. Ziixou and Neurath (22) showed
Previously thﬁt the diisapropyl phosphoryl group was immediately. attached
to tzypsin to form a stab}.e intemediate without eny unstable intermediate
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being detoctable,
Gutfreund and Sturbevant (33) have proposed a gunersl mechaniam

to sccount for the hydwolysis of penitrophenyl acebate and obher esteors by
a~chynotrypsin (Pige I}e ES stands for the rapidly formed adsorption
coxvlex. (BS8Y X formed from it by the spliiting off of one reacktion fesa's L
duet Py (i this case p=nitrephenol), therefore ESY would represent the
mono=geotyl chymotyypsine The last step involves livaration of the acyl
group from the engyme to give ncetic neid (Pp)s Hate constants were deber
mnads It was coneluded that the second step involwed acetylation of the
(il of & serine residue in the enzyme, and that the last step irvolved the
imidezole group of & histidine residnse

Cunninghem (19) hos suggested a more elshorste mechanism wherehy
many of these observations are corrolateds 'The existence of & lydrogen
bond botween sering and & copjugste buse form af histidine, wherehy the
sery) oxypen is activated, sceounts well Yor the pl dapendence of activity,-
phosphoryliation of RFP, and ecetylation by penitropheonyl acetate as well
ag for the i.w’liam,' stable binding of diiscoprepylphosphoryl or acetyl
{at low pil)e

The observed dependence of the activity, DFP-irhibition amd ste-
tylation by penitrophenyl scetete upon the structural integrity of the

noloculs, is explained by the assumption that the idstidine ard serine sro
E in differeny chslus (or portions of chains) and would be separeted by the

disorientztion in urea selution. The observstion thst o large peptide
containing the soring but no histidine nay bo derdved from trypsin lends
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welght to the aasumption that the histidine and serime ave weil sepeyabed
in the sequence, lut not in gpacee
The reactivity of the acetyl group toward hydroxylemine ig 2lan

dependent on the structural integrity and is lost reversibly upon urea
denaturation, and this would be explained by agsuming thet the acetyl imiw
dazolyl complex, ssen in hydrolytic descetylation, is also the reactive
intermediste in resction with hydroxyl amine, and would not be formed when
the imidazole 1s spatially separated irom the acetylated seryl side chaine

3a Pemin

&s Introduction

| Frem the previous discussion, 1t seams clear that in theo case of |
proteolybic engymes, such as chymotrypsin end trypsin which have also an
eaterolytic activity, the active center of the eaterﬂytic Tunction of the
engvme involves at least e histidime and a serine residues whether both
activities are mediated by a single site or a mzﬁzbear of separated sites on
the enzyme surface, is a problem of current bicchemical interest snd impor-
tances Some workers. concluded that the esterolytic and the proteclytic
activitios of trypsin and chymotrypsin must b located at a single site,
with the following evidences (I) inhibitors of fairly large molecular
wolght produce equivalent decremses in the two activities (4S)s (II) the
engyres hydrolyze either type of substrate st a decreased rate 4in the pre=~
ssnge of the other type (27)3 (IIY) photeoxidation of chymotrypsin with
visible light results in ropid insctivation of both activities (80)e
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These evidences do not precluds the exdstence of closely adjscent ar overe

iapping sites.

On the other hend, the azss two activiiies are imactivated une
equally when ciymobrypsin is xe-lrrsdiated in diluvte solution (2), o
oxidized with sodium periedste (48)s This could be interpreted as moaning
that two active gites ere imvolveds Recent studies (3), using xersy inace
tivation and ultraviolet insctivadicn, have been interpreted as showing
the sxistence of overlapping sites, where ths hydrolytic apparatos would
e common bt thé elements which could form specific attechwent woudd vary
with the subsirats,

Pepsin is o proteclytic enmyme which is complately devoid, as
far ag we know, of esterolytic activity. We thought it would be very ine
teresting to gain some knowladpe aboud the mchaniam of scbion and also
sbout the amlne acid conposition ab the active site of this enwpyrme in

order to compare it with the ackive center of enzymos having two activities.

(B) The Chemistrv of Pepsin
(1) Histerical

Popsin 1s-the proteclytic enayme of gastric julce which starts
tho digestion of proteins. It was discovored by Sclsmon in 1836, In 1832,
Iengley (55) was ablo to obiain pepsincgen, the insstive precugéar, by exw
tracting the gastric mucosa of a pig with elkaline solutions, am:iwtc con-
vert the pepeinogen inte pepsin by acidification. In 1930 pepsin wes
otiained in erypstalline form by Horthrop (63).
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(2) Method of preparation

Swine pepsin was first cryotallized frow commoreial preporations
which %3411 sexve &5 the mosh convenient sﬁm*iing materiel; the enmyms may
also be obbained frowm gestric Juice or from persincgen isolated Myom the
gastric mucosz. Purdfication ir accomplished by precipitation with nagne=
siun sulfate (Cae Owb saturated) ab scid pi, dissolubion of thae pracipitate
with alkali (pH less than L) and reprecipitation by acidificstion to pH
245« Crystalliszbion cccurs when this precipitate is dissolved ab pH L.
ard L5°C, and the solution allowed $0 coole Pepuin mey also be crystalli-
zed from twenty percent ethamol (6)e

Fepain is produced from pepeirogen autocatalytically. Acidificae
tion of popsincgen solutiors inm sufficient to bring sboul activation, since

traces of pepsin gre always rrosente During this precess, - polypeptide

(woleculor waight, Cae 5000) in split from the pepsinogen moleewle, and in )

solution more alkaline then pH S it combines with peprin and cansesinhie
bition, |

(3) Physical properties

Helecular weiekht determinations by a variety of mothods apem to
point toward 35,000 as the most probable value. The results obtained by
sendimentation and diffusion measurements are wost relizble and yieldd the
value 35,500 (70)s The pure protein is believed to have an lscelectric
point helow pH 1, a value which is in accord with the low cortent in besic

amine pcid residunes,
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(4) Chemicsl composition
The pepsin molecule appesrs to bo composed of single wolypeptide

chain contaiming three disuifide bridgess The most racent values for tho
ardno acid composition are ineluded in Table I (13}, which shows that pope
sin hag only &L basic amino acid residues (one each of Iysine, histldine
and 2 arginine residuecs)s The Pepsin molsculs has a single Phosphate
e8tor of -O-p=0~ dicster type (67), this phosphorus can be removed enzymae
tically by potato phosphatase at pH Sebe Tha dephosphorylated pepsin hes
& alightly hi"hw iscelectric point than pevsin itmlf and is still fully
ective. It was shown by Flavin (26} that the rhosphato residue was immd
to a serine residue in the sequence ~threonylesoryleglutaryle,

The Heterminal groups of pepsin have been found to be iscloucyle
flycyl= (77)e The action of carboxypeptidase on pepsin gives alanine ag

the C-terminal residve (51)e

(5) stapsiity

Pepsin iz optimally ective &t pH 2 and is unstablo in this PH
Teglon due to sutelysise. It roveals maximm stabllity ab pH S=5.5 amd at
higher p¥. tecoxmes highly sensitive to alkali, Tms inactivation is partly
reversibles. Pepein is irreversibly inactivated by ures at temperature
sbove 20°C; the rate of inactivation is funotion of of urea concontration, PH,
enxd composition of solvent (69)e




Iy

T

25w

{6) ZEnzymatic activity

Using various protein substrates, Northrop (&2) observed & Lwoad
pH region of nentis activity extending from below pH 2 to showe pi b owishy
a maxiemim at pH 18« In contrast, when symthetic substrates wers used,
merdmum hydrolytic aptivity cccurred st pH b (29)e

Pepsin hydrolyzes most of the hisgh moleculsr proteins ard &
mmber of syuthetic substratess  The synthetic substrates sre llsted in
Table JTIe

(7) ¥schanism of action and sctive centar

Little is known about the mechardzm of actlon amd the active

center of pepsine In 195L, Baker (5) sugrested a mechaniam identicel with

ihe onw presented in Figure I to explain resulis obtained with scetyleLe
rherylalanine-I=tyrosine. However, it was later shown that her rosults
could not support such 2 mh&nism {31)s Perlmann (68} raported the for-
mation of eswyretically active dialysable frégmezrha during the avtodiges~
tion of pepsine The pli studies of Bull ant Cursde (18) suggested that &
cswbbxyl group wes inmvolved in the active center. Recently, Heumann and
coworkers (60) presented 2 generel mechenism to explein the pepsin cataw
Jyzed transpeptidation they have observed during the hydrolysis of carboe
benzoxy~-leglutanyl~l~tyrosine,. This mechanism would invelve tle formation
of an interrediate complex pepsin-tyrésim.
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CHAPTER 2
BYXPERIHMENTAL PROCEDUNES

I. Preparations

& Gn‘-!f-t;,vroafme {I)

Unifornly labellod ¢Mel~tyrosine (Ce0l mllicuries in 0.18 e )
¥ao diluted with pnlabelled Ietyrosine (62 Bge)e The rdxture was crysbole
1izod fron ethancl to give CM-Lutyrosine having & redicactivity of 51,800
courts per mincte per Lifle

be Clatlutemic seid (1T)

Urdfornly 1sbolled Cliuteglutamic acid (001 miilicurics in el
mge) was diluted with unlabellsd I~glutaric acid {60 mge)s The sixture
was crystallized from ethanol to give (MeLeglutanic scid having & radio-
activity of 7,700 counts per minmute er nge |

e le-}’.«gmzzim eligl ester hydrechloride (IIX)

cUittyrosive (36 ag., 0.2 m¥) was dissolved in dry ethanol, aatu-
roted with dry HCL (20 ule)s The mixture ues 1eft overnight ab room bempo-
rature, then evapcrated to dryness under reduced pressure, this procedurs
was repeated twice, Finally, the residue wes dissolved in i:he- minivam
amount of ethanol, .antl ether wes added till the solution becere turbi .
Crystels separsted out upon céolﬁ:ag.

Tieldr I3 mge (87.5%)

KaPo 3 166%C; Iite HePe 166°C (73).
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do SMattyrosine etivi ester (1V)
cu‘ob&‘yrosixm ethyl ester hydrochloride (43 mge, Cel? ) wes
guspended in ether saturated with dry enmonia (30 mi.)e The mixture was

stirred vigoreusly for 30 mimutes, thon filtereds The filbirats WIS Ovae
porated te drynesse The residue was recrystellised from other-petroleun
athere

Yields 37 mge (200£)

Ho Pot J03°C; ILite HeP. 103°C (25).

e carbabetxzmqrakglntax@d—cmwlptyrosimﬁ etlyl amter (VIT)
7o an ethyl acetate sclution (5 ml.) of Cme-lptyrass:me atiyd

sster (37 mge 0.7 mM), carbobenzoxyeleglutazic acid anhydride (L5 mge,

0.18 m) wes addeds The reaction mixture wes stirved for 2l: bours at room

temperature and then weshed twice with dilute hydrechloric seid and twice
with waters The othyl scotate layer was dried over anhydrous marmegivn ’
sulfate, and then evapox’a'bgd to drynsss, the resulting materis) was recIys-
tallizod from ether-petroleun sthers

Yield: 36 mge (L3%)

HoPe 3 176%C; it MaPs 176°C. (9)

Aadiosctivitys 30,700 C/udn.fug.

Overall yield bosed on Cli-Letyrosines 38g.

fs  Carbobenzesy=Legluteyl-gl-Letyrosive, (VIIT)

Carbobengeny«Leglutany-Clielntirosine ethyl ester {36 nge, 0,08
M) was dissolvad in acotono (2 nl.), end 0.9 ¥ EaOh {Qe25 nl.) was addeds
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The slxture was stirred ad room temperature for 20 minutes, acidified with
Oe? § HCL (0s22 mls), ond the acetone removed under vocuums An 0l was
forpod which cryntallized afior eooling for & fov doys. Toe produch was
recrystalliized from acotone-mater,

Yields 20 ng. (59%)

HeFs ¢ 185°C; Idt. MuPes 165% (%)

Redioactivity: 30,900 C/min./mg.

Overall yield based on cmalptyrmsm: 228,

e Carbobonzoxy=Clielnclutemic zcid (¥)

ClieYrglutonic acid {30 uges Ge2 1) and sagnesiun oxida (25 mg.)
were dissolved in water (2 zle), and ether (2 mle) was sdded, The rdxture
was ccoled in an ice bath and stirred, 13 drops of carbobenzoxy-chloride
were added within half an houre The mﬁx&um'mﬁ then stirrsd for aix hours,
the 201138 forzed was cantrifuged dom and the liquiq phase was washed thgea
times with 2 mls aliguots of ethere The water layer was acidified with
dilute HOL, and then extracted with ethyl ascetute, The ethyl acstate solue
tion was dried avear anbydrons HgSOL and eveporabed to dryness, the residue
was recrystallized from chloroformepotroleun ethers

Tields 2505 mge (hilieS%)

MePo 3 1I5°%C. Lit, MePes 117-218°% (11)

he Carbobensoy=Cllieleglutanic aniwdride {VI)

cm~boixansmw-cljf~bglvztmaic acid (2565 ey 0.09 ¥M) waz added to
avetic anhgrdride. (0;2 wle); the mizbure was heated on a water both for a
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few mimtes, and then evaporated to drymess umder reduced pragsura, the
restdee was recryotellised irom chilorofurm=-patroleun otior,

Tielde 1740 uge (THE)

HePs ¢ S4°C; ILdte saPe: 94°C. (11)

1. garbobenzoxy~ClLerlutanyi-letyrosine sthyl ester §299)

This compound was prepared atcomiing to tho procedure described
in {e)«
Redioactivitys 26,600 C/rine/ g,
Q-mrall 71812 based on Cllielegintawic scids 145,
Jo  Carbobonzory~CU-Tmplutony3-Tetyrosine (verr)
This compound was prepared according to the progssurs described.

in (£),

Racttoactivity: 26,700 Cluine/mg.
verall yieid tased on Gﬂ‘wl.nglutwic acids 8%,

II:. BEogmatic Heaotion

2s Pepsin

The crystallive vepcin was obbained from Worthington Blocherdopl
T

Corporations This pepsin (Cel mgy protein B per mge of engymp) is iwice

exystallized from dilute alcohol according to the wm 2thod of Northrap (6l)e
Fresh solutdons of nepsin Wers prepared in Q.1 M acelate tuffer,

PH LeOe Migh enmyme concentration was used in opder o be able o isclats

substantizl quantities of enzyme fram the incubation mdxturs uslng & mindwonm

smount of ﬁuﬁ-labellad substrates
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be Subsbtrate
Because of very low solubility of the compounds » the concentration

of substrzte employed in the experiment was mode low enought to avoid any
precipitatioﬁ during the experirent.

' ‘ The dipeptide is very inscluble in water, In order to get it into
solution 8t pH Le0; a welghted emount was dissclved in a small amount of
dilute NaCH for two minutes, then dilute HCL was added to reutralizo the

NalHe
Cs Incubstion .
(1) Corbobanszeogr-l~glubanylel~tyrosing
Carbobenzony=Imglutaryl=L~tyrosine (1733 ngey b =) was dige

solved in 0,1 ¥ HaOl (0s25 mle) and pil LeO scetete buffor solution {OeS nle)
wag &dded, then Owl ¥ HCL (0.25 mle) was addeds After the asddition of a
pepain solution {1 mle, 13 mge of crysialline popsin per 1 mle of solution)
the mixture was incubated at 37°C in a constant temperature bathe '

Semples were talen out at different tiwe intervalse The pore
centage of hydrolysis was determined colorimetrically using the Koore and
Stein rinhydrin methed (55)

(2) Carbolenzoxyel~glubarylel~tyTosins etlyl ester

Same procedure ag in (1}

-~
L*
ol

Fontroin

The comtrol expsriments were rmum uaing same conditlons as in

(1) wt no substrste wes sdded to the incubation mixture.
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de Isolstion of intermedimte carmplex from tho reaction of carbobengoxy-
Lrglutany leCihmtyrosine or carbobongory~CHi~T slutemyl=I~tyrosine

with remein,
The substrate (0s2 mge) was dlssolved in Ol M HaGH (Ce25 mle)y

axel pH LeO acetate uffer (0.5 mle) waw added, then 0.k N HOL {025 mla)
and pepsin (1 mle, 13 ngs of eryeballine pepsin in pi LD acetsta bufler)
were addedy the mixtire wos incubated ot 37°C for 5 hourg, then, the rosce
tion mixtwre was transferred into a 15 ml. centrifuge tube, 1 mle of
ethancl and two drops of .conce HCL were added, After ecoling at 0"C over.
mighty the precipitate forwed was cemtrdfuged down, vwashed twice with
othanol and twice with ethyl ethey, then suspended in acebone and filtered
on welghtead peper disk (L(), dried and counted to 2 7 standerd errore
The results were corrected for back ground and self=-absorption. The appes
ratug used waz Gase{loweendwsivdow counter {Euclesr G cago, Hodel D-UT)e

@s Isalation of intermediste complex from the reschion of Garbobenzoxy -

LestubanyteCHalmiyrosing stim) ester or corbobensony-0lieTmglute

nyl=letyrovine ethyl ester with pspsin.
The substrate (0.2 mge) was Qissolved in water (2 ule), and the

PH of the solution was adjusted to PH LeCe Crystalline pepsin (15 nge)s
dissolved in 2 wls of Hp0 and adjusted to pH keUs was added, tiis mixture
was incubated at 37°C for 8 hourse

After incubation, the reaction mixture was cooled ab 20, and

extracted six timem with 1 rle porticns of cold ethyl atotate, the water
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lgyer wee then Yrephilimed, The solid residue wos susponded in acetone
ard filtered off on a filter raper disk and counted s desceibed in {d)s
f+ Iiverstion of Le~tyvosine ethyl ester from the intermediate complex

The intermediate complex, isclated as descpived in {@); vunz
dissolved in acetle acid or dietilled water {zijusted to X ls.é). It uas
inoubated ab 37°C in & comstant temperature bakh,

Saples vere daken out ab different imervals of time s toolad
in an jce bally, apsd washed six times with abhyl scvtates The resulting
sacecus aolution éeas Iyophilized, and then the solid residue wac suspended
in acetone, Iiltered and counted as described in {(3)e

Those etlyl acetste extracts were sveaporuated to dryness, the
residues wers spotted on Whatman paper Noe 1 and the chromutogram developed
in & réxture of Butenoleacetic acid-wator (helQS). Waen the rmun vas finde
shedy ©he paper was air dried end sprayed with a Qelf ninkydrine solutione
Spots corresponding to Istyrosine or I=tyrogine othyl ester were cut out
and their redicsctivity was determinad in a ges-flow coumbers |

IIZs Studdss on the Active Conter of Pepsin

8e Partlal igdrolysis of enmyme complex

The Intermedisle venplex (20 mg.) was dissclved in conge HCY
L me) and ds% gtanding for LS hours st roonm tenparatire, then it vas pud
i y -4

inbo a vacuw dessicator over Pplc omd solid Neld watil drve

e Scparvation of pepiides Ly yraem chromatography

The pariial hpdrolysate (2) was opotted ze o mtrea: on Whotnman.
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Noe 1 filter pepery the chromatogram was yun in butanoleacetic acid-wnter
(Lelz5)e An half inch longitudinel etrip was cub out from the dry sheet,
eut desm din @233 hald dnch 1ané plsces and each pilece was countad to
locete the radiecactive reptides,
te Elution of rediosctive poptides
Bactions of the Paperchromatogran containing radicactive subge
tances (as determined in (b)) were cut cut and the substances eluted from
the paper with distilled waters
d: Panor electrophoresis
The radicsctive substances eluted from the Popar vwere spotited
again en Whatmann papor Noe ey the paper wag then sub;jacted to high vole .
tage elsctropharesis (800 VOlts, 1.5 millismperes) in 0o05 M acetic acid

PH 340 for 5 hours, Radlcective regions were loceted on the paper using
the rmothod desoribed in (b)e
©e Compliete lydrolysis
Toe puritied Clivpeptide was camplotaly wydralyzed with 6 Y
in a sealed tube at 100°%C for 2L hours, and the amino acids in the hydrolye
sate vwere detersined by means of two~dirensionsl paper chromatographys
(a) wutenclescetis aéid»wamr (Ls125) (b) phenol-water (sl w/i)e
f» Semi-quantitative estimation of the smino acid campogition of
the e¥oentige
The peper chromatogran obtained 4n (d) was sprayed with a 2%
alcoholic minhydrin solution, After 30 hours in the dark, all the spots
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on the paper were cut cuts A piece of papor of the same size was also cut
out to be used a8 a blanke The color was eluted from the PEPEYT SQUATCE
with otlyd alechol snd the elenr aclutions read against the biank ab 570 e
The mino acid ecercentration is directly proportionsl to the optical
density.
ge Dstensinetion of Neterminal residue of ths (lipeptide
The purified Gm-pep‘bida was dissolved in water and a onall

quantity of NalCO3 was addeds To this solution was sdded 1 ml. of ethsnol
and one drap of 1=fluoresR, h-dinitrobensene (FINB)e Tho rixbure wes lofh
for 2 hours at room temperature, It was then extracted with seversl 2 nmle
portiona of ether, the agueous solution was acidified with a few drope of
6N 1Cd, then extracted with obhyl acetotey the ethyl acetate layer was
evaporated to drymesse The residue wes w:lissolvéd in 2 mle of 6 ¥ 8CY, and
bydrelyzed in seolsd twbo for 2l hours &t 100°C. The hydroiysate uas trans-
ferred to & certrifuge tube and diluted with 2 mla of waters The Neterminal
amine acld wes extracted with three 2 rile povtions of ether, '

The ether exbract wes evaporeted to dryness, and the residuve was
quantitatively transferred to & paper chromstogrus with & small roriion of
acetone, the paper uned vas Whatnern Noe 3 ¥M paper which was buffered with
PH 6 phthalate buffer (12). Tha chromatogran was developed with berte-amyl
aleohel, saturated with pit 6 phthalate buffars Pure NiP~miine acids were

gpotiod on the sane paper for reference,
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CHAFTER 3
RESULT AND DISCUSSION

Pepsin iz & proteclytic enzyme which has no egterolytic activity.
Pepsin is not inhiMited by diisopropyi~flucrophosphate or obher inpibitors
of that type which were used in the work on esterases. Ve therefore had
1o uwse another approsch to study the mechardism of action and the sctive
center of pepsine The isolaticn of nonoeacetyl-chynrotrypsin during the
pdrolysis of p«xﬁ.ﬁrophnwl acetate by chynotrypein was favored by the
fact thab the reaction vaw carried out et ph 5. At this pi value the goe
tivity of the enzyme is wery low, the relesss of the acotyl group from the
enryma belng the rate limiting steps The hydrolysis of substrates, such |
as carbobenstcy=Imglutanyl-Leotyrosine, {equation &, Figure III) Yty pepein
at pi L 4z & very slow reaction (Figure IV) as compared with other ongymaw

tlc reactions, Pepsin hydrolyses rrotoins or substrates such 83 anetylale .

tymsyl—lr-moaihe at pH 2 much more rapidly than the former substrate,
Therefore we thought thet the study of the slow hydrolysis at pH 4 conld
provide us with an mwer to cur probleme The firat step was the synthesis
of the labelled substrates. As ¢zt e acide are very expengive, the
rzain problen was to prepere the peptide derivetives on o micro seale,

e used a 0.2 millimolsr scale and the oversll yields obbained in
the case of the CleLetyrosine labelled substrates (388 and 222) can be
considered as very good on such & scalee In the cass of the .cm-glutamic
acld labelled substratos, lower ylelds were obtained (1h% snd 8%); reinly
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bocause the preparation of carkobenzexy=leglutamie acid gives a low yiald,
T reactions used in these synthesis were a1l well known resctions, The
eonditions were somehbimes elightly medified to sult our necds. The overall
Yields could be ralsed by 10 to 15 per cent if the complete synthesis wag
dene in the seme flask without isclating and crygtallining sy of the in-
termediary compoursis, but then the melting points of the final products
were always s few degrees lower, As 3t wus imposaitle to0 say in advance
which part of the peptide would remain bound to the ongyme, we had 10 syn-
thasize two -ﬁypzag‘ of substvatess 1, lshelled with sma tyrosine,
2, lobelled with CMiafeglutaric seide

The first substrate wsed wap the originel aubst:cfate usad by Fruton
and Bergmann (29) carbobanzoxyelrglutanylel~tyrosine, this substrate is
more sclutle than its oster, and can thereSore be uzed in higher contentra~
tione In order to isclate the protein from the reaction mixture after a
few hours of Incubation, we have tried many & fferent technigques, such as
alcohol precipitation, TCA precipitation, purification on don excharge |
resinge Results obtained by all these motheds were comparable, tub tho
first one proves to be the most converient to use, Typleal results are
given in Table IIT« It can be seen that only one substrate £ivos appre-
ciable incorporation, carbobengoxy=Iglntamyl-ciiciotyrosine; with the
substrate lebelled with Gli‘-nvgh;tamic acid, no incorporation whatasocever
was ovtaineds The time zero controls did not show any incorporetion, this
rules out contardnation of the pmc:!.pitaté by the substrate..’ The glliele

tyrosin sontrol showed Little incorporation; this shown that contardnation A
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by the product of the reaction cﬁkL-tyrcsine i not iwportant. There!'oye,
this can be taken as on indicatlon that most of the incorporation obtained
utth the CUatyrooine labelled substyste is due 4o She Winding o the en-
gvme molocule of clb—btmﬂim a8 & result of the enzymatic hydrolyeioe.

Az a conclusion, we assume that there is formation of a pepsinetyrosine
complex during the hydrolysis due to the transfer of tyrosine from the
substrate to some unknown group in the protein moleculs, followed by the
iberation of tyrosine and regereration of the frew sctiva onyoss  The
amount of such a complex we were isclating st thoat momerds wne very small,
probatly due to the method uvsed for the iselntiom, we then decided to use

a method identical to the one used to isolste monowacetyi=chynotrypsin (7).
¥e noed carbotengoxy-I~gzlutamyl-i~tyrosine etlyl estor ss substrate becruse
the substrate and the products of the rescticn, sarbobengoxyeL-plutardc
acid and Istyrosine othyl aster (equation &y Poure II1) are oll solubls ,
in organic solvents eand can be extracted Trom tie Teaction mixture, leaving
the pure protein which can be isolated by Jerhilizgbion, the vesnlts obe
tained are given in '.i;able ITTIs Here again there is o styong inddcstion
thet a complex pepsinetyrosine ethyl ezter iz formed os a regult of the
enzymatic mdmlysié, the incerporation ebbained was mmch Mgher than that
obtained in the previous experiment, the values obtained wore betwesn 26
end 54 counts per mimutes after 8 hours (26, L1, 54y 35 amd 32 counts/dn. ),
showing that the complex is not very stable. Much Kdgher incorporation was

ehtained later for longer incubation periods {(Figure IX)s This figure shows
thet the radioactivily of the protein precipitate incresses up to aboud 2l




PER PESS

«35=

hours after the beginning of the incubation and then remains at the sane
level for quite a long time. If we compare this curve to curve B (Figﬁre
T11) which gives the percent of hydrolysis in funetion of time, we seo
that it ie between the 20th and 2Lth hours that thers is s chenge in
the slope of the hydrolysis curve. Afterward the rate of iydrolysis is
mich slowers At sbout the samw time, the incoyporation of tyrosine etlyl
ester into pepsin or the fornation of pepsinetyrosine ethyl ester complex
reachws a plateans. The procedure used to isolate this enzyme precipitate:
exbraction with ethylacetate, freeve drying, washing with acetone, leave
10 doubt that the tyrogine ethyl ester is Lirmly bound the enzyme, other-
wize 1% would have been sashed awsy with the organic solvento. ,

We then made & few experiments to see il we could Mberate the Cﬂ*-
tyrosine ethyl ester from the enzympe. This sericvs of experimenta was not
antirely suceessiul, because we were nob able to litorate completely alil
the radicaciivity from the protein in water solution. There is & rapid
imitial liberation as soon &s the precipitate is dissoived in water, and
then the process becomes very slow {Table V)e It is popsible that She
enw has been partially denatured during the isolation, orgsnic solvents
gre knoun t0 denaturé proteins, and that part of tha‘ tyrozine etlyl ester
is lrreversibly bound to the enmyme. Hub the exmainstion by paper clromae
topraphy of the etlyl acetate exiracts from these experdments has clearly
shown the presence of free Gu’-tyrosine eﬁhyl ester (Tabla V)s The only
explanation poseible for :ﬁhe pregence of this compound in these extracts
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is that it wes liberated from the enzyme intermediate comploxe In acebic
acid solution the Iiberation is mich move rapid and most of the radionctie

vity can bo ubarateﬂﬂ'm the enzyme. Tt was mso yosaible to show the

:pfemma of Gmwt:,mina in addition to fiﬂi‘-t}rraa&.na othyl ezter on the
péper chromatiograme The awount of tyrosine seems bo increase with tine
ari with {lw temperature., Tt is therefore possille that in acetic acid
golution the tyrowine ethyl ester libarated is slowly hydrolyzed to free
tyrosires The values roported in Table ¥ for the radicactivity of the ty=
rogine or tyrosine 'ei;h;rl‘ egter gpote are not ‘vaz'y hghe This is to be
expected bevanse the filter papar 19 knosm Yo absord the Cu‘ radiations,

j The next step in ocur investipation was an sttompt at elueidating
the strueture of the sctive cembers Tf 4he eMotrrosine ethyl ester is
bound to the active center of the anzyne 4% is ressonsble to expect that
upon partial decompositiorn of this cormlex, soms pepiides contaiming the
¢ 3obel w11 be formed. o therefare hydrolyaed partially the complex
with concermtrated hycdrochlopie eeidy and the resulting peptide pixture
wos fractionated first by paper chromatorraphy, Tids process save rica o
a soparation into 2 4o 10 corponents (blue bands on paper after spraylng
with rdnhpdein}, and only one of these components wes strongly radicactive.
From tinme %o tirme, sono radioectivity wae elso found associated with the
coxponent remalning at the ordgin on the peper; and with the comnonent
having the sanelf velue as tyrosine ethyl ester but always the mé,;}cr |

fraction of the radﬁ.oaét.i%ty vaz asseclimted with the comporent having a .
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Ry value of 0e35e This component cennot be free tyrosine (Rp value: 0.27),
free tyrosine ethyl ester (Rp values 0408) or carbobanzoxy~Leglutamyl=le
tyresine ethjrl aster (Re valuos 0.90), we consider these resulits as a very
strong proof that tyrosine sthyl ester is really bound to the engmpmme to
fors: a complex, and that thls component is a peptide cordng from the sctive
center of the engymee

The yradicactive camponent wam further purified by paper olectrophoe
resis o give & single radleactive component moving by about six centime-
terg touard the negative electrode in acetic acld tuffer 0,05 M, pH 34C
after being subjected for 5 hours to 800 volts and Le% milliarperes. This
gingle radicastive component was analyzed for amine scid by semiquantita-
tive paper chromatography, the results are given in Table VIe Alanine,
being an smino acld mﬂwr stable to scld hydrolysis, was given the value
of 1. It cen be goen that alsnires aspertic scid, serine, glutaric ecid,
threonine, argimine, veline and Jeucine are present in equimolecular amount
while there is twice as such tyrominei this Yyrowmine spot is radicactlives
The wvalug for serim‘ is rather low, tut serine is not very stable during
acid hydrolysis. We believe that this peptide, containing aspartic scld,
perine, Plycine, almmine, glutemic acid, valine, threonine, arginine, leu-
cine, and Yyrosine to whlich is bound tyrosine ethyl sster, is part of the
active center of popsine

We have not yebt beon able to determine the amino acid sequence of
this peptide, Some praliminary work has been done, using l-i'luom-2§

S L
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hedirdtrobensene {FOFE) to detemdne the M-terming) vesiduo. Unfortucs bell,
this peptide does nob glve easily & Netorminal residue; thisc mey bo an ine
dication that the Neterminel residus iz sither aspartic &gld, giyeine oF
serines Dinftrophenyleglyeine {DHPeplyeine) and DiP-serdne are sasily
destroyed during scid hydrolysise On the other hael, peptides and proteins
having sepertic ecid ag Neterminal amino acid, are hnown to give very low
yield of NiPenspertic acide o have olse found that the rediosciive DilPe
peptide is extracteble 1n ethyl ecvteto from the alksline dinitrophenyia-
tien solution; thie is rather umsusle On the ofter hend, no froe DNPe
tyrosine or DNP«fyrosine ethyl ester have boen ieclabad Uy peper chramato-
graphy from those renction mixtures, thiz is ore more procd in favor of
the existence of a pepsin-tyrosizo otlyl ester inbermediste complex,

The existence of such a cvomplex ﬁ.s_alsb in accord with the work of
Kenmann and coworkers (60) or pepsimecatelysed transpoptidation of the
am.nostransfor typee They found that during the bydrolysis of carbohonzcxy-
I~glutenyl-letyrosing, the peptidss cartobonsoxy-LeglutamyleLetyrogylele
tyrosine and l~tyrosyl=l~tyrosing were formed as well as free tyrosine grd
carbobengoxy~I~glutamic acide In order to explain these resulis they suge
gestod a mchmﬁ.sm.imolvi&g the formation of en intermediste enzymo-tyro-
sgine compleoxy then the tyroaihe coulqd be btransferred to water to give free
Yyrosing, to tyrosine Yo glve tyrosyl-iyrosine or to the substrate io give
carbobensoxywlegintasylel~tyrosyi=l-tyrosire; they did not isolate the ine

termediate comploxe Our work, in which the intermediste complex was iscla-
ted, sugrests an identical mechardsm (Flgure ¥1)s It should bs noted that |
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it is the first time that & complex betwean ap ensyse and an astno acii op
poptide substrate is isolateds Accordivg to this mecherdsm pepsin would
act es a transferring ensyme which would transfer sn ayino group from Lho
substrate first to an wpkncin grour in the angyme itgeld, spd thon 4o
yeter or to an chbher raceptor haéri.ng & froe carvoxyl growps The overall
reaction could be conuidered then as a transpspbidation. This mocharism
would also fit the scheme presented in Pigurs Jo We have s stopwise libge
ration of the profucks of the resclica with formubion of an intemédia‘ne
FSY complitXe

During the last few years sewers) pupers have establiehed that 3n

esterases a histidine and a gerdine residues ave imvolved during the }v;dré-

Iysis wnd that in the steble complex isolated the foreign group is boupnd

to the serine residue. It hes also beer ssheblished that the seguence

-glycyl-agpartyl-soeryl- is common Lo woagy cptereses. In cur wak we have

not yet sgteblished the amino acid sequentce of tho radloactive peptide
iscleted, bul the smino acid compowition (Teble YI) im entirely c:omg.»a‘bi‘ble
with: the anine aci&l sequence found in esterasese Metwrally in pepsis it
is @ifiScult to concolve hww the Lpdroxyl group of serime could serve as
an acceptor for tle mmivo group of tyrosine, Ll fres carboxyl mroup
arising for tiw side ciwin of & dibasic mdno acid is mch more inicatod
for such & relss In the redicactive peodide we have two such groups: the
Pecarbvonyl group of sspartie acid and ils y~carbomyl proup of glutende

aeide It showldd be remsbered that the pH stulies of il and Curide (18)
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suggested that a carboyyl group is involved &t the active center of pepsine
It is also interesting to nete that in all tho sequences deternined in ep-
tersses an aspartic acid or glubtamic acid residue is next to the active
gerine residue. The optiesum activity of pepsin in acid solutior could also
be explained by the fact that a carboxyl group is involved at the active
conters It is alsmo very intereating to nole that the amino acid composi-
tion of the ralicective poptide is compatible with the sequence =-threonyle
G=phosphoseryleglutanyl- found in pepsin (26). The solubtion to this
problem must avalt the determination of the sequaence of the radioactive

peptide isolated.




i’
}
(
1
!

.

e

2

3

lie

5

ba

To

Be

xT.

CIATMG PO ORTGIMAL RESVARCH

The synthosis of Cli=labelled pepsin substrates have been accomplished

for the first tino.

cH-1sbelled peptide substrates were wsed for the Pirst tire to study
the mode of action of 2 proteolytic enzymoe
A mochanism for the engymatic lnpdeolyais of a pepdide Yy pepsin hes

beon proposedy
Intermediate capleres pepeinetyrosing eml pepsinetyrosine etlyl ester
have been isolated for the first timee

The rate of forsation of tha complex has been studied.
The decorposition of the coxplex hes been studiedes

A popbtide fron the active center of peopsin was isolated for the first

timp e

The amine acid coxposition of this peptide vas determined,
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IABIZ X

Amine Acid Corpopition of Ferain (13)

Aming acid

Iysire
Hotidine
Arginine

Aspartic acid

THreonine
Bardine

Glutarde acid
| Prolins

$lycine

Residues
ner mols

B Y ENEBE o v w

Arine éci&

HalfeGystine
Valine
Hethionine
Iselcucine
loueins
Tyresing
Phenylalanine
Trypbophan
Hydroxyproline
Ardde HH3y

Ragidues
per moie

©5
27
28

&

(23

el
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TABLE IX
Pepsin Subgtrates

Substrates
I

Acetyl-Lephenylalanylel-phanyl alanine
AcctylelatyrogyleI~tyrosine
Acetyl=I~phonylalanyl-L-tyrosine
Carbobsnzoxy-I~tyrosyl=L-phenylalanine

1z

Carbobenzoxy=L=zlutanyl=L-tyroaing
Carbobenzoxyslreyisleglutony Y L-typogine
Carbobansary-Imglutaryi=Letyronyl glycine
Olycylelmglutamylel=tyroaine
Carbobenzoxy=Iegtutanylel~phenylalaning
Carbobenzory-l-mathionylelstyrosine
Methionyl=L-tyronine
Carbobengoxy~L-cystelnyl=I~tyrosine

iIx
carbobonzmg-lpglutmluzuphmvlnlamm
Carbobenzoxyrlyeylel~tyrosing
Carbobenzogye-leglutaryl-Letyroninapide
Imglutarylelmstyrosing
Cartovenaoxy~i=tyrosyl=l~cyrteine

I~Tyrosylel~cysteino
I~Cystelnyl-l~tyroaine

Rl Vsl oot Nis?

e P S SV L W L L N L

At St Vot Pt S

R&fﬂ.

()

(29)

(34)

(29)

(3L

Tha substrate have beaon divided into throe claspes according to their

sprracivate esse of hydrolysis I D IT ) IIIf.
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TABLE TIT

Beaction of Pepsin with »CMME&&WI{“
glutnnyleI~tyrosine at pi L0 and at 7%

time (hrs.) counts per

nimte per
Subatrates gZe protein *
Carbobengony=Leplubanylet el ~tyrosing ) o
Carbcbenzmw~rpglntamyl~cu¢~wymim 8 12
el mtyrogine 3 2
Carbobanzoxy-Clieleglutanylelstyrosine 0 0
Carbobenzoxy=¢ Ul mglntenyl-Ityrosine 8 0

&
Resmults are corrcoted for selfabsorption and baek ground,
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1

fleagtion of Papsin with Carbabum‘mxy«}wgﬁutmgrh
Intyrosine stlyl ester at pif Lo and 3r°%

tie (hrg.) counts por
mmite per
Substraten e protein ¥
C‘»arbabanzmayl-cukbglutanvlw 0 G
I=tyrosine ethyl ester
aarhobﬁmacwlwcmhglutmim
I~tyrogine othyl aster 8 0
carbobanamwl~1palu‘bwl-cm-
I~tyrosine othy) sotex B 26=54
&

b e X

~ESULGE e corrocied for selisbsorption and backiround.,
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Amine Acid Composition of the

Radivactive Peptide fron the

Anine acids

Alanins
Aspartic acid
Serine
Jlutavice scid
Glycdne
Threonine
Argining
Valine
Irreoine

Ieucings

Active Cenmtor

Relative concentration
in mole
1.00
0470
Ca57
0,85
0635
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Hechenlsu of Ensymatic Ester Hyrdrolyesis

B+ 3 —ES

ESs — B¢ + Py

B 8§ ——— 23
ESY —— B + Py

FICURE X
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Synthesis of Substrates

CHp=GO0H Gy, o
é!!g (xx)} Hg
Hol=CH=000H EgN~CH-COUH (X)
lc(,ngc;zgococz ‘dry BICH, BOL
(r’HaGOOH v gi:am:
CHp (V) Clig (111}
céuggngmo-m-éx-cem Kﬂbﬂzﬁ-&ﬁ*comaﬁs
(Ci360),0 Ny Ether
R 64H, 08
Hy 0 (VL) fﬁ‘a an
CEEGCHROCOMM-CH00" 1. Hyl=CH~COUCoHS
! 1 |
}
GHQCWG&%GH
.  CHp éﬁg
cgz;«cngmo-m-c:-scm%%mowang {vi1)
b0
il
CHa fﬁz
COHG=CHO0 Omlllial OO~ I=CH-0000  ( VIII)

¥IGURE IX.
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Bydrolysis of Substyates by Pepsin

?Hzmm ?@{hﬂﬁ
Lhp ij-?fiz
CAHECR20G OelHwCH=COmIT=CH=0 O0R

{WI1)
i L l E
?}320002‘! SR
e
CEHECHAOCO-HMICECOM  + HoN-CH-COCH
(I} {1}

?yacomi ?ﬂm

CHg CHp
cgygc}zgaco-xmncﬂ-cwm-égﬂmgg
{11)
whiz
?HQG@OH ?gwn
fﬁa GHg

|
CEHGCHROCO=MOHC0ME  +  HplCH-0OOCoRS

- {13) )

FIORE ITX
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Hechanism of Action of Pepain

B=COMHwR? 4 Ew{O0] —meeee  ReQOGH 4 Re(0=NHR?

EeCO=NHeR! + Ha0

E-COGH + HHp RY

FIGURE VI
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