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Computer simulation of proteolysis. Peptic hydrolysis of
partially demasked p-Lactoglobulin

M. M. Vorob’ev and I. A. Goncharova

Computer assistance was used for simulation of proteolysis of parumber of peptides was found to depend on the depth of hydrolysis.
tially demasked3-Lactoglobulin by pepsin. Total proteolysis kineticsWhen the number of identified peptides was only 10, the computer
and kinetics for intermediate peptides were computed by PROTEOLSimulation has allowed to predict a half of experimentally determined
SIS program for different rates of demasking. The increase of demasi#eavage sites. The influence of the dimension of enzyme active site
ing rate by a factor of 100 gives twofold increase in the total hydrolyand of the secondary structure of substrate on the efficiency of predic-
sis rate. The identification of cleavage sites on the basis of limiteibn of cleavage sites was analysed.

1 Introduction where lg is the rate constant of demasking, ik the rate con-
stant of hydrolysis of demasked bonds, and N is the amino
The computer assistance seems to be very useful for quamitrogen, the chemical outcome of the reaction. Demasking
tative studies of proteolysis kinetics because one can analysameter ik, plays an important role in the kinetic regula-
in details the complicated patterns of fragment evolution dution of proteolysis, especially at the initial stage of the process
ing the process. For the random degradation of homopolymefs, 8].
the exact mathematical description of the kinetics for each of Pepsin is a well known example of a proteolytic enzyme
the fragments was published [1]. But for enzymatic hydrolysigith extended active site of the dimension of approximately
of protein, which is heteropolymer, the kinetics is complicateB—10 amino acid residues [3]. In this case, the rate constant
by the different splitting potentialities of different bonds infor the hydrolysis of a bond is determined not only by amino
polypeptide chain as well as by the process of enzyme satuesid residue containing the CO group of this bond (primary
tion. To overcome these difficulties, the PC software PRGspecificity), but also by other amino acid residues (secondary
TEOLYSIS has been elaborated to simulate enzymatic hydrspecificity).
lysis of any protein with arbitrary amino acid sequence [2]. Specificity of the proteolytic enzymes is quantitatively eva-
In spite of the importance of proteolysis in food science anldated by the set of hydrolysis rate constants for different
biology, no general model has been created up to date bonds in various polypeptide chains. To evaluate specificity,
describe the proteolysis quantitatively for different enzymespme approaches were suggested including statistical analysis
substrates, for various reagent concentrations, at arbitrarfya multitude of proteolysis products [3] and kinetic studies of
degrees of proteolysis. Meanwhile, three major steps twydrolysis of low-molecular-weight substrates [5].
approach the quantitative description of proteolysis were B-Lactoglobulin (BLG) is the major milk whey protein. At
made. Firstly, the increments of the rate constants were intracidic pH, BLG is resistant to peptic action [9], however, it
duced which evaluated the contributions of various amino aciwn be hydrolysed after some breaking of its tertiary structure
residues [3]. This allows to calculate the splitting potentialitieby high pressure [10], chemical modification [11], or interac-
(rate constants) for any peptide bond in any peptide chain tion with the ethanolic media [12]. In the terms of Scheme 1,
the basis of amino acid sequence of this chain. Secondly, tthe treatment of native BLG gives some new substrate with
role of the proteolysis degree was established as a single argigher extent of demasking, i.e. the partially demasked BLG
ment for the functions which describe the changes of differemtith higher ky/ky, ratio.
properties for hydrolysates during proteolysis [4]. Thirdly, the The production of valuable individual peptides with high
functions, instead of rate constants, were used for descriptitavel of functional properties [13] and physiologically active
of kinetic parameters which can be compared for different supeptides [14] is of interest for scientists now and will be of
strates at an equivalent degree of peptide bond hydrolysis [Sjnterest for practice in the nearest future. It requires the ela-
Proteolysis is regarded in the present work as two-stage piwsration of new experimental methods of determination and
cess, including the demasking of masked peptide bondsrB identification of individual peptides in the complex mixtures
the first stage and the hydrolysis of demasked bongdsrBthe as well as the elaboration of new computer algorithms and pro-

second stage [6]: grams for prediction of peptide fragmentation [15].
y § Computer simulation allows to utilize available experimen-
Bn —> By —> N, (Scheme 1) tal data for the calculation of the parameters entering into the

model. Then these parameters can be used for prediction of
proteolysis kinetics for new protein substrates with desirable

FoodinformLtd., ul. Vavilov 28, RUS-117813Moscow Russia. amino acid sequences and demasking parameters. The most
Correspondenceo: interesting is a question of the correspondence of predicted
Dr. M. M. Vorob’ev results with the experiment.
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Figure 1.

Interactionof peptidechainof substratevith the activesite of pepsin.Amino acid sidechainsof substratgsideradicalsfrom R,_4 to

Ri:5) interactwith the enzymesitessignedby P symbols.Arrow showsthe peptidebondto be hydrolysed.The maximumdimensionof the

enzymeactivesiteis 10 aminoacidresidues.

The purposeof this studywasto apply the PROTEOLYSIS
programfor description of peptic proteolysisof globular pro-
teinson the exampleof BLG proteolysis.Anotheraim wasto
establishthe quantitativerelationshipbetweendistribution of
peptidefragmentsand splitting potentialitiesof different pep-
tide bonds.

2 Methods

The following differential equation describes the kinetics of
demasking:
dBy/dt = V(B E, D, kg/kp), 1)
whereV is demaskingatewhich is regardedasa nonlinearfunction
of B, E is the concentrationof free enzyme,D is the proteolysis
degreeky/k;, is the parameteof demasking. .
For eachof i-th proteolysiscomponentvith molar concentratiors,
the separatelifferentialequationis valid:
ds/dt=V. (S, {S}, E, D), 2
where V|, is the rate of productionfor i-th peptide.{S} is the setof
peptideswhich arethe sourcefor i-th peptide.
Massbalancesquationsare:
Enzyme:

E=Ey[1 +SyKy (D)]
Substrate  Sp= S L(i),

©)

whereE is the enzymeconcentrationKy, (D) is the Michaelis con-
stant,which is regardedas a function of proteolysisdegree.S; is the
concentratiorof all aminoacidsresiduesandL (i) is thelengthof the
i-th peptide.The procedureof the presentatiorof kinetic parameterss
afunction of D andthe necessaryormulaewere publishedby us pre-
viously [5]. It allowsto significantly decreasehe numberof differen-
tial equationsfor kinetic descriptionof polysubstrateenzymaticreac-
tions.

Algorithm for calculationof rate constantsand a setof increments
for differentamino acid residuesalso shouldbe defined.By analogy
with statisticalprocedureintroducedby Antonov[3], thesedatawere
presentedisa setof 10 incrementgescribingthe interactionof pepsin
with amino acid residuesn the differentsitesfrom P,5 to P_g, asit is
shownin Fig. 1.
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Figure2. Block schemeof the PROTEOLYSIS program.

When full information about pepsin specificity was taken into
account,the hydrolysisrate constantsk,} were calculatedas func-
tionsof 10variableg(Fig. 1).

Ky =f(Ri_a, Ria, Rz, Ris Riy Rists Ris2y Riva, Risss Riss) 4)

The hypotheticaldecreaseof the dimensionof the enzymeactive
site from 10 to 5 (3) amino acid residueswas simulated by the
decreasef the numberof variablesasfollows:
kn=f(Ri2 Ris, Ri R Ria) o Ky =f(Rig, Ri, Ri) (5)

The main menu panel of the PROTEOLYSIS program includes
HELP, PROTEIN, ENZYME, KINETIC CONDITIONS, SIMULA-
TION, RESULTS and QUIT options.The programautomaticallyesti-
matesthe necessaryparameterdor enzymeand substratewhich are
definedby the user(subroutine® and3, asit is shownin Fig. 2). Spe-
cial subroutinehelpsuserto define amino acid sequencen the sub-
strate.Another subroutineprovidesthe calculationof the setof {k}
for differentbondson the basisof the aminoacid sequencef substrate
(eq.4 or 5). Fig. 3 showsthe panelfor definition of proteolysiscondi-
tions(KINETIC CONDITIONSoption)andthe procesof calculations
(SIMULATION option).
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Help Protein Enzyme Kinetic conditions Simulation Results Quit

Specificity
Parameters
Run

Protein : beta-lactoglobulin B

Concentration (mg/ml) S =5

Enzymes : pepsin

Concentration (mg/ml) El = 0.1

Proteolysis time (min) : tl1 = 12

pPH : pH1 = 3

Temperature (°C) Tl = 37

I— Step = 00.30 Calculation Secondary —
t = 3.3 N = 162 d = 0.0064

Wait, please ... ESC-Abort

Figure 3. Printscreerpatternfor the PROTEOLY SIS program.Definition of the kinetic conditionsandthe proce-
dure of calculations.Parameters, E, t, pH and temperatureare definedby user The progressof calculationsis

demonstratethy presentatiorof currentt andD values.

The numericalinput data consistof E,, Sy, T, pH and proteolysis
time t (Fig. 2, block 1). After integrationof differential equationset
consistingof eqs.(1)—(2) (Fig.2, block 4) with Runge-Kuttaalgo-
rithm, the programrepresentkinetic outputdatain the graphicform
(Fig. 2, block 5). In the caseof known structure-activityrelationship,
the programcanbe usedfor the predictionof the change®f hydrolysis
propertiesduring proteolysis(Fig. 2, block 6). This programwaswrit-
tenin C, andit doesnotrequirethe WINDOWS operationsystem.

The additionalinformationaboutPROTEOLY SIS programis avail-
ableontherequesby E-mail: mmvor@ineos.ac.ru.

3 Results and discussi on

3.1 Total proteolysis kinetic s

Amino nitrogenN, i. e. the sumof the molar concentratios
over all amino compounds(intact protein, all peptidesand
amino acids),increasesn the courseof proteolysis,owing to
continuoussplitting of peptide bonds. Amino nitrogen N(t)
and proteolysisdegreeD(t) = N(t)/(Bi(t) + B4(t) + N(t)) are
calculatedby PROTEOLYSIS program for any moment of
proteolysis. These functions determinethe total proteolysis
kinetics describingthe processas a whole, and are usually
experimentallydeterminedvith TNBS [16], pH-stattechnique
[17] and other methods,which give proportionalresponseo
themolarconcentration.

The exact values of ky/k, parameterfor BLG partially
demaskedy different ways mentionedbefore are unknown.
However for the estimationof this parameterthe dataon the
initial proteolysiskinetics of whey milk proteinsand caseins
canbe used[7]. At neutralpH, whey proteins(BLG, a-lactal-
bumin and bovine serumalbumin) are easily accessiblefor
action of chymotrypsin,trypsin and pancreatin7, 8, 17, 18].
The initial ratesof hydrolysis by chymotrypsinof a- and p-
casein(unmaskedgolypeptideshains)wereshownto bemore
than two orders of magnitudehigher than the rates of the
degradatiorof milk whey proteinslimited by the proteinglob-
ule demaskind7]. Therefore for ky/k;, parameterthe rangeof
4-0.04 was assumedo correspondto the interval between
fully demaskedndpartially demaskedubstrate.

N(t) is shownin Fig. 4 for pepticproteolysisof BLG, when
the ky/ky, parametewasundermodeling.Theincreaseof ky/kp,
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Figure 4. Dependencef the proteolysisdegreeon the proteolysis
time. Proteolysisconditions:S; = 5 mg/ml, E; = 0.1 mg/ml, T = 37°C,
pH =3.0;1 - kyk, = 4; 2 —ky/k, = 0.04.

parameterby a factor of hundredleadsonly to an approxi-
mately twofold increasein the total proteolysisrate which is
registeredafter someinitial period of proteolysis.Suchclose
total kineticsfor substratesvith differentlevel of peptidebond
maskingwere not surprising.For example the rate of product
accumulationupon the proteolysisof milk whey proteinsby
trypsinwasabouttwo timeslower thanthatof caseing18].

3.2 Kinetic simulations for individual peptides

Therearethreedifferenttypesof individual kinetic curves.
The first oneis the monotonouslydroppingcurve,which cor-
respondgo the intact protein (Fig.5 a, b). At a low rate of
demasking(ky/k, = 0.04), the degradatiorof intact BLG was
computedto be finishedin 68 min, while at a higher rate of
demasking(ky/k, = 4) that was computedto be donein 25
min. Kinetics of the hydrolysk of the intact proteinis mostly
determinedoy ky parameteandcanbe usedfor the estimation
of the demaskingstage(Schemel), asit wasshownby uspre-
viously [7].

The secondone correspondsto the intermediatepeptide
products,which are accumulatedand then consumedas the
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Figure 5. Dependencef the concentrationof individual componentson the proteolysistime. 1 — intact

BLG, 2 - Leut*1le®? 3 - Lys™>11e1®? 4 — Glu*>-11e!62
a) Demaskingparameteky/k,, = 4.
b) Demaskingparameteky/k,, = 0.04.

resultof hydrolysisof intrinsic peptidebonds.Thesepeptides
beingthe intermediateproductsareaccumulatedndthencon-

sumedin the course of proteolysis. Intermediate products
representherelatively long peptideswhich canbe surfactants
or possesphysiological activities. The PROTEOLYSIS pro-

gramallows to predictthe time intervals providing the accu-
mulation of desirablepeptides.An illustration is shown in

Fig.5a, b on the exampleof two peptidesLys’>-lle!®? and

Leut3311e62

Third type of curvesis relatedto the residual proteolysis
productsconsistingof amino acids and short {)eptideswith
unspecificpeptidebonds(Fig. 5a, b; peptideGlu*>"-1le*%3).

Onecanevaluatethe lifetime t of the intermediatepeptide,
asit is shownin Fig. 6. For example,for the peptideLys’-
11le®2 ¢ is 35 min (kyk, = 4) and 73 min (ky/ky, = 0.04), that
correspondso D, = 2.6%, whereD, is the lifetime evaluated
in the termsof degreeof hydrolysis,asit is shownin Fig. 6. If
one assumesthe maximum proteolysis degree for peptic
hydrolysatesas 15% [19], the ratio D./15 = 0.17 presentghe
dimensionlesslifetime. For comparison,this parameteris
0.027for theintact BLG. For the preparatiorof somepeptide
by proteolysisfrom an appropriateprotein, the lifetime of this
peptidein the reactionmixture is practically important,indi-
cating,for example therequiremenbn the narrownes®f time
intervalfor the collectionof somefraction containingthis pep-
tide.

The maindifficulty of the theoreticalanalysisof proteolysis
kinetics consistsin a huge number of proteolysisproducts,
while their concentrationgontinuouslychangeduringthe pro-
cess.Evenin the preciseanalyticalexperimentghe numberof
theidentified peptidesin the hydrolysatess limited [20]. This
makes difficult the prediction of major componets, which
could be found in hydrolysatesby an appropriateanalytical
method.In this study the numberof identified compoundss
assumedo be 10.

The PROTEOLYSIS programmadeselectionover all pro-
teolytic componentsandrepresented list of 10 components,
which have maximumconcentratias during the definedtime
interval. Using this informationone cansimulatethe fragmen-
tation of the BLG hydrolysedby pepsin,asit can be deter
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Figure 6. Definition of the lifetime of the intermediatepeptides.t
correspondsgo the time interval, whenthe concentratiorof a peptide
doesnotdroplower thena half of maximumconcentration.

minedby someanalyticalmethodswith afinite numberof ana-
lysedcompoundgFig. 7, ky/k, = 0.04andFig. 8, ky/k, = 4). In

this seriesof computer experiments,the dimension of the

active site for pepsinwas assumedo be 10 amino acid resi-

dues.The increaseof time interval of proteolysisallows to

revealnew peptidefragmers, which are shownin Fig. 7 and
8. Thesenew peptidefragmentsallow to identify newcleavage
sites,which werenot predictedin the previousperiodsof pro-

teolysis. Thus, in the caseof a limited numberof analysed
compoundsthe result of identification of cleavagesitesmay
dependon the depthof hydrolysis.It meansthat the average
lengthof peptideg(degreeof proteolysis)shouldbe takeninto

consideration,when one makes conclusion about possible
cleavagssiteson the basisof proteinfragmentation.

The demaskingparameters lessimportant,especiallyat the
secondstageof proteolysis,when the demaskingstagedoes
not limit the hydrolysisstage(Schemel). One canexpectthe
similar distributionsof peptidesn the hydrolysatesbtainedat
differentkinetic conditionsbut with the closedegreesf pep-
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ILeu‘ Ile162|

t=0
lLeul Glu74, |Lys75 Ile!62
ILeul Leu32J lAsp33 Glu74] i Lys75 Alal32} | Leu!33 116162]
Leu!  Ala® lAsp33 11e162|
|Asn88 Ilem|
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boe vewd a2 o]
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t=180 min
!]_/eu‘ Thr? l [1e2? Leuﬂ
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Figure 7. Major component®f the proteolyticreaction,asit wassimulatedby the PROTEOLY SIS programwith ky/k;, = 0.04. Dimensionof
theactivesite of pepsinwasacceptedo be 10 aminoacidresidues.

I,'I.cul I]clszl

t=0
l].cu1 Glu“] lLys75 Ilem|
l]_euI Lcu32J |A5p33 Glu”} LLys75 Alaml l Leu!33 [le!62

Leu% Gl

l Lys’>  Leu®

t=60 min
|Ala25 Leu32| [Asp” Glu45]
t=120 min
Leu‘Thr“—| |A|325 Leu3! | Leu3? Lys$Glu™ Gluts? [le!62
t=360 min
|Gln5Asp”| lIle29 Leu3! l
t=600 min

Figure 8. Major component®f the proteolyticreaction,asit wassimulatedby the PROTEOLY SIS programwith ky/k,, = 4. Dimensionof the
activesite of pepsinwasacceptedo be 10 aminoacidresidues.
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Figure 9. Major component®of the proteolyticreaction,asit was simulatedby the PROTEOLY SIS program.Dimensionof the active site of

pepsinwasacceptedo be5 aminoacidresiduegky/ky, = 4).

tide bond hydrolysis. Very close distributionswere found for
hydrolysatesimulatedfor 60 min of proteolysis(Fig. 7, ky/ky,
=0.04,D = 2.5%)andfor thatsimulatedfor 12 min (Fig. 8, ky/
ki, = 4, D = 1.8%). In spite of the differentdemaskingpara-
meters,the overall cleavagesites, which were determinedon
the basisof the fragmentationsshownin Fig. 7 and 8, were
foundto bethesame.

3.3 Comparison of the predicted cleavage sites with
experiment

The hypotheticaldecreasef the dimensionof the enzyme
active site from 10 to 5 aminoacid residuedeadsto a change
of the peptidefragmentdistribution, asit is shownin Fig. 9.
But the further decreasef dimensionfrom 5 to 3 givesless
realistic results. Table 1 shows 8 coincident cleavagesites,
which wereidentifiedin the hydrolysatesof BLG modified by
two methodswith applicationof high pressurg10] andby the
action of ethanol[12]. Thesecoincidentpeptide bondswere
assumedto be hydrolysedindependentlyof the method of
globuledisturbanceand one canexpect,that thesebondscan
be predictedby the PROTEOLYSIS program.As one cansee
(Tablel), the computemodellinghasallowedto predicta half
of experimentallydeterminedcleavagesites,whenthe dimen-
sion of the active site was 10 and 5. At the dimensionof the
active site of 3, the prediction power of simulations was
reducedthat canbe anticipatedbecaus®f the lossof informa-
tion aboutthe pepsinspecificity (eq.5).

This resultwasobtainedin approximationof a limited num-
ber of identified peptides(10 peptides) while oneshouldreal-
ize that a further increaseof the peptidenumberleadsto an
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Table1l. Theinfluenceof thedimensionof the enzymeactivesite on
the predictionof the cleavagesitesin the partially demasked®LG.

Cleavagesite* Secondary Resultof prediction

structure

Dimensionof the activesite of pepsin
3 5 10

Asp11i le!? +
Trp19L Tyr?0
Led?t Leu? + + +
Led?H GILsS B-sheet
Phé2k |y B-sheet + +
Ala el g-helix + +
Leu“% set®  p-sheet
Leu's8t GIutS? + +

* List of the cleavagesitesincludescoincidentcleavagesites,which
were determinedin both hydrolysatesof BLG modified by high
pressurg10] andby the actionof ethanol[12].

increasdn the numberof cleavagesites.It is alsonecessaryo
stressthatthesebondswerecomputedonly on the basisof the
primary structureof substratewithout X-ray data.

The setof the predictedcleaval esites(Figs.?—Qg consists
of 15 peptidebondsThr*-GIn®, Asp-lle?, Ala®>-Ala®®, Asp’®-
e, Lew?tLeuw®? Leu*?Asp® Glu*>-Leu'®, GIn®8-Lys™,
Glu"Lys™, Phé‘z-L%/sgs, Leuw’-Asnf8, Alal®-Cys® Asp'?
Aspt® Alal®%Leu'®, Leut®-Glu'®". The native BLG mole-
cule consistf B-sheetwhichis formedby 9 strandgresidues
16-27, 39-44, 47-58, 62—-76, 80-84, 89-97, 102-109,
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115-124 and 145-150) and one a-helix (130-140) [21].
Orderedstructuresinclude 58% of all residuesin the native
BLG. Thus, 9 from 15 predicted cleavagesites (60%) are
involvedin the orderedstructureor attachedo them.

It is well known that disorderedsegmentf peptidechain
possesonformationalflexibility and susceptibilityto proteo-
lytic attack. Becausethe PROTEOLYSIS program does not
takeinto consideratiorthe seconday structureof protein,one
could anticipatemore preciseresultsof the computerpredic-
tion for disorderedsegmentswhile for -sheetsand a-helix,
the favourableconformationfor hydrolysismight be unrealiz-
able.In fact,among5 peptidebonds,which weretheoretically
predictedand experimentallydetermined(Table 1), 2 bonds
(Phé%Lys® andAla®%Leu'™) belongto orderedsegments.
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