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Computer simulation of proteolysis. Peptic hydrolysis of
partially demasked b-Lactoglobulin
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1 Introduction

The computer assistance seems to be very useful for quanti-
tative studies of proteolysis kinetics because one can analyse
in details the complicated patterns of fragment evolution dur-
ing the process. For the random degradation of homopolymers,
the exact mathematical description of the kinetics for each of
the fragments was published [1]. But for enzymatic hydrolysis
of protein, which is heteropolymer, the kinetics is complicated
by the different splitting potentialities of different bonds in
polypeptide chain as well as by the process of enzyme satura-
tion. To overcome these difficulties, the PC software PRO-
TEOLYSIS has been elaborated to simulate enzymatic hydro-
lysis of any protein with arbitrary amino acid sequence [2].

In spite of the importance of proteolysis in food science and
biology, no general model has been created up to date to
describe the proteolysis quantitatively for different enzymes,
substrates, for various reagent concentrations, at arbitrary
degrees of proteolysis. Meanwhile, three major steps to
approach the quantitative description of proteolysis were
made. Firstly, the increments of the rate constants were intro-
duced which evaluated the contributions of various amino acid
residues [3]. This allows to calculate the splitting potentialities
(rate constants) for any peptide bond in any peptide chain on
the basis of amino acid sequence of this chain. Secondly, the
role of the proteolysis degree was established as a single argu-
ment for the functions which describe the changes of different
properties for hydrolysates during proteolysis [4]. Thirdly, the
functions, instead of rate constants, were used for description
of kinetic parameters which can be compared for different sub-
strates at an equivalent degree of peptide bond hydrolysis [5].

Proteolysis is regarded in the present work as two-stage pro-
cess, including the demasking of masked peptide bonds Bm on
the first stage and the hydrolysis of demasked bonds Bd on the
second stage [6]:

Bm ggs
kd Bd ggs

kh N, (Scheme 1)

where kd is the rate constant of demasking, kh is the rate con-
stant of hydrolysis of demasked bonds, and N is the amino
nitrogen, the chemical outcome of the reaction. Demasking
parameter kd/kh plays an important role in the kinetic regula-
tion of proteolysis, especially at the initial stage of the process
[7, 8].

Pepsin is a well known example of a proteolytic enzyme
with extended active site of the dimension of approximately
5–10 amino acid residues [3]. In this case, the rate constant
for the hydrolysis of a bond is determined not only by amino
acid residue containing the CO group of this bond (primary
specificity), but also by other amino acid residues (secondary
specificity).

Specificity of the proteolytic enzymes is quantitatively eva-
luated by the set of hydrolysis rate constants for different
bonds in various polypeptide chains. To evaluate specificity,
some approaches were suggested including statistical analysis
of a multitude of proteolysis products [3] and kinetic studies of
hydrolysis of low-molecular-weight substrates [5].

b-Lactoglobulin (BLG) is the major milk whey protein. At
acidic pH, BLG is resistant to peptic action [9], however, it
can be hydrolysed after some breaking of its tertiary structure
by high pressure [10], chemical modification [11], or interac-
tion with the ethanolic media [12]. In the terms of Scheme 1,
the treatment of native BLG gives some new substrate with
higher extent of demasking, i.e. the partially demasked BLG
with higher kd/kh ratio.

The production of valuable individual peptides with high
level of functional properties [13] and physiologically active
peptides [14] is of interest for scientists now and will be of
interest for practice in the nearest future. It requires the ela-
boration of new experimental methods of determination and
identification of individual peptides in the complex mixtures
as well as the elaboration of new computer algorithms and pro-
grams for prediction of peptide fragmentation [15].

Computer simulation allows to utilize available experimen-
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
amino acid sequences and demasking parameters. The most
interesting is a question of the correspondence of predicted
results with the experiment.
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Computer assistance was used for simulation of proteolysis of par-
tially demaskedb-Lactoglobulin by pepsin. Total proteolysis kinetics
and kinetics for intermediate peptides were computed by PROTEOLY-
SIS program for different rates of demasking. The increase of demask-
ing rate by a factor of 100 gives twofold increase in the total hydroly-
sis rate. The identification of cleavage sites on the basis of limited

number of peptides was found to depend on the depth of hydrolysis.
When the number of identified peptides was only 10, the computer
simulation has allowed to predict a half of experimentally determined
cleavage sites. The influence of the dimension of enzyme active site
and of the secondary structure of substrate on the efficiency of predic-
tion of cleavage sites was analysed.
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The purposeof this studywasto apply the PROTEOLYSIS
programfor description of pepticproteolysisof globularpro-
teinson the exampleof BLG proteolysis.Anotheraim wasto
establishthe quantitativerelationshipbetweendistribution of
peptidefragmentsandsplitting potentialitiesof differentpep-
tide bonds.

2 Methods
The following differential equation describes the kinetics of

demasking:

dBd/dt = Vd(Bm, E, D, kd/kh), (1)

whereVd is demaskingratewhich is regardedasa nonlinearfunction
of Bm, E is the concentrationof free enzyme,D is the proteolysis
degree,kd/kh is theparameterof demasking.

For eachof i-th proteolysiscomponentwith molarconcentrationSi,
theseparatedifferentialequationis valid:

dSi/dt = Vi
h (Si, {S}, E, D), (2)

whereVi
h is the rate of productionfor i-th peptide.{S} is the set of

peptides,whicharethesourcefor i-th peptide.
Massbalanceequationsare:

Enzyme: E = E0/[1 + S0/KM (D)] (3)

Substrate: S0 �
X

i

Si L �i�;

whereE0 is the enzymeconcentration,KM (D) is the Michaelis con-
stant,which is regardedasa function of proteolysisdegree.S0 is the
concentrationof all aminoacidsresidues,andL (i) is the lengthof the
i-th peptide.Theprocedureof thepresentationof kinetic parametersas
a function of D andthe necessaryformulaewerepublishedby uspre-
viously [5]. It allows to significantly decreasethenumberof differen-
tial equationsfor kinetic descriptionof polysubstrateenzymaticreac-
tions.

Algorithm for calculationof rateconstantsanda setof increments
for different amino acid residuesalso shouldbe defined.By analogy
with statisticalprocedureintroducedby Antonov[3], thesedatawere
presentedasa setof 10 incrementsdescribingtheinteractionof pepsin
with aminoacid residuesin the differentsitesfrom P+5 to P–5, asit is
shownin Fig. 1.

When full information about pepsin specificity was taken into
account,the hydrolysis rate constants{k h} were calculatedas func-
tionsof 10variables(Fig. 1).

kh = f (Ri–4, Ri–3, Ri–2, Ri-1, Ri, Ri+1, Ri+2, Ri+3, Ri+4, Ri+5) (4)

The hypotheticaldecreaseof the dimensionof the enzymeactive
site from 10 to 5 (3) amino acid residueswas simulated by the
decreaseof thenumberof variablesasfollows:

kh = f (Ri–2, Ri-1, Ri, Ri+1, Ri+2) or kh = f (Ri–1, Ri, Ri+1) (5)

The main menu panel of the PROTEOLYSIS program includes
HELP, PROTEIN, ENZYME, KINETIC CONDITIONS, SIMULA-
TION, RESULTS andQUIT options.The programautomaticallyesti-
matesthe necessaryparametersfor enzymeand substrate,which are
definedby theuser(subroutines2 and3, asit is shownin Fig. 2). Spe-
cial subroutinehelpsuserto define amino acid sequencein the sub-
strate.Another subroutineprovidesthe calculationof the set of {k h}
for differentbondson thebasisof theaminoacidsequenceof substrate
(eq.4 or 5). Fig. 3 showsthepanelfor definition of proteolysiscondi-
tions(KINETIC CONDITIONSoption)andtheprocessof calculations
(SIMULATION option).

Figure 1. Interactionof peptidechainof substratewith theactivesiteof pepsin.Amino acidsidechainsof substrate(sideradicalsfrom Ri–4 to
Ri+5) interactwith the enzymesitessignedby P symbols.Arrow showsthe peptidebond to be hydrolysed.The maximumdimensionof the
enzymeactivesiteis 10aminoacidresidues.

Figure 2. Block schemeof thePROTEOLYSISprogram.
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The numericalinput dataconsistof E0, S0, 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 programrepresentskinetic outputdatain the graphicform
(Fig. 2, block 5). In the caseof known structure-activityrelationship,
theprogramcanbeusedfor thepredictionof thechangesof hydrolysis
propertiesduringproteolysis(Fig. 2, block 6). This programwaswrit-
tenin C, andit doesnot requiretheWINDOWSoperationsystem.

TheadditionalinformationaboutPROTEOLYSIS programis avail-
ableon therequestby 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 concentrations
over all amino compounds(intact protein, all peptidesand
aminoacids),increasesin the courseof proteolysis,owing to
continuoussplitting of peptide bonds.Amino nitrogen N(t)
and proteolysisdegreeD(t) = N(t)/(Bm(t) + Bd(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
experimentallydeterminedwith TNBS [16], pH-stattechnique
[17] and other methods,which give proportionalresponseto
themolarconcentration.

The exact values of kd/kh parameterfor BLG partially
demaskedby different ways mentionedbeforeare unknown.
However, for the estimationof this parameter, the 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 andpancreatin[7, 8, 17, 18].
The initial ratesof hydrolysis by chymotrypsinof a- and b-
casein(unmaskedpolypeptideschains)wereshownto bemore
than two orders of magnitudehigher than the rates of the
degradationof milk wheyproteinslimited by theproteinglob-
ule demasking[7]. Therefore,for kd/kh parameter, therangeof
4–0.04 was assumedto correspondto the interval between
fully demaskedandpartially demaskedsubstrate.

N(t) is shownin Fig. 4 for pepticproteolysisof BLG, when
thekd/kh parameterwasundermodeling.The increaseof kd/kh

parameterby a factor of hundredleadsonly to an approxi-
mately twofold increasein the total proteolysisrate which is
registeredafter someinitial period of proteolysis.Suchclose
total kineticsfor substrateswith differentlevel of peptidebond
maskingwerenot surprising.For example,the rateof product
accumulationupon the proteolysisof milk whey proteinsby
trypsinwasabouttwo timeslower thanthatof caseins[18].

3.2 Kinetic simulations for individual peptides
Thereare threedifferent typesof individual kinetic curves.

The first oneis the monotonouslydroppingcurve,which cor-
respondsto the intact protein (Fig. 5 a, b). At a low rate of
demasking(kd/kh = 0.04), the degradationof intact BLG was
computedto be finished in 68 min, while at a higher rate of
demasking(kd/kh = 4) that was computedto be done in 25
min. Kinetics of the hydrolysis of the intact protein is mostly
determinedby kd parameterandcanbeusedfor theestimation
of thedemaskingstage(Scheme1), asit wasshownby uspre-
viously [7].

The secondone correspondsto the intermediatepeptide
products,which are accumulatedand then consumedas the

Figure 3. Printscreenpatternfor thePROTEOLYSIS program.Definition of thekinetic conditionsandtheproce-
dure of calculations.ParametersS, E, t, pH and temperatureare definedby user. The progressof calculationsis
demonstratedby presentationof currentt andD values.

Figure 4. Dependenceof the proteolysisdegreeon the proteolysis
time. Proteolysisconditions:S0 = 5 mg/ml, E0 = 0.1mg/ml,T = 378C,
pH = 3.0;1 – kd/kh = 4; 2 – kd/kh = 0.04.
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resultof hydrolysisof intrinsic peptidebonds.Thesepeptides
beingtheintermediateproductsareaccumulatedandthencon-
sumed in the course of proteolysis. Intermediateproducts
representtherelatively long peptides,which canbesurfactants
or possesphysiological activities. The PROTEOLYSIS pro-
gram allows to predict the time intervalsproviding the accu-
mulation of desirablepeptides.An illustration is shown in
Fig. 5a, b on the exampleof two peptidesLys75-Ile162 and
Leu133-Ile162.

Third type of curves is related to the residualproteolysis
productsconsistingof amino acids and short peptideswith
unspecificpeptidebonds(Fig. 5a,b; peptideGlu157-Ile162).

Onecanevaluatethe lifetime s of the intermediatepeptide,
as it is shownin Fig. 6. For example,for the peptideLys75-
Ile162 s is 35 min (kd/kh = 4) and 73 min (kd/kh = 0.04), that
correspondsto Ds = 2.6%,whereDs is the lifetime evaluated
in the termsof degreeof hydrolysis,asit is shownin Fig. 6. If
one assumesthe maximum proteolysis degree for peptic
hydrolysatesas15% [19], the ratio Ds/15 = 0.17 presentsthe
dimensionlesslifetime. For comparison, this parameter is
0.027for the intact BLG. For the preparationof somepeptide
by proteolysisfrom anappropriateprotein,the lifetime of this
peptidein the reactionmixture is practically important, indi-
cating,for example,therequirementon thenarrownessof time
interval for thecollectionof somefractioncontainingthis pep-
tide.

Themaindifficulty of the theoreticalanalysisof proteolysis
kinetics consistsin a huge number of proteolysisproducts,
while their concentrationscontinuouslychangeduringthepro-
cess.Evenin thepreciseanalyticalexperimentsthenumberof
the identified peptidesin thehydrolysatesis limited [20]. This
makesdifficult the prediction of major components, which
could be found in hydrolysatesby an appropriateanalytical
method.In this study, the numberof identified compoundsis
assumedto be10.

The PROTEOLYSIS programmadeselectionover all pro-
teolytic componentsandrepresenteda list of 10 components,
which havemaximumconcentrations during the definedtime
interval.Usingthis informationonecansimulatethe fragmen-
tation of the BLG hydrolysedby pepsin,as it can be deter-

minedby someanalyticalmethodswith a finite numberof ana-
lysedcompounds(Fig. 7, kd/kh = 0.04andFig. 8, kd/kh = 4). In
this series of computer experiments,the dimension of the
active site for pepsinwas assumedto be 10 amino acid resi-
dues.The increaseof time interval of proteolysisallows to
revealnew peptidefragments, which areshownin Fig. 7 and
8. Thesenewpeptidefragmentsallow to identify newcleavage
sites,which werenot predictedin thepreviousperiodsof pro-
teolysis. Thus, in the caseof a limited numberof analysed
compounds,the result of identification of cleavagesitesmay
dependon the depthof hydrolysis.It means,that the average
lengthof peptides(degreeof proteolysis)shouldbe takeninto
consideration,when one makes conclusion about possible
cleavagesiteson thebasisof proteinfragmentation.

Thedemaskingparameteris lessimportant,especiallyat the
secondstageof proteolysis,when the demaskingstagedoes
not limit the hydrolysisstage(Scheme1). Onecanexpectthe
similar distributionsof peptidesin thehydrolysatesobtainedat
differentkinetic conditionsbut with the closedegreesof pep-

Figure 5. Dependenceof the concentrationof individual componentson the proteolysistime. 1 – intact
BLG, 2 – Leu133-Ile162, 3 – Lys75-Ile162, 4 – Glu157–Ile162.
a) Demaskingparameterkd/kn = 4.
b) Demaskingparameterkd/kh = 0.04.

Figure 6. Definition of the lifetime of the intermediatepeptides.s
correspondsto the time interval, whenthe concentrationof a peptide
doesnot droplower thena half of maximumconcentration.
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Figure 7. Major componentsof the proteolyticreaction,asit wassimulatedby the PROTEOLYSIS programwith kd/kh = 0.04.Dimensionof
theactivesiteof pepsinwasacceptedto be10aminoacidresidues.

Figure 8. Major componentsof theproteolyticreaction,asit wassimulatedby thePROTEOLYSIS programwith kd/kh = 4. Dimensionof the
activesiteof pepsinwasacceptedto be10aminoacidresidues.
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tide bond hydrolysis.Very closedistributionswere found for
hydrolysatessimulatedfor 60 min of proteolysis(Fig. 7, kd/kh
= 0.04,D = 2.5%)andfor thatsimulatedfor 12 min (Fig. 8, kd/
kh = 4, D = 1.8%). In spite of the different demaskingpara-
meters,the overall cleavagesites,which were determinedon
the basisof the fragmentationsshown in Fig. 7 and 8, were
foundto bethesame.

3.3 Comparison of the predicted cleavage sites with
experiment

The hypotheticaldecreaseof the dimensionof the enzyme
activesite from 10 to 5 aminoacid residuesleadsto a change
of the peptidefragmentdistribution, as it is shownin Fig. 9.
But the further decreaseof dimensionfrom 5 to 3 gives less
realistic results.Table 1 shows8 coincident cleavagesites,
which wereidentified in thehydrolysatesof BLG modifiedby
two methods:with applicationof high pressure[10] andby the
action of ethanol[12]. Thesecoincidentpeptidebondswere
assumedto be hydrolysed independentlyof the method of
globuledisturbance,andonecanexpect,that thesebondscan
be predictedby the PROTEOLYSIS program.As onecansee
(Table1), thecomputermodellinghasallowedto predicta half
of experimentallydeterminedcleavagesites,whenthe dimen-
sion of the active site was10 and5. At the dimensionof the
active site of 3, the prediction power of simulations was
reducedthatcanbeanticipatedbecauseof the lossof informa-
tion aboutthepepsinspecificity(eq.5).

This resultwasobtainedin approximationof a limited num-
berof identified peptides(10 peptides),while oneshouldreal-
ize that a further increaseof the peptidenumberleadsto an

increasein thenumberof cleavagesites.It is alsonecessaryto
stress,that thesebondswerecomputedonly on thebasisof the
primarystructureof substrate,without X-ray data.

The setof the predictedcleavagesites(Figs.7–9) consists
of 15 peptidebondsThr4-Gln5, Asp11-Ile12, Ala25-Ala26, Asp28-
Ile29, Leu31-Leu32, Leu32-Asp33, Glu45-Leu46, Gln68-Lys69,
Glu74-Lys75, Phe82-Lys83, Leu87-Asn88, Ala118-Cys119 Asp129-
Asp130, Ala132-Leu133, Leu156-Glu157. The native BLG mole-
culeconsistsof b-sheet,which is formedby 9 strands(residues
16–27, 39–44, 47–58, 62–76, 80–84, 89–97, 102–109,

Figure 9. Major componentsof the proteolytic reaction,asit wassimulatedby the PROTEOLYSIS program.Dimensionof the activesite of
pepsinwasacceptedto be5 aminoacidresidues(kd/kh = 4).

Table 1. Theinfluenceof thedimensionof theenzymeactivesiteon
thepredictionof thecleavagesitesin thepartially demaskedBLG.

Cleavagesite* Secondary
structure

Resultof prediction

Dimensionof theactivesiteof pepsin
3 5 10

Asp11-z Ile12 +
Trp19-zTyr20

Leu31-zLeu32 + + +
Leu54-zGlu55 b-sheet
Phe82-zLys83 b-sheet + +
Ala132-zLeu133 a-helix + +
Leu149-zSer148 b-sheet
Leu156-zGlu157 + +

* List of thecleavagesitesincludescoincidentcleavagesites,which
were determinedin both hydrolysatesof BLG modified by high
pressure[10] andby theactionof ethanol[12].
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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 predictedcleavagesites (60%) are
involvedin theorderedstructuresor attachedto them.

It is well known that disorderedsegmentsof peptidechain
possesconformationalflexibility and susceptibilityto proteo-
lytic attack. Becausethe PROTEOLYSIS program doesnot
takeinto considerationthe secondary structureof protein,one
could anticipatemore preciseresultsof the computerpredic-
tion for disorderedsegments,while for b-sheetsand a-helix,
the favourableconformationfor hydrolysismight be unrealiz-
able.In fact, among5 peptidebonds,which weretheoretically
predictedand experimentallydetermined(Table 1), 2 bonds
(Phe82-Lys83 andAla132-Leu133) belongto orderedsegments.
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