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ABSTRACT

3-1g tryptic digestion leads to the release of a broad range of biologically active peptides. Understanding
how these peptides are formed and the dynamics of the hydrolysis is of major relevance in order to
control the quality of the final products. In this paper, the time-dependent release of peptides is reported
and the dynamics of this release is discussed in terms of the physical accessibility of the enzyme to the
scissile bonds and the secondary specificity of trypsin. In view of experimental data, a kinetic model
based on first-order equations is proposed to simulate both 3-1g degradation and peptide formation. The
statistical data obtained seem to support the hypothesis that the hydrolysis mainly takes place via the
proposed model. The results evaluated in this paper show the existence of areas within the intact protein
with different susceptibility to tryptic attack. Whereas C- and N-terminal areas are easily digested, the
internal part of the protein shows more resistance to hydrolysis and the release of final peptides within
this region passes through the formation and subsequent degradation of intermediate peptides.

B-Lactoglobulin
Trypsin

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Whey proteins, which represent up to 20% of total protein con-
tent of milk, are one of the most widely studied sources of bioactive
peptides: i.e., specific protein fragments that have a positive impact
on body functions or conditions [1]. These peptides are inactive
within the sequence of the parent protein and are usually released
by enzyme digestion or during microbial fermentation of proteins.
In the case of the main cheese whey protein, 3-lactoglobulin (3-
lg), its trypsin digest (EC 3.4.21.4) leads to the release of a broad
range of biologically active sequences [2] as well as the production
of hypoallergenic whey protein hydrolysates [3]. Furthermore, 3-1g
hydrolysates can also be used for a variety of technological appli-
cations due to their emulsifying, foaming and gelation properties
[4,5]. Some of the aforementioned properties depend on the nature
of the peptides produced and the degree of hydrolysis (DH). Hence,
the understanding of peptide formation and the dynamics of the
hydrolysis is of major relevance in order to control the quality of
the final products.

Proteolysis has usually been described by analyzing the over-
all rate of hydrolysis expressed as the DH, a single variable which
includes the concentration of the intact protein and the released
peptides. Although this kind of approach affords useful informa-
tion on the hydrolysis, it does not provide any information on
the products. It should be noted that enzymatic hydrolysis reac-
tions such as protein hydrolysis are highly complex due to the
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diversity of reaction components, the multiplicity of reaction types,
the complexity of reaction networks and the influence of hydrolysis
conditions such as pH or temperature. It is therefore very difficult to
obtain a kinetic model flexible enough to fix experimental data yet,
at the same time, simple enough to allow the prediction of peptide
concentration via easily identifiable parameters [6].

In the specific case of B-1g tryptic digestion, some research stud-
ies have focused on substrate degradation and steady-state kinetics
[7], and some have even monitored peptide formation throughout
the hydrolysis process [8]. However, to the best of our knowledge,
no study has been published describing the dynamics of peptides
as a kinetic model in which the concentration of each peptide is
expressed as a function of hydrolysis time.

The main objective of the present paper is to propose a kinetic
model to explain the dynamic formation and degradation of B-lg
derived peptides obtained through trypsin digestion of (3-1g. The
quality of the resulting model will be assessed by comparing its
output with the experimental data obtained. In addition, the study
of released peptides will provide information on how a specific
peptide bond is protected against trypsin action depending on its
neighboring amino acids and physical accessibility to the peptide
bond.

2. Material and methods
2.1. Hydrolysis experiments
Enzymatic hydrolysis experiments were performed in a 200 mL

batch reactor equipped with temperature and pH control. The sub-
strate solution was prepared by dissolving a given amount of bovine
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B-1g (Davisco Foods Co., USA) in distilled water at 37°C. Once
the protein was completely dissolved, the pH of the solution was
adjusted to 8.0 and the reaction was initiated with the addition of
TPCK-treated trypsin (T1426-1G, Sigma, USA). A 0.5M NaOH solu-
tion was used to maintain the pH of the mixture at a constant value.
The DH, expressed as the ratio between the amount of peptide
bonds hydrolyzed during the reaction and the total amount of pep-
tide bonds in the native protein, was calculated from the amount
of base used in the pH-stat technique [9] as shown in Eq. (1):
B-Np

DH(%) = W rorq = 100 (1)

where B (mL) is the volume of base consumption, Ng (molL~1)
the normality of the base, M (g) the mass of the protein, hror
(7.2 mequiv. g~ ! protein) the total number of peptide bonds in the
substrate [10] and « the average degree of dissociation of a-amino
groups in the B-lg-trypsin hydrolysis system. This last parameter
was calculated according to Camacho et al. [11] and takes the value
of 0.979 at pH 8.0.

Hydrolysis reactions were performed at six different initial pro-
tein concentrations (3,9, 15, 23,30 and 45 gL~1), while the amount
of enzyme added in each experiment was kept constant. The sub-
strate/enzyme ratio (S/E) values used in the experiments were: 45,
131, 221, 344, 438 and 650 (w/w).

Samples of the incubation mixture were taken just before the
addition of trypsin and during the hydrolysis reaction from 1 min
up to 24 h at variable time intervals. The reaction was stopped by
adding HCI and samples were stored at —20°C prior to RP-HPLC
analysis.

2.2. Peptide isolation and identification

A semi-preparative RP-HPLC system equipped with a frac-
tion collector (Varian ProStar, Varian, USA) was used to isolate
all the peptides present in the hydrolysate. The column used to
perform the separation was a Dynamax Microsorb 300-8 C18
(250 x 21.4mm, Varian, USA) preceded by a guard Dynamax
Microsorb C18 column (Varian, USA). The 2 mL sample loop was
used to inject the sample. A gradient of solvent A containing 0.1%
trifluoroacetic acid (TFA) (v/v) in water and solvent B consisting of
0.1% TFA (v/v) in acetonitrile was used to achieve the elution of the
peptides as follows: isocratic elution at 5% B for 8 min, linear gradi-
ent from 5% to 45% B in 142 min, linear gradient from 45% to 80% B
in 20 min, linear gradient from 80% to 95% B in 5min and return
to starting conditions in 1min. The flow rate was 10 mLmin~!,
the column was used at ambient temperature and absorbance was
measured at 214 nm. Total run time was 176 min. Ultrapure water
(MilliQsystem, Millipore, USA), acetonitrile grade HPLC (Prolabo,
Belgium) and TFA for UV analysis (Panreac, Spain) were used to
prepare the eluents.

All the fractions obtained by the above procedure were first
analyzed using a Voyager-DE STR matrix assisted laser desorp-
tion/ionization time-of-flight mass spectrometer (MALDI-TOF/MS)
(Applied Biosystems, USA). Zip-Tip pipette tips containing C18
reverse-phase media (Millipore, USA) were used for sample prepa-
ration. The matrix used was a-cyano-4-hydroxy-cinnamic acid
(10 mg/mL in 50% acetonitrile-0.1% TFA) (Sigma, USA). The mass
range for MS analysis was between 500 and 3500 Da and MSCAL2
calibration kit (Sigma, USA) was used for external calibration. Mass
spectrometry acquisition was performed in reflectron mode and
positive polarity with an acceleration voltage of 25kV. Spectra
processing was carried out using Data Explorer (Applied Biosys-
tems, USA), while peptide identification based on the molecular
weight of the analyte was carried out using the FindPept tool on
the ExPASy server (http://web.expasy.org/findpept/).

To ensure the correct identification of peptides, the fractions
were also analyzed by direct-infusion electrospray mass spectrom-
etry (ESI-MS/MS) in order to obtain their amino acid sequence. The
equipment used was a Qstar XL (Applied Biosystems, USA), which is
a quadrupole time-of-flight mass spectrometer equipped with an
electrospray source. The MS/MS spectra obtained were analyzed
using Analyst QS 1.1 (Applied Biosystems, USA).

2.3. Chromatographic analysis and peptide quantification

The separation of peptides and [3-lg present in the reaction mix-
ture was carried out by RP-HPLC. The analytical HPLC equipment
consisted of an Agilent 1200 series chromatograph (Agilent Tech-
nologies, USA) equipped with a binary pump, auto sampler and
a photodiode-array detector. The equipment was controlled by
the Agilent ChemStation for Liquid Chromatography Systems soft-
ware, which sets analysis parameters, data acquisition and data
processing. Separations were performed on a Microsorb-MV C18
column (250 x 4.6 mm x 1/4in., Varian, USA) at 25°C and a flow
rate of 1.0mLmin~'. A gradient of the same solvents used in the
semi-preparative RP-HPLC system was applied. Analytes were sep-
arated and eluted with the following programme: linear gradient
from 5% to 45% B in 55 min, linear gradient from 45% to 90% B in
10 min, isocratic elution at 90% B for 10 min and then return to start-
ing conditions in 2 min. Total analysis time per sample was 77 min.
Elution was monitored at 214nm to enable protein and peptide
detection, and the sample injection volume was 20 L.

All samples were diluted with ultra-purified water and fil-
tered through 0.45pum pore diameter cellulose acetate filters
(Teknokroma, Spain). The fractions collected using the semi-
preparative RP-HPLC system containing individual peptides were
analyzed through the same analytical method in order to identify
the peptides of the chromatographic profile by retention time.

The molar concentration of the peptides derived from [3-lg was
calculated from the peak area in the chromatograms according to
Eq.(2)[12].

o 6 Aj
X =1x10 <8j.l_v> -f 2)

where x; (M) is the concentration of the peptide j, A; (AU min)
the area of the HPLC peak of peptide j at 214nm, [ (0.6cm)
the path length of the UV cell, v (20 nL) the injection volume,
f (1000 pLmin~') the flow rate and &j (AUM~'cm~!) the molar
extinction coefficient of peptide j at 214 nm calculated according
to Kuipers and Gruppen [13].

2.4. Kinetics analysis and fitting procedure

For enzymatic hydrolysis in a batch system, the dynamic evolu-
tion of the substrate is described as:

dx
dar = —Px (3)

where x (mM) is the concentration of the intact protein and px
(mMmin~1) is the reaction rate. The definition of the kinetic func-
tion p is the key element in the construction of the model. In
general, the reaction rates of enzymatic proteolysis are assumed to
follow either a Michaelis—Menten or a first-order kinetics, although
it should be noted that competition for the active site of the enzyme
between the original substrate and the intermediate peptides that
are produced during hydrolysis could lead to the possibility of a
product inhibition model. Common kinetic functions were eval-
uated for the degradation of the intact protein and, in the light of
the experimental results for peptide concentration, a kinetic model
for peptide release has been proposed. Least-squares fitting of the
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Fig. 1. Chromatographic profile of the intact protein, intermediate hydrolysate and final product of the hydrolysis.

experimental data was performed using the computer program Sci-
entist for Windows Version 2.0. Statistical parameters, namely the
coefficient of determination and the correlation between observed
and calculated values are reported by the software as indicators of
goodness-of-fit.

2.5. Statistical analysis

All experiments were performed in duplicate. The data obtained
were reported as mean and standard deviation, and the differ-
ence between treatments was analyzed by one-way ANOVA using
Microsoft Office Excel 2007 (Microsoft Co., USA). Significant dif-
ferences were evaluated at P<0.05. The data points plotted in
the figures represent means + standard deviations for the dupli-
cate experiments. In the case of kinetic parameter estimations,
the goodness-of-fit was evaluated by means of the coefficient of
determination.

3. Results and discussion

3.1. Characterization of the hydrolysate: chromatographic profile
and peptide identification

Typical chromatographic profiles of three samples taken at dif-
ferent DH are shown in Fig. 1. One of the profiles corresponds to the
initial B-Ig solution and, as can be observed, the two main genetic
variants of the protein (A and B) co-elute with a retention time
of 59.9 min. The second profile shows an intermediate step in the
course of the hydrolysis reaction (DH 5.44). The action of trypsin
releases some peptides from the [3-Ig, so the concentration of pro-
tein decreases while some new peaks appear. Finally, the third
profile is of a sample taken at DH 9.82. At this point, the hydroly-
sis reaction is almost complete and comparison between these last
two profiles shows that, while some peptides are released immedi-
ately when the reaction starts (peptides number 1 or 4), there are
others (peptides number 18 or 19) whose formation depends on
the release and subsequent degradation of intermediate products
(peptides number 21-24). As can be seen in Fig. 1, good resolution
of the chromatographic peaks during RP-HPLC allowed the moni-
toring of both 3-1g degradation and peptide formation on the basis
of their peak areas.

Peak numbers on the chromatogram refer to peptide identi-
fication obtained by MALDI-TOF-MS and ESI-MS/MS, as reported
in Table 1. Up to 18 peptide sequences were identified from the

fractions isolated by means of the semi-preparative HPLC system,
allowing 85% coverage of the entire amino acid sequence. The only
region which was not identified corresponds to B-lg f{101-124).
This fragment contains a free-cysteine residue that does not par-
ticipate in disulfide linkage in the native protein. Consequently,
the formation of aggregates during hydrolysis at basic pH is a pos-
sibility which may contribute to the difficulty in identifying this
peptide. A similar observation was reported when using HPLC sep-
aration coupled with ion-trap mass analysis [14]. Furthermore, it
was not possible to identify peptide number 2 mainly due to its low
molecular weight. Likewise, although the molecular masses of pep-
tides 20-24 were obtained, it was not possible to determine their
amino acid sequences through the analytical techniques employed
in this study. As can be observed in Fig. 1, these peptides are rapidly
released in the first stage of the hydrolysis and are not present in the
final sample; they are hence assumed to be intermediate products
of the reaction. These peptides were not identified, or even ana-
lyzed, in previous studies by other authors [14,15] because only
final hydrolysis samples are usually analyzed.

As can be seen in Table 1, MALDI-TOF-MS and ESI-MS/MS
provide similar results. However, contrary to what occurs with
MALDI-TOF-MS, ESI-MS/MS offers the possibility of sequencing
peptides whose molecular mass is smaller than 500 Da, such as
f(139-141) and f{136-138).

3.2. Hydprolysis of intact B-lg

As stated in Section 1, the decrease in intact protein over time
for all experiments was calculated from HPLC chromatograms using
Eq. (2), while the DH was calculated according to the pH-stat tech-
nique via Eq. (1). Fig. 2 shows the time-course variation of -lg
concentration and DH throughout the experiment in which the ini-
tial protein concentration was 45gL-1. As can be seen, although
all the intact protein disappears in the first steps of the hydrol-
ysis (the substrate concentration is zero after an hydrolysis time
of 2 h), the DH continues to rise (from 6.48 at 2h to 8.09 at 24 h).
This implies that the hydrolysis reaction passes through some inter-
mediate products before the final peptides are released. Thus, for
example, peptides 21-24 in the chromatographic profile are rapidly
formed at the beginning of the reaction, but are not present in the
hydrolysate after 24 h (see Fig. 1).

Experimental data obtained for 3-Ig concentration were used to
estimate the parameters of a number of candidate kinetic models
(data not shown). The best fitting of results was obtained when the
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Table 1
Peptide identification through ESI-MS/MS and MALDI-TOF-MS analysis.
Peak number mfz Peptide m/z Peptide Sequence®
(MALDI- (FIndPept) (ESI-MS/MS)? (MS/MS analysis)
TOF-MS)
1 331.23(z: 1)° ALK f(139-141)
2
3 409.20(z: 1) FDK f(136-138)
4 573.45 [TAEK 573.34(z: 1) [TAEK f(71-75)
5 916.46 IDALNENK 458.73 (z: 2) IDALNENK f(84-91)
6 673.51 GLDIQK 673.38(z: 1) GLDIQK fl9-14)
7 2125.65 - WEND(G)ECAQK + WEND(G)ECAQKK (Ag.) 42724 (z:2) - f(61-69)+£(61-70)
2183.65 - 709.30 (z: 3) - 728
2311.76 (z:3)-771.34(z:3)
8 1245.6 TPEVDDEALEK 623.29 (z: 2) TPEVDDEALEK f125-135)
9 933.56 LIVTQTMK 467.28 (z: 2) LIVTQTMK f1-8)
10 837.5 ALPMHIR 419.24 (z: 2) ALPMHIR f(142-148)
11 696.37 VAGTWY 695.34 (z: 1) VAGTWY f(15-20)
12 674.43 [PAVFK 674.42 (z: 1) [PAVFK f(79-83)
13 45229 (z: 2) TKIPAVFK f(76-83)
14 1065.56 VLVLDTDYK 533.29 (z: 2) VLVLDTDYK f(92-100)
15 1635.68 TPEVDDEALEKFDK 545.95 (z: 3) TPEVDDEALEKFDK f(125-138)
16 2906.99 WEND(G)ECAQKK +LSFNPTQLEEQCHI (Ag.) 969.45 (z: 3) WEND(G)ECAQKK + LSFNPTQLEEQCHI f(61-70)+f(149-162)
17 2720.25 WEND(G)ECAQK + LSFNPTQLEEQCHI (Ag.) 908.11 (z: 3) WEND(G)ECAQK + LSFNPTQLEEQCHI f61-69)+£(149-162)
18 2030.13 SLAMASSDISSLLDAQSAPLR 677.39 (z: 3) SLAMASSDISSLLDAQSAPLR fl21-40)
19 2312.68 VYVEELKPTPEGDLEILLQK 771.78 (z: 3) VYVEELKPTPEGDLEILLQK f(41-60)
20 805.96 (z: 2) -
871.97 (z: 2)
21 1003.92 (z: 5) -
1041.14 (z: 5) -
1254.64 (z: 4) -
1301.17 (z: 4)
22
23
24 903.17 (z: 3) VAGTWYSLAMASSDISSLLDAQSAPLR f(15-40)

3 MALDI-TOF-MS analysis produces monocharged analytes (z: 1).
b The charges (z) of the analytes produced by ESI-MS/MS analysis are shown.
¢ Amino acid interval within the sequence of the parent protein.

25 9
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o DH 3

HH
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(=]
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Fig. 2. Time-course variation of intact 3-lg concentration and DH throughout the
course of the experiment. Initial B-1g concentration: 45gL-1.

reaction rate follows a first-order kinetic equation (see Table 2).
This means that the reaction rate can be expressed as:

ox =kq-E-Xx (4)
Table 2
Degradation constant (k,) estimations for first-order kinetics.
Xg-1ginic (8L71) ka R?
45 0.0000657 + 0.00000117 0.9996
30 0.000104 + 0.00000251 0.9995
23 0.0000127 + 0.00000303 0.9994
15 0.000157 + 0.00000516 0.999
9 0.000187 £ 0.00000354 0.9998
3 0.000324 =+ 0.0000206 0.998

where k; (mLU 'min~!) is the degradation constant and E
(UmL-1) is the enzyme concentration. According to Table 2, the
estimates of the first-order kinetic model have small standard devi-
ations (in the worst case, this parameter is no more than 6.4% of the
estimated kg value) and the correlation factors are good enough to
validate the degradation model.

Best fitting results obtained using a first-order kinetic equation
for substrate degradation are not surprising. First-order kinetics is
the consequence of a mechanism in which the rate-controlling step
is the first attack on the tertiary structure of the protein. When
working with B-lg, this hypothesis is supported by the globular
conformation of the protein [16]. However, other authors have
modeled enzymatic whey protein hydrolysis by means of product
inhibition models [17] or by taking into account the deactivation
of the enzyme [18], but in this case these models were not con-
sidered as the activity of the enzyme is in excess. The amount of
trypsin added is high enough (it can hydrolyze 0.185 mol min~! of
substrate) compared to the substrate concentration (9 wmol in the
most concentrated experiment) to be considered a constant value.

3.3. Time-dependent release of peptides: model development

The time-dependent release of the identified peptides is shown
in Fig. 3. Fractions corresponding to peptide numbers 7, 16 and 17
(Fig. 3d) consist of peptide aggregates and the dynamics of the indi-
vidual peptides are not discussed in this paper. As can be observed
in Fig. 3, peptides exhibit different dynamic characteristics for any
given experimental conditions and can be classified into three main
groups. First of all, there are some peptides (Fig. 3a) whose forma-
tion is directly linked to the breakdown of intact (-lg; i.e., their
dynamics will be best represented by first-order kinetics. Secondly,
there is a group of peptides (Fig. 3b) which are formed rapidly in the
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Fig. 3. Time-dependent release of identified peptides: (a) peptides directly derived from 3-1g, (b) intermediate products, (c) final peptides derived from intermediate products,

and (d) peptides linked by disulfide bridges. Initial B-lg concentration: 45gL~".

first stage of the hydrolysis, but are then further hydrolyzed leading
to the formation of smaller peptides. Finally, the release of some of
the identified peptides (Fig. 3c) is affected by a delay time, proba-
bly due to the formation of intermediate products before their final
release.

The observed differences in dynamic characteristics in Fig. 3
could be explained by the affinity of the enzyme for a particular
scissile bond and its neighboring region (the group of amino acid
residues around the peptide bond and their spatial conformation).

On the one hand, the tridimensional globular structure of the pro-
tein makes it difficult for the enzyme to access certain scissile
bonds. Thus, peptides such as f{1-8) and f{142-148) are rapidly
released because they occupy external positions within the pro-
tein (see Fig. 3a). On the other hand, the secondary specificity of
the enzyme may play a role in the dynamics of peptide release.
It is a well-known fact that trypsin has a narrow specificity and
that it only hydrolyses peptidic bonds involving the carboxylic
group of lysine and arginine residues. However, tryptic activity is
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Table 3

93

Theoretical analysis of the physical accessibility (from very easy (+++), to difficult (—)) and secondary specificity of the enzyme (from favored (++) to inhibited (- —)) and
experimental t;; values obtained for final peptides identified in the chromatographic profile.

Final product Scissile bonds Physical accessibility Secondary specificity ty2 (min)
f(1-8): LIVTQTMK Ks—Gg +++ + 20
f19-14): GLDIQK Ks—Go/K14—V1s ++ -+ %6
f(lS*ZO)Z VAGTWY K14_V15/Y20_521 + Non SPECiﬁC >1440
f(21-40): SLA. . .PLR Y20—S21/Ra0— Va1 + Non specific 420
f(41-60): VYV.. .LQK R40—Va41/Keo—We1 + + 187
f(71-75): IAEK K70—171/K75—T76 + ++ 30
f(79-83): IPAVFK K77—1I78 [Kss—lsa + - 301
f(84—91 )S IDALNENK Kg3_lg4/Kg1_V92 0 0 80
ﬂ92—100): VLVLDTDYK K91_V92/K]00_K101 0 + 376
f(125-135): TPEVDDEALEK Ri24—T125/K135—Fi36 - -— 1308
ﬂ136—138): FDK K]35_F135/K]33_A139 - 0 870
ﬂ139—141): ALK K133_A139/K141_A142 0 ++ 43
f(142-148): ALPMHIR Ki41—A142/R1as—L149 + ++ 17

modulated by the five or six residues surrounding the cleavage
site and these define its secondary specificity. Aliphatic residues,
followed by aromatic and basic residues, are preferred in the pos-
itions extending toward the carboxy-terminal side of the peptides,
whereas proline and acidic side chains are particularly disadvanta-
geous. In addition, a carboxylic group in the second position toward
the amino-terminal side of the amino acid chain decreases the rate
of hydrolysis [19]. Thus, for example, although peptide f{139-141)
is located on the outer surface of the protein, its rate of release is
lower than expected (see Fig. 3a) due to the presence of an acidic
residue in the second position toward the amino-terminal side of
peptide bond [('138_A1 39.

The tq, values of the final peptides, defined as the hydrolysis
time required for the appearance of 50% of the theoretical maxi-
mum amount of each peptide, were calculated. Table 3 shows t;,
values as well as the relation between these values, the secondary
specificity of the enzyme and the physical accessibility to the pep-
tide bonds that have to be cleaved in order to release each peptide.
To evaluate this last parameter, the three-dimensional structure of
[3-1g was considered (see Fig. 4).

As can be appreciated, the lowest ty, values (<60 min) cor-
respond to peptides whose release is favored by both secondary
specificity and physical accessibility. However, if one of these fac-
tors works counter to the action of trypsin, the t, values will
increase. Note the high t;, value obtained for peptides f{125-135)
(t1/2=1308 min) and f{136-138) (t;, =870 min). Both peptides are
located within an a-helix motif (see Fig. 4), which hinders the
physical approach of the enzyme, while the presence of proline
and acidic residues surrounding the cleavage sites does not favor
trypsin activity.

In view of the results shown in Fig. 3 and Table 3, both
corresponding to the experiment in which the initial protein con-
centration was 45gL-!, a kinetic model has been proposed to
explain peptide release. Fig. 5 shows its schematic representation.
According to this kinetic approach, the action of trypsin on intact
protein results in the release of some intermediate peptides, which
actas new substrates, and some final products. As previously stated,
the secondary specificity of the enzyme and local accessibility to
a particular scissile bond are responsible for these results. As a
general rule, the peptides directly derived from [(3-lg degradation
are located in the N- and C-terminal areas of the protein, whereas
the intermediate products corresponds to those regions which are
less accessible to trypsin. However, peptide f{71-75) represents
an exception to the above statements. Its quick release could be
explained because of its external position in the three-dimensional
structure of the protein and its amino acid composition, both which
favor the action of trypsin. On the other hand, it seems that the
amino acid sequence corresponding to f(76-138) constitutes a
resistant core to trypsin action and the protection of scissile bonds

within this sequence could be justified by their neighboring amino
acids or their poor physical accessibility (see Fig. 4 and Table 3).
These observations are in accordance with the findings of Cheison
etal.[15].

Based on the assumption of a first-order kinetic system, a set
of differential equations was established in order to simulate the
time-course release of the identified peptides according to the pro-
posed model (see Appendix A).

As stated previously, the kinetic behavior of peptides corre-
sponding to f{61-70), f{102-124) and f{149-162) is not discussed
in this paper because they are present in the form of peptide aggre-
gates and HPLC does not allow their proper monitoring as individual
peptides.

Apparent constant rates (k;) and accessibility constants (4;) val-
ues were obtained from the comparison of experimental data and
kinetic equations by means of the least-squares minimization pro-
cedure employed by Micromath Scientist. Table 4 shows the kinetic
parameters as well as the coefficient of determination between

1 T T T T 50
AYVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTP
51 T T T T 100
EGDLEILLOKWENDECAQKKIIAEKTKIPAVFKIDALNENKVLVLDTDYK
101 T T T T 150
KYLLFCMENSAEPEQSLVCQCLVRTPEVDDEALEKFDKALKALPMHIRLS

151—— 161

FNPTQLEEQCH

Fig. 4. Molecular structure of 3-1g, with preferential cleavage sites of trypsin high-
lighted (compiled on http://polyview.cchm.org on July 10th, 2012).
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e
LIVTQTMK GLDIQK VAG...PLR VYV...QKK IIAEK TKI..LVR N ALK . ALPMHIR . LFSNPTQLEEQCHI
f{1-8) f{9-14) f(15-40) f(41-70) f(71-75) f{76-138) f{139-141) f{142-148) f{149-162)
\L Ko N
VAGTWY _ SLA..PLR ka
f(15-20) f(21-40)
TKIPAVFK = IDALNENK - VLV...LVR . TPE...FDK
f(76-83) f(84-91) f(92-124) f(125-138)
2 Vg
TK IPAVFK
f(76-78) + f(79-83) TPEVDDEALEK FDK
f(125-135) f(136-138)
Ke
A\ ki
VYV...LQK + WENG(D)ECAQKK
f(41-60) f(61-70)
VLVLDTDYK K YLL...LVR
f(92-100) f{(101)  f{102-124)
Fig. 5. Schematic representation of the proposed kinetic model.
Table 4

Kinetic parameters and coefficient of determination between experimental and simulated data obtained according to the proposed model. Initial 3-lg concentration: 45gL~'.

ki (mLU~" min~")

ka 6.57-10° + 1.18-10°° Kq
kp 3.25:107% + 2.61.10~7 ke
ke 5.33.107% + 2.64.1077 k¢

Accessibility constants

1.83-10°6 + 1.88.107
1.89-1077 + 2.81.10°8

1.11-10> £ 4.00-107 kg
4.81-10> £ 3.40-1077 kp
4.57.107% £ 5.09-107

A 0.796 + 0.030 As 0.565 + 0.017 As 0.639 + 0.030
Az 0.805 + 0.030 Ay 0.761 + 0.030 As 0.889 + 0.009
Coefficient of determination (R?)
fl1-8) 0.997 f71-75) 0.98 f(125-135) 0.991
flo-14) 0.989 f(76-83) 0.983 f(136-138) 0.948
f(15-40) 0.963 f(78-83) 0.962 f(139-141) 0.952
f(15-20) 0.964 f(84-91) 0.995 f(142-148) 0.998
fi21-40) 0.938 f(92-100) 0.93
fl41-60) 0.98 f(125-138) 0.907

experimental and simulated data obtained for the experiment in 25 4

which the initial protein concentration was 45 gL~!. The statistical s

data obtained seem to support the hypothesis that the hydrolysis 2 a

mainly takes place via the proposed model. rﬁ}i" _________________

As can be observed, k;, presents the minimum value among all 515

the apparent constant rates. This is not unexpected, as peptide E-

f{142-148) should not be hydrolyzed by the action of trypsin. Its % ® CfliAExp

degradation phenomenon, only observed in the last stages of the - T _:::g; 2::::23“)

reaction, might be assigned to the TPCK treatment of the trypsin ’

that did not succeed in totally eliminating chymotrypsin activity 0 : : :

[19]. More surprising is the rapid degradation of peptide f{15-40). 0 500 1000 t(min) 1500

As in the case mentioned above, the digestion of this peptide might 25

be due to chymotrypsin activity; in fact the amino acid tyrosine

(Y) is one of the main substrates of this enzyme. However, kj, is an 2] ¢ f(1540)Exp

order of magnitude larger than k. f(15-40) Sim (No Acc)

As regards the accessibility constants, their values are in agree- 15 - = = —f(15-40) Sim (Acc)
ment with the previously stated hypothesis. Thus, for example, the =
accessibility constant calculated to simulate the release of pep- 2

tide f{139-141) is 0.639, whereas it takes the value of 0.796 in the
case of f{1-8), as the neighboring amino acid of peptide f{139-141)
does not promote trypsin action and the scissile bond Kg—Gg, the
only one that needs to be cleaved in order to release peptide
f(1-8), is more physically accessible to the enzyme (see Fig. 4). The
influence of accessibility constants in the prediction of peptides
directly derived from [3-lg is shown in Fig. 6. As can be observed,
if the simulation is performed solely using kinetic constant kg, the

-
-
-
- —
-
-

0 500 1000 t(min) 1500
Fig. 6. Influence of the accessibility constant on the simulation of f{1-8) and

f(15-40), peptides directly derived from (3-lg.
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model overestimates experimental data. However, on introducing
the accessibility constant, the fit between the proposed model and
experimental data is much better.

4. Conclusions

The time-dependent release of peptides from tryptic digestion
of B-lg at pH 8 and 37°C was investigated in this paper. The
identification of 18 peptides from [3-lg, whose sequence cover-
age reached 85%, and the analytical methodology employed in this
study allowed the quantification and monitoring of the released
peptides. Although most of the identified peptides originated from
specific trypsin action, the release of some peptides obtained
through a chymotrypsin-like reaction was also observed.

Due to the globular conformation of the protein, the best fitting
of results for (3-lg degradation was obtained by means of a first-
order kinetic, where the rate-controlling step is the attack on the
tertiary structure of the protein. The fact that the DH continued
to rise when all the intact protein had disappeared implies that
the hydrolysis reaction passes through some intermediate products
before the final peptides are released.

As regards peptide release, experimental data showed that
their dynamics largely depends on the secondary specificity of
the enzyme and the three-dimensional structure of the amino
acid region surrounding a particular scissile bond. In this respect,
the released peptides were classified into three different groups
depending on their kinetics. Firstly, peptides mainly located in the
N- and C-terminal areas of 3-1g were directly released from the
degradation of the intact protein. Secondly, the relative resistance
to trypsin hydrolysis of the internal part of the protein indicated
that the release of final products within this region implied the for-
mation and subsequent degradation of intermediate peptides. As a
consequence of this last observation, the release of the last group of
peptides (final products located in the middle of the amino acidic
sequence of the protein) seemed to be affected by a delay time.
The discrimination of tryptic susceptibility between different pro-
tein areas was compared in terms of the time-dependent release of
peptides.

In view of experimental results, a kinetic model approach based
on the assumption of first-order kinetics has been proposed. The
main peculiarity of the model lies in the introduction of accessi-
bility constants to simulate peptides directly derived from (3-lg in
order to correct the overestimation committed by not taking into
account the secondary specificity and spatial conformation of the
peptidic sequences involved in the process when optimizing the
[3-lg degradation constant value.
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Appendix A. Kinetic model equations

Based on the assumption of a first-order kinetic system, a set
of differential equations was established in order to simulate the
time-course release of the identified peptides according to the pro-
posed model

dx -1

(f[ 3 = 7ka 'XB—lg -E (Al)
dxpq—

Xfc(ilt 8) =Kkq 'XB—lg -E-Aq (AZ)

@ =ka-Xg.ig - E-A3 —kp - X(15-40) - E (A4)
% = kp - Xf(15-40 - E (A.5a)
W — Ky Xya5-10) - E (A5b)
W — ke - Xya1-70) - E (A6)
PO _ 5 E- s (A7)
@ = kaXf(76-138) - E — ke - Xf(76-83) - E (A8)
% — ke Xr76-83)  E (A.9)
% = Kkq - Xf(76-138) - E (A.10)
W = K - Xr(92-124) - E (A11)
w =ka - Xf(76-138) " E — kg - Xp(125-138) " E (A12)
W = kg - Xr(125-138) - E (A13)
W =kg - Xf(125-138) - E (A14)
W — ko Xpag E-Ag (A15)
W =ka-Xpg - E-Ag — kn - Xf(142-148) - E (A16)

where k; (mLU~'min~!) are the apparent constant rates, E
(UmL-1) is the enzyme concentration and A; are the accessibil-
ity constants employed in the simulation of the peptides directly
derived from [3-1g in order to correct the overestimation commit-
ted by not taking into account the secondary specificity and spatial
conformation of the peptidic sequence when optimizing the k,
value. It should be noted that the k, value is obtained directly from
B-lg degradation. The accessibility constants take values ranging
from zero to one. The higher their value, the better the combi-
nation between secondary specificity of the enzyme and spatial
conformation of the amino acid sequence surrounding the scissile
bond.

As it was not possible to calculate the concentration of peptides
fl41-70) or f(76-138) through the HPLC profile, the following mass
balances were considered:

Xf(41-70) = Xp-lg, — Xf(41-60) (A17)
Xf(76-138) = Xp-lg, — Xf(84—91) (A.18)
Xf(92-124) = XB-1g, — Xf(76—138) — Xf(92—-100) (A.19)
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