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Abstract Angiotensin-I-converting enzyme (ACE)-
inhibitory peptides are encrypted in milk protein
sequences. They may express an antihypertensive effect
if they are released by proteolysis in foods and/or during
gastrointestinal digestion. A bioinformatic, in silico,
approach was developed to evaluate how systematic
initial proteolysis, i.e. cleavage after one specific type of
amino acid (C-end) at a time in milk proteins, influence
the formation of ACE-inhibitory peptides by subsequent
gastrointestinal proteolysis. Computer simulation was
done and a peptide QSAR model was used to estimate
the combined ACE inhibition by digested proteins.
Initial proteolytic cleavage at the C-end of amino acids
isoleucine and proline gave, based on calculations,
increased effect of ACE-inhibitory peptides after gas-
trointestinal proteolysis of milk proteins. Cleavage after
most other amino acid residues had little or no effect.
Results indicate that initial proteolysis in foods have to
be specific in order to increase formation of bioavail-
able ACE-inhibitory peptides during gastrointestinal
digestion.
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Introduction

Release of bioactive peptides occurs during proteolysis of
milk proteins. Some of the bioactive peptides encrypted in
the protein sequences can have health related/physiological
effects; research in this area has been extensively re-
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viewed [1, 2]. One of the bioactive properties of pep-
tides derived from proteolysis that has been investigated
much is the inhibition of angiotensin-I-converting en-
zyme (ACE). A number of ACE-inhibitory peptides have
been isolated and characterised from foods and protein
hydrolysates [3], facilitating improved understanding of
their structure-activity relationship [4]. However, isola-
tion and characterisation of ACE-inhibitory peptides in
vitro is no guarantee for physiological effect in vivo
[5] making it necessary to take their bioavailability into
account [6].

Generally speaking, there are two strategies for increased
effect of bioactive peptides in dairy products. Either bioac-
tive peptide preparations can be added, or food proteins
can undergo specific proteolysis to promote the release of
encrypted bioactive peptides. It is important then to take
into account that extensive proteolysis also occurs during
gastrointestinal digestion. Potential bioactive compounds
from the diet, including bioactive peptides, can be bro-
ken down during gastrointestinal digestion before they are
absorbed and transported into the blood stream to give a
physiological effect. This has to be taken into account if
dairy products shall be developed with health claims due to
ACE-inhibitory peptides. If proteolysis of proteins in foods
shall be used as a strategy to increase the effect of bioactive
peptides, it must be done, so that the biological activity of
peptides (combined effect of concentration and specific ac-
tivity) after gastrointestinal digestion becomes higher than
that obtained naturally by gastrointestinal digestion of in-
tact proteins.

To evaluate food proteins as potential precursors of
bioactive peptides, a bioinformatics approach has been to
screen protein sequences and compare with bioactive pep-
tide sequences in databases [7]. This approach has been
applied to predict possible release of bioactive peptides
from plant proteins using proteolytic enzymes with differ-
ent specificity [8] and to explore release of ACE-inhibitory
peptides from pea and milk proteins during gastrointesti-
nal digestion [9]. Besides comparing characterised pep-
tide sequences in databases, peptide quantitative structure-
activity relationship (QSAR) models could be used. QSAR



models are mathematical functions that describe relation-
ship between activity and chemical structure expressed by
variables. Such models are used both to predict ac-
tivity of untested chemical structures and to pre-
dict the chemical structure of compounds with spe-
cific activity. A QSAR model for ACE-inhibitory pep-
tides derived from milk proteins have recently been
presented [4].

Our objective was to theoretically quantify how ini-
tial proteolysis of milk proteins affects the forma-
tion of ACE-inhibitory peptides during gastrointestinal
proteolysis.

Materials and methods

In silico gastrointestinal proteolysis

Protein sequences (Table 1) were obtained from the Swiss-
Prot/TrTEMBL database at the ExPASy Molecular Biol-
ogy Server (http://www.expasy.org). The molecular masses
used are those from the revision by Farrell et al. [10] on
nomenclature of milk proteins.

In silico gastrointestinal proteolysis of protein and pep-
tide sequences was performed with the software Peptide-
Cutter [11] (http://www.expasy.org/tools/peptidecutter)
using the combination of pepsin (pH 1.3), trypsin and
chymotrypsin—Ilow specificity without including the
more sophisticated model on cleavage probability of
chymotrypsin and trypsin. A detailed procedure for per-
forming in silico simulation of gastrointestinal proteolysis
was described by Vermeirssen et al. [9].

To evaluate the effect of systematic proteolysis on milk
proteins before gastrointestinal proteolysis, the protein
sequence was first cleaved at the C-end of a given type of
amino acid and the obtained fragments then underwent in
silico gastrointestinal proteolysis.

Estimation of ACE inhibition by protein hydrolysate

Estimation of ACE inhibition expressed as log ICsg
(wmol 171) was done by the QSAR model reported by
Pripp et al. [4]

logICsp = 1.46 —9.29 - 10™%x; + 0.52x,

+3.21-107%x3 4))
where x; is a measure of side-chain hydrophobicity and
Xy is positively charged side chain for amino acid in C-
terminal position and x3 is van der Waals volume of
the amino acid next to the C-terminal position. ICsg
is the concentration (pmol 17!) needed to inhibit ACE
by 50%.

In order to estimate the ACE inhibition for a protein
hydrolysate, the combined ICsy value (umol 17!) from
peptides (i=1, 2, ..., p) in protein hydrolysate (I C55) was
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expressed as

1

P i=1 ICs;

IG5 =

where p is the number of peptides obtained after hydroly-
sis of a protein sequence, ICsg; the QSAR model estimated
ICso (wmol 171) for peptide i from hydrolysis of protein
sequence, where i=1, 2,. .., p. The combined ICsy can be
understood as the ICsy value of a given single peptide,
which if it occurred in same total concentration as all pep-
tides in the hydrolysate of interest, would give exactly the
same ICsg as that found for the hydrolysate.
Corresponding protein concentration (mg/ml) to give a
hydrolysate that inhibit 50% activity of ACE was then

: 107%ICs5M,,  107°M,,
ICsp for protein hydrolysate = ==
p i=1 iy
3)

where M, is the molecular mass of protein sequence
(g/mol) (Table 1).

A spreadsheet in Microsoft Office Excel 2003 was devel-
oped with formulas and database of physico-chemical vari-
ables. It was able to estimate ICsq for protein hydrolysates
directly from the one-letter coded peptide sequences ob-
tained by in silico gastrointestinal proteolysis.

Results and discussion

Hydrolysing food proteins with combinations of pepsin,
trypsin and a-chymotrypsin has been used to simulate
experimentally the formation of ACE-inhibitory peptides
during gastrointestinal proteolysis. Using the outlined
bioinformatic approach, it was possible to theoretically
estimate ICsy values for inhibition of ACE after gastroin-
testinal proteolysis of milk proteins. The major whey
proteins a-lactalbumin and B-lactoglobulin gave ICsg
values (Eq. 3) of 0.047 mg/ml and 0.034 mg/ml, respec-
tively, and og)-casein, agp-casein, p-casein and k-casein
gave ICsq values of 0.025, 0.045, 0.060 and 0.047 mg/ml,
respectively. Vermeirssen et al. [12] found, by experi-
mentally simulating gastrointestinal proteolysis in vitro
using pepsin, trypsin and a-chymotrypsin, ACE inhibitor
activities of ICsy 0.076 mg/ml for pea and 0.048 mg/ml
for whey protein hydrolysates. An experimental ICsg
value of 0.048 mg/ml for digested whey proteins (in
batch simulated gastrointestinal proteolysis) is consistent
with the theoretical estimation for a-lactalbumin and
B-lactoglobulin. Theoretical estimation of ICsy values for
some major pea proteins after digestion was also examined
and gave mainly ICsq values in the range 0.03—-0.06 mg/ml.
Difference between experimental findings for in vitro gas-
trointestinal proteolysis and theoretical estimation for pea
proteins might be due to the presence of protease inhibitors
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in peas [13]. This could affect experimental findings, but
are not taken into account in the theoretical estimations. In
the study by Vermeirssen et al. [9] on in silico digestion, -
lactoglobulin and B-casein were found to be very promising
sources of ACE-inhibitory peptides. Only small differences
between the milk proteins with no initial proteolysis were
found in the present study. Dziuba [8] examined also
bioinformatically release possibilities of bioactive peptides
from plant proteins with different proteolytic enzymes.
Gastrointestinal proteolytic enzymes such as chymotrypsin
and trypsin gave a lower probability of release compared
to those of several other enzymes examined, emphasising
the relevance of gastrointestinal proteolysis on formation
of bioactive peptides. A major difference between these
studies is that a database for ACE-inhibitory peptides was
used by Vermeirssen et al. [9] and Dziuba et al. [8], while
the present work is based on a peptide QSAR model.
An advantage with the present approach is that the ACE
inhibition after in silico gastrointestinal proteolysis is
expressed as ICsy (mg protein/ml) and that estimation of
ACE inhibition of a specific peptide sequence is not limited
to whether it is characterised and reported in a database.
Specific additional, controlled proteolysis in dairy prod-
ucts could be an approach to increase formation of bioavail-
able ACE-inhibitory peptides after gastrointestinal diges-
tion compared to digestion of untreated milk proteins. Mi-
crobial fermentations have been shown to influence ACE-
inhibitor activity of digested proteins in vitro [14] and in
vivo [15]. However, proteolysis in food products could also
enable gastrointestinal enzymes to degrade potential ACE-
inhibitory peptides more efficiently into free amino acids,
and thereby decrease the physiological ACE-inhibitory ef-
fect. Modelling how initial proteolytic activities in food
influence ACE-inhibitory activity after gastrointestinal di-
gestion could be a tool to find such proteolytic activity
that could increase the physiological ACE-inhibitory ef-
fect. The approach chosen in this study was to assume
cleavage at the C-end of a given type of amino acid in the
protein sequence, perform in silico gastrointestinal prote-
olysis on the fragments and estimate ACE inhibition for
the resulting hydrolysate (Eq. 3) using a peptide QSAR
model. This was done for each of the 20 different amino
acids in the sequences. Calculations for the major milk
proteins and for milk (based on relative protein distribu-
tion in Table 1) are shown in Fig. 1. However, some of the
resulting peptides after in silico proteolysis might be too

large to cross the intestinal barrier, enter the blood stream
and thus be bioavailable. ACE inhibition by only taking di-
and tri-peptides into account was therefore also calculated
separately (Fig. 1), since smaller peptides are more likely
absorbed by the intestinal peptide transport system [16].
Among the different treatments, initial cleavage at the
C-end of isoleucine contributed to a significantly increased
theoretical ACE inhibition from all major milk proteins,
except P-lactoglobulin, compared to gastrointestinal pro-
teolysis of the same proteins without any initial proteol-
ysis. Cleavage at the C-end of aspartic acid resulted in a
clearly increased ACE inhibition from a-lactalbumin, and
cleavage after valine resulted in clearly increased ACE
inhibition from P-casein, k-casein and a-lactalbumin. A
similar pattern was found if only di- and tri-peptides (as-
sumed bioavailable) were taken into account. Cleavage at
the C-end of isoleucine gave clearly increased “bioavail-
able” ACE-inhibitor activity from all proteins, except p-
casein, and cleavage after valine more than doubled in-
creased “bioavailable” ACE inhibition from -casein and a-
lactalbumin. Investigation of structure-activity relationship
for ACE-inhibitory peptides indicates that binding to ACE
is influenced by the C-terminal tri-peptide region of the
substrate and that peptides containing hydrophobic amino
acid residues in the C-terminal region display the highest
inhibitor potential [2, 4]. Cleavage of milk proteins at the C-
end of hydrophobic amino acids like isoleucine promoted,
according to these theoretical estimations, the ACE inhi-
bition from several milk proteins by increased formation
of highly inhibitory peptide structures after gastrointestinal
digestion. Many identified ACE-inhibitory peptides contain
proline in the C-terminal position, and initial cleavage after
proline residues could therefore increase the production of
such ACE-inhibitory peptides from milk proteins after gas-
trointestinal digestion. This was also found to be the case
for all four caseins. B-casein has an especially high content
of proline residues, and the effect of cleavage at the C-end
of proline gives theoretically more than three-fold increase
of ACE inhibition and a ten-fold increase in “bioavail-
able” ACE inhibition (only di and tri-peptides taken into
account). If the relative distribution of these six proteins
in milk (Table 1) is used to estimate effect of initial prote-
olysis in milk, cleavage at the C-end of isoleucine or pro-
line is also the most promising way to produce high ACE-
inhibitor activity from milk during gastrointestinal diges-
tion (Fig. 1). Initial proteolytic treatment of milk with prolyl

Table 1 Milk protein sequence entries in Swiss-Prot/TrEMBL database and the relative protein distribution in milk (data from Farrell

etal. [10])

Protein Swiss-Prot/TrTEMBL  Protein accession Number of amino Molecular mass Relative distribution
entry number acids in milk (%)

o, -Casein CAS1_BOVIN P02662 199 23615 40

ag-Casein CAS2_BOVIN P02663 207 25226 10

B-Casein CASB_BOVIN P02666 209 23983 29

k-Casein CASK_BOVIN P02668 169 19037 9

a-Lactalbumin LALBA_BOVIN P00711 123 14178 3

B-Lactoglobulin LACB_BOVIN P02754 162 18277 9
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Fig. 1 Calculated, in silico, 80
ACE inhibition expressed as 70
1/ICs for protein hydrolysate
(Eq. 3) of the six major milk
proteins and of milk (relative
protein distribution cf. Table 1)
when all peptides () or only
di- and tri-peptides ()
(assumed bioavailable) were
taken into account. Initial
proteolysis was by cleavage at 2
the C-end of a given amino acid

1/IC,, (ml/mg)
N
)
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endopeptidase could then be a useful approach to increase
formation of ACE-inhibitory peptides during digestion,
since this enzyme prefers to cleave protein fragments at
the C-end of prolyl residues. Dziuba [8] found also that
prolyl endopeptidase gave a high release probability of
bioactive peptides from plant proteins, even though the
additional influence of gastrointestinal proteolysis was not
studied. Cleavage at the C-end of other amino acid residues
produces, according to the theoretical estimations, little
or no increased ACE-inhibitor activity compared to that
obtained by gastrointestinal digestion of untreated milk
proteins.

Bioinformatic, in silico, research on the effect of pro-
teolysis of food proteins on formation of bioactive pep-
tides during gastrointestinal digestion could be an ap-
proach to predict biotechnological treatments to develop
foods with specific health effects (functional foods).
Based on the present findings, additional, controlled
proteolysis in dairy foods should be rather specific in order

to obtain increased ACE-inhibition from peptides obtained
during gastrointestinal digestion compared to that obtained
by gastrointestinal proteolysis of untreated milk proteins.
It might therefore be speculated if the effect of initial pro-
teolysis in foods is too limited to make functional foods
with claimed health effects due to ACE inhibition. Enrich-
ing foods with preparations containing bioavailable ACE-
inhibitory peptides may be needed to produce a functional
food product with claimed blood-pressure reducing effect.
Further experiments using in silico, in vitro and in vivo
studies are needed for verification. However, the bioinfor-
matic approach using in silico gastrointestinal proteolysis
and peptide QSAR model provide tools to approach the
complexity of proteolysis in foods, digestion and forma-
tion of bioactive peptides.
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