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Abstract Screening, isolation and in vitro or in vivo as-
says have been used for characterisation of bioactive pep-
tides derived from food proteins. Bioinformatic computa-
tional methods as quantitative structure–activity relationship
(QSAR) and computer-predicted (in silico) proteolysis have
been complementary to experimentally work. Recent devel-
opments in molecular characterisation and bioinformatics
have further made it possible to “dock” small molecules (i.e.
ligands) towards proteins and “score” their potential binding.
Thus, methods like docking and virtual screening are be-
coming widely used in drug development, but to our knowl-
edge have found limited use in food science. Angiotensin
converting enzyme (ACE) inhibitory dipeptides were there-
fore docked towards a protein target. A significant relation-
ship was found between results from computational docking
and experimental values for inhibition (n = 58, R2 = 0.28,
p<0.001). Docking and virtual screening were found fea-
sible to identify promising bioactive peptide structures and
could provide molecular understanding but does not replace
the need for experimental verification and analysis.
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Introduction

Proteins provide essential amino acids and energy required
for growth and maintenance of the body and give food phys-
ical and functional properties. Peptides and free amino acids
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in foods are mainly derived from proteolysis of proteins
during processing, ripening or eventually by gastrointesti-
nal digestion. Proteolysis is important for development of
product quality in, e.g., ripened cheese [1], but recent re-
search also point out that some peptides liberated during
proteolysis of food proteins may have physiological activ-
ity (bioactivity) [2]. A well-known physiological effect of
peptides is taste. Bitter- and/or umami-tasting peptides have
been isolated from foods and protein hydrolysates [3]. Some
peptides have also shown health-related bioactivity related
to the cardiovascular (e.g. angiotensin-I-converting enzyme
(ACE) inhibitory peptides and antitrombotic peptides), ner-
vous (e.g. opioid peptides), immune (e.g. immunomodulat-
ing), host defence (e.g. antimicrobial peptides), cognitive
(e.g. prolyl oligopeptidase (POP) inhibitory peptides) and
nutritional system (e.g. casein phosphopeptides) [4]. Bioac-
tive peptides are therefore used as active ingredient in several
food products with claimed health effects.

An increasing amount of experimental research on bioac-
tive peptides derived from food proteins are reported in liter-
ature. Both in vitro and in vivo assays have been developed
to determine bioactivity of isolated peptide fractions from
foods or protein hydrolysates. Bioactive peptides have of-
ten been synthesised to make more extensive biochemical
and biological characterisation possible. Screening studies
of foods and process optimisation for efficient production of
bioactive peptides have been explored. It has gained insight
into active peptide structures and development of novel foods
and ingredients [5]. Complementary to experimentally work,
have been computational methods to predict and understand
relationship between peptide structure, bioactivity and their
formation during proteolysis [6]. Databases of food-derived
bioactive peptides are useful in that respect [7] and have
been used in combination with screening food protein se-
quences for possible release of bioactive peptides, in silico
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(computer-predicted) proteolysis and quantitative structure–
activity relationship (QSAR) modelling [8–11].

Finding chemical structures with feasible physiological
activities is an area driven by medical and pharmaceutical
research through drug discovery. Drug discovery is to a large
extent based on experimentally screening potentially active
compounds for bioactivity with evaluation and modifications
of promising lead candidates. Recently, as the information
on molecular characteristics and models of binding sites in
physiological targets are becoming more available [12, 13],
computational approaches that “dock” small molecules into
the structures of macromolecular targets and “score” their
potential complementarity are becoming widely used in hit
identification and lead optimisation [14]. Thus, lead candi-
dates can be found using a docking algorithm that tries to
identify the optimal binding model of a small molecule (i.e.
ligand) to the active site of a macromolecular target (e.g.
active site in an enzyme). Scoring results from computa-
tional ligand–protein docking can then be explored for virtual
screening. Virtual screening involves databases with relevant
molecular structures that are docked into protein targets. Re-
spective scoring results are then used for identification of
structures with potential binding and physiological activity,
which can be further evaluated experimentally. Development
of drugs such as HIV protease inhibitors have been heavily
influenced by structure-based design using computational
methods and modelling [15, 16]. However, there remain sig-
nificant challenges in application of such methods and the
relationship between computational results and biochemical
or biological activity is indeed not straightforward [14, 17].

Virtual screening and ligand–protein docking is a rela-
tive unexploited area in the field of bioactive peptides from
foods and could contribute to increased insight into molecu-
lar mechanisms. It could also be a complementary method for
identification of bioactive peptide sequences. ACE inhibitory
dipeptides previously used in QSAR modelling were there-
fore docked towards relevant protein targets. Computational
results were compared to experimental values to explore if
docking and virtual screening have the potential to identify
bioactivity to peptides derived from food proteins.

Materials and methods

Bioactive peptides and target proteins

The protein structure complex of the anti-hypertensive
drug captopril with angiotensin-I-converting enzyme (PDB
ID: 1UZF) was obtained from the Protein Data Bank
(http://www.pdb.org). Data set of dipeptides with experi-
mentally determined values for inhibition of ACE (Table 1)
were originally from Cushman et al. [18]. It has been widely
used by Hellberg et al. [19], among others, for evaluation

Table 1 Observed activity of angiotensin converting enzyme (ACE)
inhibitory dipeptides compiled by Hellberg et al. [19] from data by
Cushman et al. [18]

Peptide log 1/IC50 Peptide log 1/IC50

PG 1.77 GM 2.85
DG 1.85 GI 2.92
EA 2.00 IG 2.92
EG 2.00 VG 2.96
TG 2.00 IF 3.03
GD 2.04 FR 3.04
LG 2.06 GF 3.20
SG 2.07 AA 3.21
QG 2.13 RA 3.34
GG 2.14 YA 3.34
GQ 2.15 GP 3.35
HG 2.20 VP 3.38
WG 2.23 KA 3.42
GT 2.24 LA 3.51
GE 2.27 AP 3.64
GK 2.27 RF 3.64
MG 2.32 GY 3.68
GV 2.34 AF 3.72
DA 2.42 RP 3.74
GS 2.42 IP 3.89
FG 2.43 AY 4.06
GR 2.49 VF 4.28
HL 2.49 GW 4.52
KG 2.49 VY 4.66
GH 2.51 RW 4.80
AG 2.60 AW 5.00
GL 2.60 IY 5.43
GA 2.70 IW 5.70
YG 2.70 VW 5.80

of peptide QSAR methods. Observed inhibitory activity of
dipeptides were expressed as peptide concentration in molar
needed to inhibit 50% of enzyme activity (IC50) and trans-
formed to the logarithmic value of the inverse (log 1/IC50).

Docking

The molecular structure of dipeptides was modelled using
the polypeptide builder function in ArgusLab 4.0.1. (Pla-
naria Software LLC, Seattle, WA, http://www.arguslab.com)
and saved in the MOL format. Explicit hydrogens in the
peptide structures were also assigned by ArgusLab. Protein
structures from the Protein Data Bank were saved in their
pdb format. Ligand–protein docking was performed with the
molecular docking algorithm MolDock [20] using the Mole-
gro Virtual Docker version 1.1.1 software (Molegro ApS,
Aarhus, Denmark, http://www.molegro.com) according to
instructions. Peptides (ligands) modelled in Arguslab and
protein structure complexes were imported into the docking
program assigning bonds, hybridisation and explicit hydro-
gens if missing and always charges and flexible torsions

Springer



Eur Food Res Technol (2007) 225:589–592 591

Fig. 1 Protein structure of angiotensin converting enzyme PDB ID:
1UZF with binding site restricted within a 15 × 15 × 15 Å3 cube (indi-
cated by green colour) centred at the observed bound captopril molecule

with the Molegro Virtual Docker software. The molecular
structure of imported ligands was manually checked before
docking and corrected in those cases were it had failed. Wa-
ter molecules with the protein structures were excluded from
the docking experiments, but metal or salt ions were retained.
Binding sites were restricted within a 15 × 15 × 15 Å3 cube
centred at the observed binding of captopril in protein com-
plex PDB ID: 1UZF (Fig. 1).

Due to the stochastic nature of the ligand–protein docking
search algorithm, 10 runs were conducted and 10 docking so-
lutions (pose) were retained for each ligand. The interaction
energy between the pose with highest ranking Moldock score
and the protein were compared with experimental values for
enzyme inhibition expressed as log (1/IC50). The coefficient
of determination (R2) between predicted ligand–protein in-
teraction and observed enzyme inhibition was determined
with corresponding p-values from statistical testing using
the Minitab Release 14 Statistical Software (Minitab Ltd.,
State College, PA, USA).

Results and discussion

The data set of ACE inhibitory dipeptides (Table 1) has also
been used for QSAR modelling. It was therefore intention-
ally chosen, so that the two bioinformatic approaches, i.e.
docking and QSAR modelling, could be compared for the
ability to identify bioactive peptide sequences. There are sev-
eral available protein structures for ACE in the Protein Data
Bank (http://www.pdb.org). In this study, a protein struc-
ture complex without specific mutations and with a bound
captopril molecule was chosen. Water molecules are often
omitted from comparable docking experiments [20] and were
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Fig. 2 A significant relationship was found (n = 58, R2 = 0.28,
p<0.001) between observed inhibition of angiotensin converting en-
zyme inhibitory dipeptides (Table 1) versus estimated interaction en-
ergy between poses and the protein

therefore also omitted here. Ions were included, since they
are an integral component of many enzymes and are essen-
tial to their catalytic function and structural stability [21]. For
instance, zinc and chloride ions are involved in the catalytic
activity of ACE [22].

Docking of peptide sequences was performed using the
MolDock algorithm [20] and relationship between observed
enzyme inhibition and the estimated interaction energy be-
tween the poses and the proteins was evaluated (Fig. 2).
QSAR modelling of the ACE-inhibitory dipeptide data us-
ing different amino acid descriptors set have produced some-
what stronger relationship between predicted and measured
values (R2 usually in the area 0.6–0.7) than found in this
docking experiment. However, QSAR models are obtained
using regression analysis of chemical descriptors and ob-
served values of bioactivity. Whereas docking does not, in
a similar direct way, take into account measurements of ob-
served values of bioactivity in the modelling. It is therefore
not unexpected that QSAR modelling provides a better rela-
tionship than docking for this data set.

Even though docking programs and scoring methods have
been found fairly able to reproduce the experimental ob-
served binding model and differentiate active ligands from
decoys, a major criticism has been their inability to dis-
tinguish, differentiate and quantitative the sometimes sub-
tle differences that can change ligand affinity from highly
potent to inactive [17]. The modeller must also take great
care in expressing correct structural characteristics of lig-
ands and proteins to resemble the given biochemical condi-
tions. Our reported docking study does also reflect this, since
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a large variation in predicting ability was found. However,
the predictive activity seemed in the case of ACE inhibitory
dipeptides to be close to what can be obtained using QSAR
modelling. Both QSAR modelling and docking should there-
fore be feasible methods to find promising peptide struc-
tures for bioactivity, but does not replace the need for fur-
ther experimental verification and analysis. Suggestions of
promising peptide structures for bioactivity from modelling
have to be tried out experimentally and compared with other
modified structures to identify highly potent bioactive pep-
tides. However, instead of going directly to large-scale ex-
perimental screening to identify novel neutraceuticals, a
more structured approach would be molecular modelling
and docking to select promising candidates and then assays
to measure the activity of selected candidates from dock-
ing followed by QSAR modelling to guide further molecular
optimisation.

Even though docking does not in any way replace the need
for in vitro and in vivo testing, it could contribute to a molec-
ular understanding of bioactivity. That alone, legitimate that
it should be more extensively explored in food chemistry to
understand how biological active compounds in foods can
interact with macromolecular receptor.
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