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Amaranth seed is a valuable source of dietary protein with very high nutritional quality, and recently its
potential as a nutraceutical has been proposed. The aim of this work was to provide experimental evi-
dence for the presence of anti-hypertensive peptides in globulin 11S, one of the major constituents of
the seed, by means of an in-silico based peptide library screening method. A three-dimensional model
of globulin 11S was built, upon which anti-hypertensive peptides were mapped via a database-driven
method. Solvent accessibility was evaluated for each potential peptide, and two potent and exposed trip-
eptides were detected: IKP and LEP. An N-terminal extension of these two peptides was built using the
globulin 11S primary sequence information, and ACE inhibitory behaviour was simulated by automated
ligand–protein docking. The occurrence of two inhibitory tetrapeptides, ALEP and VIKP, was predicted
and experimentally validated by an in vitro ACE inhibition assay that showed IC50 values of 6.32 mM
and 175 lM, respectively. This study is the first to provide experimental proof of the anti-hypertensive
value of Amaranth. Furthermore, this is the first time that a peptide docking approach is used to find
ACE-inhibitory peptides from a food protein source.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, Amaranth (genus Amaranthus) has emerged as
an attractive source of vegetal protein due to its high nutritional
value. Its seed proteins possess an unusually well-balanced ami-
no-acidic composition with higher sulphur amino acid content
than legume proteins and higher aromatic and hydrophobic amino
acid contents than cereals (Gorinstein et al., 2002). Globulins are
the most abundant fraction of Amaranth protein isolates, their
main constituents being the 11S globulin (amarantin) and the
structurally related globulin-P (Quiroga et al., 2007). While its
nutritional and functional value has been thoroughly studied
(Aphalo et al., 2004; Bressani et al., 1989; Colla et al., 2006; Escu-
dero et al., 2004; Marcone, 1999; Silva-Sánchez et al., 2004), much
less is known about its nutraceutical potential.

Bioactive peptides are important components of functional
foods, since it is generally acknowledged that specific sequences
within the parent food proteins can provide physiological benefits
once they are released either by in vivo digestion, microbial fer-
mentation, or in vitro enzymatic hydrolysis (Hartmann and Meisel,
2007).

Anti-hypertensive peptides inhibit angiotensin I-converting en-
zyme (ACE) and thus reduce blood pressure in vivo by hindering
ll rights reserved.
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formation of angiotensin II, a potent vasoconstrictor (Kubota
et al., 2002). The use of non-peptidic vasopeptidase inhibitors has
proved successful in the treatment of chronic hypertension (Sag-
nella, 2002). In the past years, it has been shown that food proteins
comprise a source of natural anti-hypertensive peptides with
in vivo activity, milk proteins being the most thoroughly studied
(Murray and FitzGerald, 2007).

Recently, the presence of encrypted bioactive peptides in sev-
eral Amaranth seed storage proteins was shown (Silva-Sánchez
et al., 2008). In this work, the occurrence of anti-hypertensive pep-
tides in Amaranth 11S globulin is further assessed, using a more
complete database and including structural information that gives
insight into the actual probability of the encrypted peptides being
released by proteolysis. Moreover, the possibility of the occurrence
of as yet non-described anti-hypertensive peptides is raised by in-
silico simulation of the interaction between ACE and novel poten-
tial peptide inhibitors using automated docking. Predictions are
also evaluated by in vitro ACE inhibition assays.

2. Results and discussion

2.1. Structural analysis

2.1.1. Molecular modeling of Amaranth 11S globulin
In order to relate the presence of encrypted anti-hypertensive

peptides in the primary sequence of 11S globulin from Amaranth
(A. hypochondriacus) with structural information, a 3D model was
constructed using homology modeling Fig. 1. From the two
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Fig. 1. Amaranth 11S globulin three-dimensional model. Ribbon (A) and surface (B) representations of the homotrimer are shown. (A) Alpha-helix portions are colored in
yellow, pleated beta-sheets in magenta. The beta-rich cupin fold can be easily distinguished between the alpha-helix segments that contribute to inter-subunit interactions.
(B) Each subunit of the trimer was colored differently. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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independent 11S globulin sequences available, GenBank Accession
Nos. ABM66807 and CAA57633, the first was chosen for analysis
after confirming by global alignment that both sequences were
identical except for point differences in 4 of their 487 amino acid
residues.

The FFAS03 system (Jaroszewski et al., 2005) was used for
choosing the template, which assigned the G1 soy glycinin as the
most representation structure (PDB Accession No. 1FXZ, score
�99.5). The structure highlighted gaps in positions 1–9, 92–109,
179–197, 228–232, 249–296, and 471–476. A structural alignment
of the following three candidates, 2CV6, 2D5F, and 2EVX, all with
FFAS score lower than �70, indicated that the absence of informa-
tion in such zones is consistent and is associated to high beta factor
values. Since this is a common characteristic 3D structures of stor-
age globulins (Barre et al., 2005), the initial election of the 1FXZ
structure as template was maintained.

After modeling the homotrimeric structure with subsequent
refinement by energy minimization, the model fitness was evalu-
ated by several criteria using the Eval3D server, which yielded po-
sitive values for the Verify3D (Lüthy et al., 1992) and the Eval23D
structural quality assessment (Gracy et al., 1993) throughout the
polypeptide chain. This confirmed that the the model was both
structurally and energetically coherent, as determined by the dpf
function of the Modeller program (calculated automatically by
T.I.TO.) and the Eval3D tools, respectively.

As expected, the final model shows that the structure of the 11S
globulin has a fold characteristic of other storage globulins and,
more generally, of the cupin superfamily. Each subunit of the
homotrimer has two central cupin domains formed exclusively
by anti-parallel beta-sheets. Such domains are located in the center
of the subunit and are flanked by zones rich in alpha-helix second-
ary structure which are involved in the interactions between
subunits.

2.1.2. Structural characterization of encrypted ACE-inhibitory peptides
After obtaining the structural model, the potential Accessible

Solvent Area (ASA) values were examined for each residue, to-
gether with gaining possible information about secondary struc-
ture. In the zones in which 3D information could not be obtained
due to template gaps, the ASAP predictive method based on se-
quence information (Yuan et al., 2006; Yuan and Huang, 2004)
was used. The location of encrypted anti-hypertensive peptides
in the structure was established using the Biopep database (Dziuba
et al., 1999) and the database published by Wu (Wu et al., 2006).
Results are shown in Fig. 2.
As shown in the Figure, potential ACE-inhibitory peptides are
present both in zones with defined secondary structure as well as
in more relaxed loop regions and random coil zones. The frequency
of solvent exposure variation along the polypeptide is considerably
lower than the frequency of oscillation of the anti-hypertensive
potential. As a consequence, peptides with inhibitory potential
are found both in exposed (ASA > 0.3) and in buried zones (ASA <
0.3). Also, there is a lack of ‘‘hot spots” of potential ACE inhibitory
activity, as reported for some milk proteins. Overall, 61% of inhibi-
tory peptides are located in the protein core and, in average, exhibit
a higher inhibitory potency than exposed peptides (log [IC50] of
2.22 vs. 2.6).

These results indicate that there are potentially beneficial bio-
active peptides in very diverse structural contexts. Since they can
exert their effect only after being released from the original poly-
peptide by proteolysis, one of the most useful structural parame-
ters to evaluate their probable in vivo action is solvent exposure.
Peptides located in the protein surface will be more likely to con-
stitute protease substrates, which would enable them to exert a
physiological action. Such observation is also applicable to enzy-
matic hydrolysates of proteins and protein isolates.

Taking this fact into account, two tripeptides with high anti-
hypertensive potency (log [IC50] < 1) and solvent exposure were
identified: IKP and LEP. The location of these peptides in the struc-
tural context of the 11S globulin from Amaranth is shown in Fig. 3.
It can be appreciated that these peptides are located in opposite
sides of the trimer, that a significant portion of both is exposed
to the solvent, and that they are not associated to zones of defined
secondary structure.

2.2. Library screening by ligand–protein docking

To explore the potential existence of anti-hypertensive peptides
from Amaranth 11S globulin not yet identified, an in-silico simula-
tion of binding to ACE was performed by means of virtual library
screening. The library was constructed by performing N-terminal
extensions of the inhibitory peptides IKP and LEP, using the 11S
globulin sequence. This procedure yielded 9 peptides containing
4–9 amino acid residues. In theory such peptides can be released
from 11S globulin by proteolysis, and have the additional advan-
tage of being exposed to the solvent. Their postulated inhibitory
activity is based on studies on the structural requirements of
ACE-inhibitory peptides showing that the C-terminal di and tri-
peptide sequence is a determinant for high-affinity binding (Fitz-
Gerald and Meisel, 2000; Pripp et al., 2004). This led us to speculate



Fig. 2. Accessible surface area (ASA) and anti-hypertensive potential (IC50) of Amaranth 11S globulin. ASA values for each residue are shown in the vertical top bars. Values
above 0.3 (exposed) are shown as positive, below 0.3 are shown as negative. Anti-hypertensive power is depicted in the bottom bar as a temperature gradient, where ‘hot’
colors represent high ACE inhibitory character. Below, secondary structure elements (SS) are drawn. It can be seen that tripeptides IKP and LEP (boxed) have both high ASA
and anti-hypertensive power values.

Fig. 3. Mapping of IKP (brown) and LEP (yellow) tripeptides in the Amaranth 11S globulin model. A: Stick diagram. Tripeptide surfaces are shown. It can be seen that they are
located in opposite faces of the trimer, and that both are exposed to the exterior. B: Ribbon diagram. Secondary structure elements are displayed as in Fig. 1. Both tripeptides
are in zones without any defined secondary structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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that this small peptide library, whose components have a proven
inhibitory sequence in their C-terminus, may contain as yet un-
known ACE-inhibitory peptides.

To test this hypothesis, the interaction free energy and the bind-
ing mode between each peptide and the 1O8Z structure corre-
sponding to human ACE (Natesh et al., 2003) were theoretically
calculated. Results are shown in Fig. 4, which depicts the values
of free energy for the formation of the ACE-peptide complex for
each component of the library. As a positive control, docking was
also performed for the KP, IKP, EP, and LEP peptides with proven
ACE inhibitory activity, and the non-peptide inhibitor Captopril.

In every case, the binding mode of control ligands with ACE
agreed with experimental data; the union is established between
the Zn2+ heteroatom of the active site of the metalloproteinase
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Fig. 4. Predicted free energy of binding of the peptide library. For each ligand, the lowest energy among all 50 runs (black) and the average energy of the highest scoring
cluster (gray) are shown. Captopril, KP, IKP, EP, and LEP are positive controls. The predicted binding energy monotonously decreases with increasing length. The best new
inhibitory peptide then is the corresponding tetrapeptide for each series: VIKP and ALEP.

B. Vecchi, M.C. Añón / Phytochemistry 70 (2009) 864–870 867
and the 2-carboxyl-pyrrolidinic group (corresponding to the C-ter-
minal proline) or the sulphydryl in the case of control peptides and
Captopril, respectively.

For Captopril, the predicted interaction energy agrees with
measured values of the inhibition constant: 6.35 nM vs. 1.2 nM
(Michaud et al., 1997). For control peptides, the prediction is quan-
titatively less accurate, the predicted Ki being about one order of
magnitude lower than the real one. Nevertheless, it is known that
docking methods are less successful for predicting the binding
mode than for predicting the inhibition constant (Sousa et al.,
2006).

Notwithstanding, the change trend of these values with the N-
terminal extension of the peptide, the binding mode, and the clus-
ter histograms of the docked structures can be taken as indicative
data of the potential inhibitory activity of a peptide by comparison
with data predicted for peptides with proven inhibitory activity.

Seven of the nine evaluated peptides were good ligands, with
interaction energy comparable to that of control inhibitory pep-
tides (Fig. 4). In every case, they interacted through ionic bonds
established with the free coordination sites of the Zn2+ of the active
site. This ionic bridge accounted for a large part (roughly 50%) of
the total free energy of binding, especially for shorter peptides.

In peptide collections based on IKP or LEP, a negative correlation
was found between the DG of binding and the number of residues
in the ligand. This finding is in line with the fact that about 90% of
the peptide ACE inhibitors reported to date possess six residues or
less (Dziuba et al., 1999).

For each series, the uncharacterised peptides with highest prob-
abilities of anti-hypertensive activity were those of four residues in
length: VIKP and ALEP. In both cases, the theoretical free energy of
interaction had a magnitude comparable to that of the parental
peptide. While VIKP seems to display a binding mode similar to
IKP and Captopril, ALEP seems to bind to Zn2+ through its glutamic
acid residue in its most frequent binding mode (see Fig. 5). These
two tetrapeptides were chosen as candidates for in vitro inhibitory
assays.

2.3. In vitro ACE inhibition assay

To confirm experimentally the results obtained by virtual
screening, the ACE inhibitory activity of VIKP and ALEP peptides
obtained by chemical synthesis was studied in vitro. IC50 (Inhibi-
tory Concentration 50) curves were drawn, which permitted estab-
lishment of the inhibitor concentration necessary to reduce by 50%
the peptidyl-transferase activity of ACE. The assay was performed
in the presence of the synthetic substrate Hippuryl Histidyl Leu-
cine (HHL), whose hydrolysis product, hippuric acid, can be mea-
sured spectrophotometrically. As a positive control, the IC50
curve of Captopril was determined (Fig. 6). A non-linear fit using
the cooperative Hill function gave an apparent inhibition constant
of (10.1 ± 0.5) nM and a cooperativity index or Hill slope of
2.0 ± 0.3. These values are in close agreement with those deter-
mined by others (Michaud et al., 1997; Vermeirssen et al., 2002).

As shown in Fig. 5, both ALEP and VIKP inhibited ACE activity in
the conditions of the assay (IC50 6.32 mM and 175 lM, respec-
tively). In the case of ALEP, these data indicate an inhibitory po-
tency three orders of magnitude lower than its N-terminal
tripeptide LEP. In contrast, VIKP exhibited an inhibitory activity
comparable to that of IKP and of acceptable magnitude for a pep-
tide inhibitor. There have been reports of b-casein derived tetra-
peptides with IC50 values ranging from 101 to 5 � 102 lM
(Dziuba et al., 1999; Geerlings et al., 2006; Silva et al., 2006). Pre-
vious work has also detected the presence of ACE-inhibitory pep-
tides derived from soybean (Gouda et al., 2006) and sunflower
(Megías et al., 2004) 11S globulins, respectively.

The actual difference in affinity between the assayed tetrapep-
tide and its C-terminal tripeptide cannot be quantitatively de-
scribed solely by looking at the theoretical free energy of
binding. The fairly higher IC50 of ALEP, as compared to LEP, could
be explained by the fact that its lowest energy binding mode to the
active site of ACE involves an ionic bridge between the carboxyl
moiety of its asparagine residue and the Zn2+ of the enzyme, while
LEP does so by means of its C-terminal proline. Alternatively, Pripp
found a positive but low correlation (R2 = 0.28) between predicted
and actual inhibitory power, and particularly stressed the need of
experimental confirmation of predictions via in-silico simulations
(Pripp, 2007). This implies that while accurate affinity constant
predictions cannot be expected, the library screening method can
be helpful in reducing the amount of putative inhibitory peptides
to be assayed by either an in vitro or in vivo method.

Limitations in the in-silico approach used here are mainly those
tied to automated ligand–protein docking. Chief among these is the



Fig. 5. Binding mode of ACE:ALEP (left) and ACE:VIKP (right) complexes corresponding to the most frequent conformation. Macromolecular side chains closer than 7 Å to the
ligand are drawn as sticks and colored by their residue type: polar (yellow), hydrophobic (brown), acidic (pink) and basic (blue). The Zn2+ atom is colored purple. The ligand is
shown in both stick and surface representations, and colored by its partial charge in a per-atom basis, where blue represents negative charge and red, positive. VIKP interacts
with the Zn2+ ion via its C-terminal carboxyl moiety, while ALEP does so by means of its glutamic acid R group. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. ACE inhibition curves of Captopril (�), VIKP (d), and ALEP (j). Continuous lines represent the non-linear regression using Hill’s equation for each data set.
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less than ideal distinction between good and bad inhibitor candi-
dates. This is related to the fact that free energy of binding calcu-
lation is still the limiting factor of docking algorithms due to the
use of simplified scoring functions necessary to reach a compro-
mise between high accuracy and low computation time (Sousa
et al., 2006). Other sources of inaccuracies are the lack of an expli-
cit solvent model that could contemplate specific water mediated
bonds, and fine aspects of interaction such as entropy and whole
macromolecular motions for induced fit contributions to affinity
(Sousa et al., 2006; Hetényi and Spoel, 2002).

Also, the relative importance of the overall surface accessibility
of the encrypted peptides is bound to the assumption that a pep-
tide encrypted in a solvent exposed surface devoid of tight second-
ary structure will have greater chances of being released by
enzymatic hydrolysis by means of easier access and enhanced
molecular flexibility (Fontana et al., 2004; Novotný and Bruccoleri,
1987). This, however, does not rule out the possibility that buried
zones might be a valuable source of ACE-inhibitory peptides for
conditions in which high degree of hydrolysis are achieved, or con-
siders the specificity of any particular enzyme.
Another possible source of error is the usage of not yet perfect
empirical structure–activity relationships to reduce the size and
complexity of the peptide library. This step can be completely left
out, albeit with the consequence of having to perform screening
over a considerably larger collection of peptide candidates.

The peptides described in this work can also be found in other
seed storage proteins, most notably Glycine max glycinin and Che-
nopodium quinoa 11S globulin (Table S1, Supplementary Data).

3. Concluding remarks

It can be concluded that both ALEP and VIKP are tetrapeptides
with ACE inhibitory activity in vitro. These peptides are encrypted
in the primary sequence of 11S globulin from Amaranthus hypo-
chondriacus and are located in regions devoid of defined secondary
structure and with high exposure to the solvent. The latter two
characteristics increase the probability of their release by proteol-
ysis both in the gastrointestinal tract and in enzymatic hydroly-
sates of either 11S globulin or Amaranth protein isolates. To our
knowledge, this is the first time that a food-derived ACE inhibitory
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peptide is found exclusively via an in-silico analysis through library
screening and automated docking.

4. Experimental

4.1. Chemicals

All chemicals and solvents were of analytical grade and were
obtained from either Merck or Sigma. The substrate Hippuryl His-
tidyl Leucine was acquired from MP; rabbit lung purified angioten-
sin I-converting enzyme was obtained from Sigma. Synthetic
peptides VIKP and ALEP were custom-synthesized, HPLC purified
to more than 97% purity, and analysed by HPLC–MS by SBS Gene-
tech (China).

4.2. Molecular modeling of Amaranth 11S globulin

Amaranth 11S globulin sequences (GenBank Accession Nos.
ABM66807 and CAA57633) were obtained from the Entrez data-
base through the NCBI website (http://www.ncbi.nlm.nih.gov/
sites/entrez). Multiple amino acid sequence alignments were car-
ried out with ClustalX (Thompson et al., 1997) and edited manually
when required. Template candidates were selected with the
FFAS03 server (Jaroszewski et al., 2005) and structurally aligned
with VMD’s MultiSeq plugin (Eargle et al., 2006; Humphrey et al.,
1996). Homology-based molecular modeling was done using
T.I.T.O. server, (Labesse and Mornon, 1998) frontend of the Model-
ler program (Sali and Blundell, 1993). The model was further re-
fined by steepest descent energy minimization with GROMACS
(Spoel et al., 2005). Model quality was checked by means of the
Eval23D server (Gracy et al., 1993). Cartoons were drawn using Py-
Mol (DeLano, 2002).

4.3. Accessible surface area calculation

ASA values for each residue were calculated by the GETAREA
server (Fraczkiewicz and Braun, 1998) at http://www.chem.ac.ru/
Chemistry/Soft/GETAREA.en.html using the three-dimensional
model for Amaranth 11S globulin. To cover the model’s discontinu-
ities, ASAP (Yuan et al., 2006; Yuan and Huang, 2004) was used
with primary sequence information.

4.4. Anti-hypertensive peptide mapping

Amaranth 11S globulin was annotated using information from
the Biopep database (Dziuba et al., 1999) as well as that published
by Wu (Wu et al., 2006). Annotation was done automatically by
means of a script that read from this updated database and wrote
down the encrypted peptide positions and IC50 values as features
in a standard GenBank sequence file. Annotated Amaranth Globu-
lin 11S was then processed by downstream scripts that returned
ASA and IC50 values as a function of residue number. Scripts were
written in the Perl language with the aid of the BioPerl modules
(Stajich et al., 2002) and are available upon request. Sequence
and feature display was done with the TeXshade package (Beitz,
2000).

4.5. Library screening by ligand docking

Peptide library was manually built using Ghemical (Stone et al.,
2001). The target molecule used was that of human ACE complexed
with lisinopril (PDB Accession code 1O86) (Natesh et al., 2003). Li-
gand and target molecule preparation were done as described by
Hetényi and Spoel, 2002. Rigid automated docking was performed
using Autodock’s Lamarckian Genetic Algorithm (Morris et al.,
1998). For each ligand, 50 runs were done with a population size
of 150 individuals and a maximum of 10,000,000 energy evalua-
tions per generation. Result files were automatically parsed to ex-
tract the clustering histogram information, the binding mode and
free energy change of both the lowest energy and most common
complexes (if different). Clustering of final docked conformations
was done using an RMSD tolerance of 2.0 Å.

4.6. ACE inhibition assay

Angiotensin converting enzyme inhibition assay was performed
using the method of Cushman and Cheung, 1971 as modified by
Kim et al., 1999. Briefly, 20 lL of peptide sample was added to
0.1 M potassium phosphate containing 0.3 M NaCl and 5 mM Hip-
puryl Histidyl Leucine (HHL), pH 8.3. ACE (5 mU) was added and
the reaction mixture was incubated at 37 �C for 30 min. The reac-
tion was terminated by the addition of 0.1 mL 1 M HCl. The hippu-
ric acid formed was extracted with ethyl acetate, heat evaporated
at 95 �C for 10 min, redissolved in distilled water, and measured
spectrophotometrically at 228 nm.
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