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Food components possessing zinc ligands can be used to inhibit zinc-dependent enzymes. In this study, zinc-
binding peptides were derived from whey protein hydrolysates, and their ultrafiltration (> 1 and < 1 kDa) fractions,
produced with Esperase (WPH-Esp), Everlase and Savinase. Immobilized metal affinity chromatography (IMAC-Zn*")
increased the zinc-binding capacity of the peptide fraction (83%) when compared to WPH-Esp (23%) and its < 1
kDa fraction (40%). The increased zinc-binding capacity of the sample increased the inhibitory activity against the
zinc-dependent “a disintegrin and metalloproteinase 17”. LC-MS/MS analysis using a shotgun peptidomics approach
resulted in the identification of 24 peptides originating from bovine {-lactoglobulin, a-lactalbumin, serum albumin,
[-casein, k-casein, osteopontin-k, and folate receptor-a in the fraction. The identified peptides contained different
combinations of the strong zinc-binding group of residues, His+Cys, Asp+Glu and Phe+Tyr, although Cys residues
were absent in the sequences. In silico predictions showed that the IMAC-Zn** peptides were non-toxins. However,
the peptides possessed poor drug-like and pharmacokinetic properties; this was possibly due to their long chain
lengths (5-19 residues). Taken together, this work provided an array of food peptide-based zinc ligands for further
investigation of structure-function relationships and development of nutraceuticals against inflammatory and other
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Introduction

Food proteins are rich sources of peptides with an inher-
ent capacity to bind divalent metals, such as zinc (Sun
et al. 2020). Zinc is a Lewis acid and can serve as an
electron pair acceptor from Lewis bases, such as amino
acid ligands. Thus, the zinc-binding property of food
peptides is due to their structural composition of specific
amino acid residues, such as His, Cys, Asp, Glu, Phe and
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Tyr, whose functional side chains act as nucleophilic li-
gands to form coordinate complexes with zinc (Bischoff
and Schliiter 2012; Udechukwu et al. 2016; Walters et al.
2018; Sun et al. 2020). Such zinc-binding peptides could
have useful nutritional applications as dietary zinc car-
riers to enhance zinc bioaccessibility and bioavailability
(Walters et al. 2018; Udechukwu et al. 2016, 2018). Not-
ably, our previous study have provided insight into the
pharmacological relevance of zinc-binding peptides as
enzyme inhibitors for controlling inflammatory diseases
mediated by the pro-inflammatory actions of tumour ne-
crosis factor (TNF)-a. Zinc-binding Cys-containing tri-
peptides derived from rye secalin inhibited the in vitro
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activity of ADAM17 (a disintegrin and metalloproteinase
17) (Udechukwu et al. 2017). ADAMI17 is a zinc-
dependent enzyme that activates pro-inflammatory
TNE-a by the cleavage of its extracellular domain. The
primary means of such enzyme inhibition is via the zinc
cofactor in the catalytic site, which is crucial to struc-
tural integrity and substrate interaction.

The identification of zinc-binding food peptides would
enable the understanding of their structure-function re-
lationship and facilitate their future applications in hu-
man nutrition and health promotion. Zinc-binding
peptides are usually produced from food proteins follow-
ing bioassay-guided procedures, which typically begin
with enzymatic hydrolysis and release of the peptide li-
gands from the parent proteins. The protein hydroly-
sates are then subjected to post-hydrolysis processing/
purification steps, involving immobilized metal (Zn**)
affinity chromatography (IMAC-Zn**), in which peptides
with high affinity for zinc are retained on the chromato-
graphic column and retrieved during the elution step
(Sun et al. 2020). Using IMAC, some studies derived
zinc-binding peptides, including LAN, SM and NCS
from sesame proteins (Wang et al. 2012); AR, GKR,
EPSH and NSM from rapeseed proteins (Xie et al. 2015);
a 16-mer peptide from oyster proteins (Chen et al
2013); and 10-mer and 12-mer peptides from wheat
germ proteins (Zhu et al. 2015). Other peptides, CQV
and QCA, derived from rye secalin hydrolysates have
also been reported to possess zinc-binding capacity
(Udechukwu et al. 2017). These studies identified the
peptides following purification steps and targeted mass
spectrometry of selected chromatographic fractions.
Hence, the peptide list represents only a glimpse of the
potential of the food proteins in providing a structurally
diverse range of zinc ligands. For a comprehensive iden-
tification of peptides present in protein hydrolysates,
shotgun peptidomics provides an untargeted approach
for peptide profiling and quantitation (Agyei, Tsopmo,
and Udenigwe 2018). Therefore, the objectives of this
study were to apply IMAC-Zn** coupled with shotgun
peptidomics to systematically produce and identify po-
tent zinc-binding peptide motifs from whey protein hy-
drolysates, investigate the in silico pharmacokinetics and
safety profiles of the peptides, and evaluate the func-
tional significance of the IMAC-Zn** on inhibitory activ-
ity of the peptide fractions against zinc-dependent
ADAM17.

Materials and methods

Materials

Bovine whey protein isolate (WPI) powder was purchased
from Bulk Barn Foods Ltd. (Truro, NS, Canada). Proteases
(Esperase, Everlase and Savinase) and 8-anilino-1-naph-
thalene sulfonic acid (ANS) were purchased from Sigma-
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Aldrich (now MilliporeSigma, Oakville, ON, Canada), and
4-(2-pyridylazo) resorcinol, sodium dodecyl sulphate
(SDS), dithiothreitol (DTT) and zinc sulphate heptahy-
drate (ZnSO,4.7H,0) were purchased from Fischer Scien-
tific (Ottawa, ON, Canada).

WPI hydrolysis and ultrafiltration

Aqueous suspensions of bovine WPI (5%, w/v) were hy-
drolyzed with Esperase, Everlase or Savinase for 5 h under
different optimal conditions (60°C, pH 8.0 for Esperase
and Everlase; 55 °C, pH 8.0 for Savinase), as previously re-
ported by our group (Udechukwu et al. 2018). Hydrolysis
was terminated by adjusting the reaction mixtures to pH
4.0 using 1M HC], in order to inactivate the enzymes,
followed by centrifugation at 10,000xg for 10 min
(Thermo Scientific Sorvall ST16R, ThermoFisher Scien-
tific, Waltham, MA, USA). The supernatant was then ad-
justed to pH7.0 using 1M NaOH and freeze-dried to
obtain the hydrolysate powders from Esperase (WPH-
Esp), Everlase (WPH-Ever) and Savinase (WPH-Sav). The
peptides in each of the WPH (10 mg/mL) were fraction-
ated by passage through an ultrafiltration membrane of 1
kDa molecular weight cut-off using an Amicon Stirred
Cell (EMD Millipore Corporation, Darmstadt, Germany)
under nitrogen gas at 40 psi. The permeates (< 1 kDa pep-
tide fraction) and the retentates (> 1 kDa peptide fraction)
were collected after 4h and freeze-dried at a surface
temperature of 24 °C and a pressure of < 0.2 mbar (Rotary
Vane Vacuum Pump, Labconco, Kansas, MI, USA) using
the FreeZone 18 L Console Freeze Dry System (Labconco,
Kansas, Missouri, USA), to obtain the fraction powders.
The peptide fractions were then evaluated for zinc-
binding capacity and the most active fraction (WPH-Esp,
< 1 kDa) was chosen for the subsequent procedure.

Immobilized metal ion affinity chromatography (IMAC)
Peptides with strong zinc-binding affinity in the <1kDa
fraction of WPH-Esp were isolated on a 1 mL HiTrap
IMAC Sepharose 6 Fast Flow prepacked column (GE
Healthcare, Chicago, IL, USA). The column was loaded
on a peristaltic pump (Thermo Fisher, Ottawa, ON,
Canada) and washed with 5 column volume (CV) of de-
ionized water. Thereafter, the column was charged with
0.1M ZnSO,.7H,O and unbound zinc was washed off
with 5 CV of water. This process was followed by col-
umn equilibration with 5 CV of 0.02M sodium phos-
phate/0.5 M NaCl buffer (pH 7.2). The WPH-Esp sample
(20 mg/mL) was prepared in the phosphate buffer and
passed through the column at a rate of 2.5 mL/min to
bind the immobilized zinc. Thereafter, the column was
washed with 10 CV of the phosphate buffer to remove
unbound peptides. Bound peptides were recovered using
the pH method of elution with 10 CV of sodium acetate
buffer (pH 4).
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The resulting fraction was desalted on a C18 Extraction
Disk Cartridge (Chromatographic Specialties, Brockville,
ON, Canada). The column resin was activated with 100%
acetonitrile and equilibrated with the binding buffer, 0.1%
trifluoroacetic acid (TFA) in water. The sample was pre-
pared in the binding buffer and passed through the col-
umn, which was then centrifuged for 2 min at 110xg to
facilitate salt removal. The column was then washed twice
with the binding buffer to remove residual salt, followed
by peptide elution using an aqueous solution of 0.1% TFA
and 70% acetonitrile. Residual organic solvent was re-
moved from the peptide sample using a nitrogen evapor-
ator. The bound peptide solutions were pooled and
freeze-dried to obtain a powder.

Liquid chromatography-mass spectrometry (LC-MS/MS)
analysis of the zinc-binding peptides

LC-MS/MS analysis was conducted on an Orbitrap ana-
lyser (Q-Exactive, ThermoFisher, San Jose, CA, USA)
outfitted with a nanospray source and EASY-nLC nano-
LC system (Thermo Fisher, San Jose, CA, USA) by the
Mass Spectrometry Facility at SPARC BioCentre (To-
ronto, ON, Canada). The IMAC peptide fraction was
dissolved in 0.1% formic acid and loaded onto a PepMap
RSLC EASYSprayC18 column (75 pm x 50 cm, 2 pm par-
ticles) (Thermo Fisher) at a pressure of 800 bar. Peptides
were eluted over 60 min at a flowrate of 250 nl/min
using a 0-35% acetonitrile gradient in 0.1% formic acid.
The eluted peptides were then introduced into the Q-
Exactive mass spectrometer (Thermo Fisher) by nano-
electrospray. The instrument consisted of one MS full
scan (400-1500 m/z) in the Orbitrap mass analyser with
an automatic gain control (AGC) target of 1le6, max-
imum ion injection time of 120 ms and a resolution of
70,000, followed by 10 data-dependent MS/MS scans
with a resolution of 17,500, an AGC target of 1e6, max-
imum ion time of 120 ms, and one microscan. The in-
tensity threshold to trigger a MS/MS scan was set to
1.7e4. Fragmentation occurred in the HCD trap with
normalized collision energy set to 27. The dynamic ex-
clusion was applied using a setting of 10s.

Peptidomics data analysis

Peptidomics data analysis was performed using PEAKS®
software (Bioinformatic Solutions, Waterloo, ON,
Canada) (Zhang et al. 2012). For a reliable peptide iden-
tification, the workflow used for mass spectra analysis
included both the database search strategy and de novo
sequencing (Zhang et al. 2012; Rajendran et al. 2016).
The protein database of Bos taurus (Bovine) was re-
trieved from UniProtKB/Swiss-Prot database (http://
www.uniprot.org/) and the search parameters were set at
precursor mass tolerance of 10 ppm and fragment ion
mass tolerance of 0.02 Da.
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In vitro zinc-peptide binding evaluation

The whey protein hydrolysates were evaluated for zinc
binding as previously reported (Jakob et al. 2000). The
assay principle is based on the reaction of 4-(2-pyridy-
lazo) resorcinol with free zinc ions in solution to form a
red coordination complex (Sun et al. 2020). The peptide
samples and reagents were prepared in 40 mM HEPES-
KOH buffer (pH 7.5). Then, 250 uL of the samples (at
final concentrations of 0.1-1 mg/mL) was mixed with
125 uL each of 8mM DTT and 250 uM ZnSO4.7H,0.
The blank experiment contained all assay components
except the samples, which were substituted with an
equal volume of HEPES-KOH buffer. The mixtures were
incubated at 37 °C for 10 min followed by the addition of
25 uL of 2mM 4-(2-pyridylazo) resorcinol and absorb-
ance measurement at 500 nm. The percentage zinc-
binding capacity was calculated as [(Apiank-Asample)/
Aplank] X 100, where A is absorbance.

In silico ADME/Tox profile and metal-binding potential
evaluation of the identified peptides

The identified peptides were subjected to further
characterization using bioinformatics tools. SwissADME
(http://www.swissadme.ch/index), a validated web-based
tool, was used for predicting and evaluating the ADME
(absorption, distribution, metabolism, and excretion)
properties, estimating their physiochemical properties, li-
pophilicity, pharmacokinetics, and drug-likeness of the
peptides based on Lipinski’s rule-of-five (Daina et al.
2017). The 24 sequences were submitted for evaluation
using their SMILES strings retrieved from BIOPEP-
UWM. Additionally, ToxinPred (https://webs.iiitd.edu.
in/raghava/toxinpred/index.html) was used to predict
the potential toxicity of the peptides (Gupta et al. 2013).
A threshold of 0.0 (automated) was applied. The poten-
tial in vitro and in vivo stability of the peptides was also
predicted using ExPASy ProtParam (https://web.expasy.
org/protparam/), vyielding the instability index and
aliphatic index. Lastly, the total percentage of metal
binding sites was calculated as the percentage of metal-
binding residues, His+Cys, Asp+Glu and Tyr+Phe (Lu
et al. 2012; Remko et al. 2011).

In vitro ADAM17 inhibition assay

ADAM17 inhibitory activities of WPH-Esp, the <1kDa
and IMAC-Zn?" fractions were determined at 1 mg/mL as
previously reported (Udechukwu et al. 2017). All samples
(25 pL), prepared in 25 mM Tris-HCl buffer (pH 8.0), were
mixed with 25pL of 0.4 ng/pul recombinant human
ADAM17 and 10 uM ZnSO47H,0. The mixtures were
equilibrated at 37°C for 5min and 25pL of 40uM
ADAM17 fluorogenic peptide substrate was then added.
Fluorescence was measured at the excitation and emission
wavelengths of 320 and 405 nm, respectively for 5 min at
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30 s intervals. ADAM17 inhibition was calculated as [(Ro-
R/Ry)] x 100, where R, and R are the reaction rates in the
absence and presence of the peptides, respectively.

Statistical analysis

Apart from the LC-MS/MS analysis, experiments were con-
ducted in triplicate and results were expressed as mean +
standard deviation. Significant differences (P < 0.05) between
results were determined by one-way analysis of variance
followed by the Holm—Sidak multiple comparison test. The
statistical analyses were done using SigmaPlot 12.1 (Systat
Software, San Jose, CA, USA).

Results and discussion

Whey protein hydrolysates demonstrated zinc-binding
capacity

The classic method of producing bioactive peptides in-
volves enzymatic hydrolysis of food proteins, which can be
selected based on knowledge of the presence of bioactive
peptides within their primary structures (Udenigwe and
Aluko 2012). Whey proteins have not been reported to
bind zinc; however, they are potential sources of zinc-
binding peptides due to their capacity to bind other diva-
lent metals, such as calcium (a-lactalbumin, (-
lactoglobulin) and iron (lactoferrin) (Walzem et al. 2002;
Krissansen 2007). The release of peptides during hydroly-
sis with Esperase, Everlase and Savinase is demonstrated
by the higher content of free amino nitrogen of the result-
ing WPH (~ 200 Serine mequiv NH,/g protein) compared
to the parent WPI (65 Serine mequiv NH,/g protein)
(Udechukwu et al. 2018). Protease-induced protein hy-
drolysis usually yields hydrolysates with different struc-
tural properties, due to the different cleavage specificity of
the proteases, which influences the molecular interactions
of the peptides (Tavano 2013). For instance, our previous
study showed that WPH-Esp, WPH-Ever and WPH-Sav
had similar and the highest net anionic charge (negative
zeta-potential) of 10 different WPH samples studied (Ude-
chukwu et al. 2018). Consequently, the three hydrolysates
demonstrated similar concentration-dependent zinc-
binding capacity (Fig. 1). The anionic property provides a
strong structural feature for the peptide samples to bind
the cationic zinc via electrostatic interaction, which is
proposed to subsequently result in the inhibition of zinc-
dependent enzymes, such as ADAM17.

Molecular weight-based fractionation of WPH enhanced
zinc-binding capacity

Protein hydrolysis yields peptides of a broad molecular
weight range. Therefore, downstream processing of bio-
active peptides usually incorporates membrane ultrafiltra-
tion to isolate peptides of specific molecular sizes,
depending on the intended application (Korhonen and
Pihlanto 2006; Udenigwe and Aluko 2012). Higher
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molecular weight peptides are preferable for functional
properties, such as gelation. In contrast, smaller sized pep-
tides are desirable for functional food application as they
are more likely to withstand gut proteolysis and permeate
the intestinal cells into the blood stream (Gardner 1988).
The peptides in WPH-Esp, WPH-Ever and WPH-Sav
were separated into higher (> 1kDa) and lower (< 1kDa)
molecular weight fractions, with the aim of selecting the
most promising peptide fraction. As shown in Fig. 2a-c,
ultrafiltration increased the zinc-binding capacity of the
WPH samples, and both the low- and high-molecular
weight fractions showed concentration-dependent bind-
ing. The zinc-binding capacity of the >1-kDa fractions
was significantly higher than that of the < 1-kDa fractions
for WPH-Ever (Fig. 2b) and WPH-Sav (Fig. 2c). This sug-
gests that more zinc ligands were present in the larger
peptides for these samples. Conversely, the zinc-binding
sites appeared to be equally distributed between the > 1-
kDa and < 1-kDa peptide fractions of WPH-Esp (Fig. 2a).
This indicates that both fractions are likely to have similar
interaction with the zinc cofactor of enzymes. Besides, the
<1-kDa fraction of WPH-Esp had significantly higher
(P <0.05) zinc-binding capacity at 1 mg/mL compared to
the similarly sized fractions of WPH-Ever and WPH-Sav.
Therefore, the < 1kDa fraction of WPH-Esp was chosen
as the best candidate for isolation and identification of the
zinc-binding peptides.

Affinity purification by IMAC-Zn?* enhanced zinc-binding
and ADAM17 inhibitory activity of the WPH-Esp < 1 kDa
fraction

As shown in Fig. 3a, strong metal-binding peptides can
be selectively enriched from protein hydrolysates using
IMAC. Besides the high selectivity, IMAC is mild and
non-denaturing, making it suitable for isolation of
metal-binding proteins and peptides with high sample
recovery (Gaberc-Porekar and Menart 2001). As shown
in Fig. 3b, zinc-binding capacity of the IMAC-Zn>" pep-
tide fraction (IMAC-ZBP) was significantly higher (P <
0.05) than that of the parent hydrolysate (WPH-Esp)
and < 1-kDa ultrafiltration fraction. This demonstrates
an efficient separation of the zinc-binding peptides. Pep-
tides separate on IMAC columns based on their inter-
action with immobilized metal ions (Sun et al. 2020).
Peptidic metal ligands, such as Asp, Glu and His, are
deprotonated at neutral-basic pH conditions and hence
form reversible metal complexes on the IMAC-Zn*" col-
umn (Block et al. 2009), which dissociate at acidic pH
(Cheung, Wong, and Ng 2012). The IMAC approach has
been applied in isolating peptides with high metal-
binding capacity than their parent protein hydrolysates
(Torres-Fuentes, Alaiz, and Vioque 2011; Chen et al.
2013; Zhu et al. 2015).
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Zinc-binding capacity (%)

WPH-Esp WPH-Ever

Fig. 1 Zinc-binding capacity of whey protein hydrolysates (WPH) produced with Esperase (WPH-Esp), Everlase (WPH-Ever) and Savinase (WPH-
Sav). Bars with different letters are significantly different mean values (P < 0.05)

Il 0.1 mg/mL
Bl 0.25 mg/mL
B 0.5 mg/mL
Bl 1 mg/mL

WPH-Sav

Compared to the hydrolysate and ultrafiltration fraction,
the potent zinc-binding peptides led to a significantly (P <
0.001) higher inhibition of enzymatic activity of ADAM17
(Fig. 3c). The IMAC-ZBP (1 mg/mL) was also more active
(83% ADAM17 inhibition) than two rye secalin-derived
tripeptides (CQV and QCA at 5 M) and their analogues
(QCV and QVC at 5uM), which had ~70% inhibition
(Udechukwu et al. 2017). This demonstrates the feasibility
of producing strong zinc ligands from food proteins for
inhibiting zinc-dependent enzymes via zinc cofactor co-
ordination. Synthetic compounds possessing ligands with
higher affinity for zinc presented better ADAM17 inhib-
ition than those with lower zinc-binding affinity (Shep-
peck et al. 2007). Studies on food-derived zinc-binding
peptides have focused on their application as dietary zinc
carriers for enhancing zinc bioavailability (Udechukwu
et al. 2016; Sun et al. 2020). This study is the first to dem-
onstrate the systematic production of zinc-binding
peptides from food proteins resulting in significantly en-
hanced ADAM17 inhibitory activity.

Identified peptides in IMAC-Zn?* fraction possess strong
zinc ligands

The zinc-binding peptides were identified to evaluate
their structural features that contributed to zinc bind-
ing. Shotgun peptidomics of IMAC-ZBP led to the
identification of 24 peptides with chain length of 5 to
19 residues, net charge (pH7) of —3.997 (anionic) to
+1.997 (cationic), and hydrophobicity of -2.585
(hydrophilic) to 1.300 (hydrophobic). The sequence
and physicochemical properties of the identified pep-
tides are shown in Table 1. About 54% of the pep-
tides corresponded with protein fragments of bovine
B-lactoglobulin (10), a-lactalbumin (1), and serum al-
bumin (1), which are whey protein components. The
remaining peptides were fragments of other bovine
milk proteins viz. p-casein (9), «k-casein (1),

osteopontin-k (1), and folate receptor-a (1). The non-
whey protein precursors were likely co-isolated with
the whey proteins during processing. Four of the
identified peptides contained oxidized Met residues,
which may have occurred during protein isolation, hy-
drolysis, or storage (Yao and Udenigwe 2018). Ali-
phatic index of the peptides (ranged from 0 to 150)
indicate a wide range of heat stability, with DTDY
KKY and KIPAVF showing the lowest and highest
stability, respectively. Notably, these two peptides
were respectively the least and most hydrophobic as
well (Table 1). Aliphatic index estimates the propor-
tional heat stability of peptides based on the relative
volume occupied by aliphatic side chains of proteins
(Ikai 1980). However, only nine of the identified pep-
tides, which have low-molecular weights, were stable
based on the instability index. This estimates the sta-
bility of proteins in a test tube, with values above 40
indicating that the protein or peptide may be unstable
(Guruprasad et al. 1990).

The structural features of the identified peptides
clearly explain their high zinc-binding capacity. As
shown in Table 1, the peptide sequences contain one or
more of strong metal ligand groups His+Cys (H + C),
Asp+Glu (D + E) and Try+Phe (Y + F); however, none of
the peptides possess a Cys residue. High content of these
amino acid residues is associated with the metal-binding
capacity of peptides (Storcksdieck genannt Bonsmann,
and Hurrell 2007; Torres-Fuentes et al. 2011; Carrasco-
Castilla et al. 2012; Sun et al. 2020). His+Cys are well
known structural features of zinc finger proteins where
they function in zinc coordination; D+ E and Y +F, on
the other hand, bind divalent metals through
electrostatic interaction and ring stacking/cation-m inter-
action, respectively (Sun et al. 2020). Notably, pB-
lactoglobulin-derived cationic TMKGLIQ was identified
in the fraction (Table 1), even though it lacks the strong
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metal ligands. It is likely that the other residues, e.g. Thr
(T), Met (M) and GlIn (Q), contributed in binding of the
heptapeptide to zinc during IMAC. The presence of N-
terminal His residues in HHKAEPGPEDSLHEQ, HQPH
QPLPPTVMFPPQ, and HKEMPFPKYPVEPF may have
also enhanced zinc binding. His residue at this position
was reported to potentiate the metal-binding capacity of
peptides (Chen, Muramoto, Yamauchi, Fujimoto, and
Nokihara 1998; Zhu et al. 2015). Moreover, these pep-
tides, especially HHKAEPGPEDSLHEQ, share some
structural similarities (peptide length and His compos-
ition) with the ADAMI17 catalytic site zinc structural
motif (HEXXHXXGXXHD). Thus, the whey-derived
peptide may have similar affinity for the zinc cofactor,
leading to ADAM17 inhibition.

Identified peptides were non-toxic but possessed poor
pharmacokinetic properties based on in silico ADME/Tox
analysis

The ADME/Tox profile of pharmacologically active
compounds provides an estimate of their safety and
pharmacokinetic properties prior to in vivo studies and
human consumption. In this study, in silico prediction
indicated that the 24 peptides from the zinc-binding
fraction (IMAC-ZBP) were non-toxins (Table 2); this
demonstrates that they are potentially safe for human
consumption. Estimated solubility (ESOL) evaluation in-
dicates that the peptides ranged from highly soluble to
soluble, which is prerequisite for ensuring that the
peptide-zinc complex are bioaccessible in aqueous
biological environments. However, evaluation of
pharmacokinetics and drug-likeness using the validated
SwissADME tool indicated that the 24 zinc-binding pep-
tides have low passive gastrointestinal absorption (GIA).
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Fig. 3 (a) Process for the production of the zinc-binding peptides (IMAC-ZBP) from whey proteins (WPI). (b) Zinc-binding capacity and (c) ADAM17
inhibitory activity of WPH-Esp, its < 1 kDa fraction and IMAC-ZBP. Bars with different letters are significantly different mean values (P < 0.05). WPH-Esp,
whey protein hydrolysate produced with Esperase
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Table 1 Sequence, physicochemical properties and metal ligand content of zinc-binding peptides derived from whey protein

hydrolysate
Peptide sequence Parent protein Accession Net Hydrophobicity pl Instability Aliphatic % Total metal binding
# charge, index <40 index sites
pH7 %H+ %D+ %Y+
9] E) F)
HHKAPGPEDSLHEQ Folate receptor-  P02702 -1725 -1878 621 9364 35 214 214 0
a
TPVWPPFLQPEVM (-casein P02666 -1.000  0.800 384 11377 110.71 0 7.14 7.14
VEELKPTPEGDLEIL B-lactoglobulin  P02754 -3995 0671 367 5765 12333 0 333 0
LVRTPEVDDE B-lactoglobulin ~ P02754 -2997  -0.860 373 1135 97 0 40.0 0
ELKPTPEGDLEIL B-lactoglobulin P02754 -299%  —-0484 3.77 399 120 0 308 0
DHKSEEDKHLKIR Osteopontin-k ~ P31098 0.183 —-2.238 771 6256 60 154 30.8 0
EKTKIPAVF B-lactoglobulin ~ P02754 0.999 -0.033 953 1766 86.67 0 125 125
TPVWVPPLQPE B-casein P02666 -1.000  0.209 384 12456 114.55 0 9.10 0
KILDKVGIN a-lactalbumin PO0711 0.997 0.200 953 -16.88 162.22 0 1.1 0
VIESPPEIN K-casein P02668 -1998 -0.144 361 19004 118.89 0 22.2 0
YWLAHK a-lactalbumin P00711 1.087 -0616 930 3693 8167 16.7 0 16.7
KTKIPAVF B-lactoglobulin ~ P02754 1.997 0400 10.80 1861 97.5 0 0 125
SWMHQPHQPLPPTVM [3-casein P02666 0.179 -0.693 771 11467 4533 133 0 0
DTDYKKY B-lactoglobulin - P02754 -0003  -2585 643 -129 0 0 286 286
VRTPEVDDE B-lactoglobulin ~ P02754 -2997  -1377 373 115 64.44 0 444 0
WMHQPHQPLPPTVM [3-casein P02666 0.179 -0.685 771 12214 48.57 14.3 0 0
TMKGLIQ B-lactoglobulin  P02754 0.997 0242 9.70 —3.56 11143 0 0 0
HQPHQPLPPTVMFPPQ B-casein P02666 0.179 —0.906 771 9364 425 12.5 0 6.25
YWLAH o-lactalbumin PO0711 0.088 0.040 754 =504 98 20.0 0 20.0
HKEMPFPKYPVEPF [-casein P02666 0.091 —-1.000 754 13519 20.71 7.14 14.3 214
LSFNPY B-lactoglobulin - P02754 -0003  -0.100 609 353 65 0 0 333
FYAPELL Serum albumin  P02769 -1.001 0.828 385 14131 12571 0 14.3 286
KIPAVF B-lactoglobulin  P02754 0.997 1.300 970 2148 130 0 0 16.7
%I\S\HQPHQPLPPWMF B-casein P02666 0.179 —0480 771 11058 51.05 10.5 0 526

Instability index, estimation of stability of protein in a test tube: a protein whose instability index is smaller than 40 is predicted as stable, a value above 40
predicts that the protein may be unstable (Guruprasad et al. 1990); Aliphatic index, positive factor for thermostability of globular proteins based on the relative
volume occupied by aliphatic side chains of protein (lkai 1980) (ExPASy ProtParam); % Total (potential) metal binding sites, manual calculations of (number of

applicable amino acid/total chain length)*100, %(H + C), %(D + E) and %(Y + F) (Lu et al. 2012) each represented different metal binding mechanisms

None of the peptides was predicted to inhibit cyto-
chrome P450 3A4 (involved in drug metabolism), and all
but three of the peptides are P-glycoprotein substrates
(Table 2). Thus, the peptides could be rapidly removed
from cells and metabolized in the body. The rotatable
bonds (ROTB) and topological polar surface area
(TPSA) of the 24 peptides were higher than 10 and 140
A2, respectively (Table 2), which indicate that the zinc
ligands have poor oral bioavailability. This result was
expected as the peptides possess relatively long chains
when compared to orally bioavailable food peptides,
which typically have 2—4 amino acid residues.

Conclusion

Food-derived peptides possess structural features that
enable them to interact with and inactivate molecular
disease targets. Findings from this study indicate that
post-hydrolysis processing of whey peptides enhanced
their biological activities. Particularly, zinc-binding pep-
tides derived from WPH-Esp using IMAC possessed
higher zinc-binding capacity compared to the parent
protein hydrolysate and < 1-kDa peptide fraction. Pep-
tides identified from the IMAC-ZBP had strong zinc
amino acid ligands in their sequence, which facilitated
their affinity for zinc and separation during IMAC. This
enrichment resulted in a relatively higher inhibitory
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Table 2 In silico absorption, distribution, metabolism, excretion and toxicity (ADME/Tox) profile of whey protein-derived zinc-

binding peptides

Peptide Physiochemical properties Toxicity Lipophilicity Drug-likeness Pharmacokinetics
sequence MW (g/ ROTB HBA HBD ESOL SVM  TPSA ClogP Bioavailability Lipinski GIA P- CYP3A4
mol) (n) (n) (n) Log score (A?) (o/w) score filter glycoprotein Inhibitor
<500 <10 <10 <5 S (<0.0) <140 <5 substrate
HHKAPGPEDSLH 158164 62 28 22 196 —155 71132 —-6.21 0.17 No Low Yes No
EQ (HS)  Non-
toxin
TPVWVPPFLQPE 155287 54 20 14 597 -1.16 53238 0.17 0.11 No Low Yes No
VM (MS)  Non-
toxin
VEELKPTPEGDLEIL 1681.88 69 29 21 -185 -1.15 68559 -246 0.11 No Low Yes No
(VS)  Non-
toxin
LVRTPEVDDE 117224 47 22 18 -0.27 -084 54776 —3.89 011 No Low Yes No
(VS)  Non-
toxin
ELKPTPEGDLEIL 145363 59 25 18 =113 141 59039 -2.16 0.11 No Low Yes No
(VS)  Non-
toxin
DHKSEEDKHLKIR ~ 1634.79 73 30 27 489 -084 77927 —6.05 0.17 No Low Yes No
(HS)  Non-
toxin
EKTKIPAVF 103223 41 16 13 -061 -145 3969 —1.06 0.17 No Low Yes No
(VS)  Non-
toxin
TPVWVPPLQPE 117537 39 17 " -305 -1.25 41978 -1.14 0.11 No Low Yes No
(S) Non-
toxin
KILDKVGIN 999.21 44 16 14 042 =127 42855 152 017 No Low Yes No
(HS)  Non-
toxin
VIESPPEIN 997.1 37 17 12 -081 -043 41646 -2.18 0.11 No Low Yes No
(VS)  Non-
toxin
YWLAHK 816.95 28 11 Il -251 =114 299.54 0.89 017 No Low Yes No
(S) Non-
toxin
KTKIPAVF 903.12 35 13 " 214 =137 33052 0.8 017 No Low Yes No
S) Non-
toxin
SWMHQPHQPLPP 1786.08 62 23 19 -409 -1.29 68595 —233 0.17 No Low Yes No
VM (MS)  Non-
toxin
DTDYKKY 931.99 36 18 15 257 =051 42525 =333 017 No Low Yes No
(HS)  Non-
toxin
VRTPEVDDE 1059.08 42 21 17 077 =079 51866 —425 0.1 No Low Yes No
(HS)  Non-
toxin
WMHQPHQPLPPT 1699.01 58 21 17 464 -122 63662 -14 017 No Low Yes No
VM (MS)  Non-
toxin
TMKGLIQ 789.98 34 12 Il -0.19 -0.85 35256 —1.04 0.17 No Low No No
(VS)  Non-
toxin
HQPHQPLPPTVM  1851.14 62 24 17 -415 -1.03 67924 -337 0.17 No Low Yes No
FPPQ (MS)  Non-

toxin



Udechukwu et al. Food Production, Processing and Nutrition (2021) 3:5 Page 9 of 10

Table 2 In silico absorption, distribution, metabolism, excretion and toxicity (ADME/Tox) profile of whey protein-derived zinc-
binding peptides (Continued)

Peptide Physiochemical properties Toxicity Lipophilicity Drug-likeness Pharmacokinetics
sequence MW (g/ ROTB HBA HBD ESOL SVM  TPSA ClogP Bioavailability Lipinski GIA P- CYP3A4
mol) (n) (n) (n) Log score (A?) (o/w) score filter glycoprotein Inhibitor
<500 <10 <10 <5 S (<0.0) <140 <5 substrate
YWLAH 688.77 21 9 9 -252 -088 24442 069 0.17 No Low No No
(S) Non-
toxin
HKEMPFPKYPVE 1746.04 62 24 17 —-334 -132 60731 -=1.09 017 No Low Yes No
PF (S) Non-
toxin
LSFNPY 739.82 24 11 9 -150 -0.85 28358 —-04 017 No Low Yes No
(VS)  Non-
toxin
FYAPELL 851.98 29 12 9 -287 -142 286.66 0.95 011 No Low Yes No
(S) Non-
toxin
KIPAVF 673.84 24 9 7 -232 -1.1 22605 0.75 017 No Low No No
(S) Non-
toxin
SVMHQPHQPLPP 216854 76 28 21 -505 -0.76 81207 —434 017 No Low Yes No
TVMFPPQ (MS)  Non-
toxin

Abbreviations: MW molecular weight (g/mol); ROTB (n) rotatable bonds; HBA (n) hydrogen bond acceptors; HBD (n) hydrogen bond donors; ESOL estimated
solubility based on (Delaney 2004) with solubility classes in bracket (HS highly soluble, VS very soluble, MS moderately soluble, S soluble); Toxicity SVM score
(BIOPEP and ToxinPred), support vector machine score based on (Gupta et al. 2013); TPSA (4% topological polar surface area; CLogP (o/w) logarithm of compound
partition coefficient between n-octanol and water; Bioavailability score, probability of F > 10% in rat, implemented from (Martin 2005); Lipinski filter (based on
Lipinski rules of 5, all peptides showed 3 violations); GIA, gastrointestinal absorption; P-glycoprotein substrate, permeability-glycoprotein substrate SVM model

(SwissADME); CYP3A4, cytochrome P450 3A4

effect of the IMAC-ZBP against the enzymatic activity of
zinc-dependent ADAM17. The peptides were predicted
to be non-toxins but to have poor oral bioavailability.
Thus, the zinc-binding peptides may be further explored
for use in cases where intestinal absorption and cellular
uptake are not required, e.g. in controlling aberrant
TNF-a-mediated inflammatory processes in the gut.
Lastly, this study provided several food-derived zinc-
binding peptide sequences for future structure-function
relationship studies and the development of functional
foods and nutraceuticals against inflammatory and other
zinc-related diseases.
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