Journal of Applied Pharmaceutical Science Vol. 14(09), pp 235-246, September, 2024

Available online at http://www.japsonline.com
DOI: 10.7324/JAPS.2024.180224

CrossMark

<« clickfor updates

ISSN 2231-3354

Purification and characterization of a novel zinc chelating peptides
from Holothuria scabra and its ex vivo absorption activity in the
small intestine

Gita Syahputra'? @, Ni Made Dwi Sandhiutami® (», Hariyatun Hariyatun® @, Yatri Hapsari ®, Nunik Gustini? ¢, Martha

Sari? , Olga Galih Rakha Siwi* @, Masteria Yunovilsa Putra ¢, Fadilah Fadilah® ¢, Melva Louisa®

"Doctoral Program in Biomedical Science, Faculty of Medicine, Universitas Indonesia, Jakarta, Indonesia.
*Research Center for Vaccine and Drug, National Research and Innovation Agency, Cibinong, Indonesia.
’Department of Pharmacy, Faculty of Pharmacy, University of Pancasila, Jakarta, Indonesia.

“Research Center for Genetic Engineering, National Research and Innovation Agency, Cibinong, Indonesia.
SDepartment of Medical Chemistry, Faculty of Medicine, Universitas Indonesia, Jakarta, Indonesia.
*Department of Pharmacology and Therapeutics, Faculty of Medicine, Universitas Indonesia, Jakarta, Indonesia.

ARTICLE HISTORY ABSTRACT

Received on: 06/12/2023
Accepted on: 17/01/2024
Available Online: 05/09/2024

Zinc supplements currently marketed in Indonesia are second-generation zinc supplements, which must be improved
for the effectiveness caused by their low absorption rate and side effects on the gastrointestinal tract. Third-
generation zinc supplements are currently being investigated to improve the effectiveness of the previous generation
of supplements. The present study aimed to discover a new alternative source of zinc-chelating peptide (ZCP) from
Holothuria scabra. In addition, the research investigates the ZCP characteristics and absorption abilities in an ex
vivo evaluation using the everted gut sac model method. The results obtained were six zinc peptides: Asp-Asp-Ala-
Phe-Gln-Ala-Phe-Cys; Thr-Asp-Asn-Leu; Leu-Gly-Cys; Pro-Gly-Thr; Ser-Cys; and Pro-Tyr. The characterization
showed that the resulting peptides comprised two to eight amino acids with molecular weights between 208 and 915
Da. The highest zinc binding capacity of the peptides was 92.11 mg/100 g at 30 kDa for molecular weight. Fourier-
transform infrared spectra indicate that zinc ions (Zn?") bind to carboxyl groups and interact with nitrogen atoms
in amino acids and amides. The scanning electron microscope-energy dispersion spectroscopy results stated that,
topographically and morphologically, ZCP has a different surface with peptides with Zn composition in the sample.
Furthermore, we evaluated the peptide fractions for ex vivo absorption in the small intestine using the everted gut sac
method. We found that zinc-binding peptides transported and enhanced zinc absorption in the duodenum segment at
60 minutes, resulting in a 40% increase in absorption rate. The potency of ZCPs from H. scabra as an alternative to
third-generation zinc supplements with higher absorption than previous-generation supplements.
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INTRODUCTION

Zinc deficiency can be caused by several factors
including insufficient zinc intake, increased zinc demand,
malabsorption, and impairments of zinc function [1,2].
Due to the various functions of zinc in life processes, zinc
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inadequacy leads to zinc deficiency which is the upstream of the
dysfunction of body systems and functions. Zinc deficiency can
be caused by several factors including insufficient zinc intake,
increased zinc demand, malabsorption, and impairments of zinc
function. Being micronutrients as more than 1,000 cofactors of
enzymatic reactions, its role in various functions in the structure
and regulation of the human body makes zinc (Zn*) one of
the essential minerals needed by the body [3]. Estimated that
there are more than 2 billion humans who have a zinc deficit
which leads to health problems such as growth retardation,
neurodegenerative diseases, and immune system damage [4].
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The availability of zinc in the body decreases with age due
to insufficient intake and excessive excretion. This condition
will cause health problems because the body cannot store zinc
minerals. Therefore, the daily requirement is sourced from food
or zinc supplements [5].

Dueto the need for zinc minerals, there are three types of
zinc supplements, first-generation zinc supplements; inorganic
zinc such as zinc sulfate, zinc oxide, and zinc carbonate. The
first-generation zinc supplement that is commonly used is
zinc sulfate. However, zinc sulfate can induce gastrointestinal
reactions such as nausea and vomiting at high doses [6]. The
second generation of zinc supplements is organic zinc such as
zinc gluconate, zinc oxalate, zinc citrate, zinc lactate, and so
on. The two generations mentioned above provide zinc bound
to chemical compounds with absorption levels depending on
their solubility. Second-generation zinc supplements reduce
gastrointestinal reactions [7]. Meanwhile, third-generation zinc
supplements are an approach to reducing side effects on zinc
absorption and bioavailability in the body. Therefore, third-
generation zinc supplements are zinc-chelated with peptide-
like molecules. Research proves that zinc chelating peptides
(ZCPs) are supplements with high solubility and stability in
the gastrointestinal track [5]. Furthermore, research related to
this third-generation zinc supplement is currently being widely
studied; hence, it is not widely used as a standard therapy for
the treatment of zinc deficiency.

Peptides are protein hydrolysates that can chelate
minerals, potentially as carriers and providers of minerals.
ZCPs form soluble complexes with divalent cations and resist
secondary hydrolysis [5]. The source of peptides to chelate
zinc includes aquatic, plant, and dairy products [8—13]. ZCP
has been reported that peptides derived from food resources
increase bioaccessibility and can facilitate zinc transport and
absorption [14-16]. The acquisition of peptides is through
hydrolysis, purification, sequencing, and synthesis of metal-
peptide complexes [17]. The study explained that ZCP could
improve zinc transport compared with ZnSO, [14]. Several
peptides have been successfully sequenced, especially from
marine natural resources. Sticopus japonicus (sea cucumber)
produces several ZCPs, one of which is Trp-Leu-Thr-Pro-Thr-
Tyr-Pro-Glu (WLTPTYPE), which is capable of binding zinc
of 56.93% with a peptide molecular weight of 1,005.5 Da [10].
Holothuria scabra is another marine sample and a sea cucumber
that has been successfully cultivated in Indonesia [18,19]. With
high protein content, there is potential for peptide hydrolysates
that can be beneficially used as ZCPs [20,21].

Although there have been several studies on zinc-
binding peptides from several protein sources from animals
and plants, research related to peptides from H. scabra has
not been reported before. Previous research on extracting
collagen peptides from H. scabra has been conducted to
obtain the optimal collagen yield and its characterization.
This study used collagen protein from H. scabra to produce
zinc-binding peptides [21]. Thus, the present study aimed to
discover a new alternative source of ZCP from H. scabra.
This study investigates the ZCPs characterize and absorption
ability in an ex vivo evaluation; everted gut sac model
method.

MATERIAL AND METHODS

Collagen extraction from H. scabra and its hydrolysis

Holothuria scabra collagen (HsC) material was
obtained from our previous study under solvent selection,
extraction phase, temperature, and extraction time with the
optimum conditions for HsC extraction [21]. Hydrolysis of
HsC was performed according to the method described with
some modifications [22]. The freeze-dried HsC was mixed
with Milli-Q water with a ratio of 1:50 (w/v). The solution was
homogenized at room temperature and heated at 80°C for 10
minutes. Hydrolysis was performed using bromelain enzyme
to the substrate in which each is in equal concentrations and
the pH of the mixture was adjusted to 7. Enzymatic hydrolysis
was performed for 24 hours. The HsC hydrolysates were heated
at 80°C for 10 minutes in a water bath and cooled to room
temperature.

Hydrolysate fractionation based on molecular weight

The HsC hydrolysates were fractionated by
ultrafiltration following the method stated by Park and Jo [23]
with slight modification. The fractionation was conducted using
Amicon Ultra-0.5 Centrifugal Filter Unit with 30,000 Da (30
kDa) and 3,000 Da (3 kDa) molecular weight cut-off (MWCO).
The concentrates and filtrates from each ultrafiltration were
collected as the >30, 3-30, and <3 kDa H. scabra peptides
fractions (HsP), namely HsP1, HsP2, and HsP3. The HsPs were
characterized by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) in 4%-20% Mini-PROTEAN®
TGX™ precast protein gels. The HsPs obtained from the
fractionation process were then stored at 4°C for further assay.
Peptide variations: HsP1, HsP2, and HsP3 were reacted with
mineral zinc to determine the capability of chelating peptides
by the next step method of Xie et al. [24].

Synthesis of ZCPs

This synthesis was conducted based on the report by
Xie et al. [24] with some modifications. The peptides were
reacted with 1 ml of ZnCl, 0.4 M. A pH meter measured the
solution mixture to obtain pH 6.0 (0.5 M NaOH or 0.5 M HCI
was added for pH adjustment), then incubated for 45 minutes
at 30°C to the Zn-peptide complexes (white precipitates). The
mixture was centrifuged at 8,000 x g and 20°C for 10 minutes.
The precipitates were washed twice with 1 ml of ethanol 90%.
The ZCP precipitate was lyophilized with a freeze dryer. The
capacity of the zinc peptide complex was determined by ICP-
OES. Henceforth, ZCPs are abbreviated to ZCP.

Peptides isolation and purification using reversed-phase high-
performance liquid chromatography (RP-HPLC)

HPLC instrument wused was HPLC Hitachi
(Chromaster 5420 UV-Vis detector, Chromaster 5310 column
oven, Chromaster 5210 autosampler, and Chromaster 5110
pump). Operation conditions of RP-HPLC were adapted
from Xie et al. [24] with slight modification. The column was
Partisil 10 ODS-3 4.6 x 250 mm, and the mobile phase was a
mixture of acetonitrile, water, and trifluoracetic acid (7:3:0.05,
respectively) with a flow rate of 0.8 ml/minute, and peaks were
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observed at a wavelength of 221 nm. HsP hydrolysates were
prepared and filtered through a 0.45 pum syringe filter. The
fractions of HsP1 (HsP1-1 and HsP1-2) were collected based on
peaks from the chromatogram. Peptide fractions: HsP1-1 and
HsP1-2 were reacted with zinc to determine the binding ability.

Peptide identification using liquid chromatography-tandem
mass spectrometry (LC-MS/MS)

The purified peptides fraction of HsP1 (HsP1-1),
which has a higher Zn (II)-chelating capacity compared to the
other fraction (HsP1-2), was analyzed using LCMS-8060 Triple
Quadrupole LC-MS/MS. The conditions of LC-MS/MS were
based on the method of Liao ef al. [25] with slight modification.
The sample was injected into Phenomenex HPLC C18 column,
100 mm 1 X 2.1 mm ID, 2.6 um, 100 A, with a 0.3 ml/minute
flow rate of 1.8 kV electrospray voltage, and range of mass of
350 until 1250 m/z. Determination of the peptide sequences
using the database at MassBank (https://massbank.jp/) based on
the MS ionization chromatogram of each peptide.

Topography and morphology of ZCP with scanning electron
microscope-energy dispersion spectroscopy (SEM-EDS)

HsP1l, a peptide fraction with the highest zinc
chelating (ZCP) was analyzed for topography and morphology
using a SEM (Thermo-Scientific Quattro S completed with
EDS detector). A total of 1 mg of dry ZCP samples without
coating process were visualized observing the ZCP surface at an
acceleration potential of 5 kV with 50,000-fold magnification.
As a comparison of the morphology and topography of ZCP,
peptides without reacting with zinc were selected. Observations
were measured through an EDS.

Group function analysis with Fourier-transform infrared
(FTIR) spectroscopy

Analysis of functional groups in dry ZCP via IR was
carried out at room temperature using an FTIR spectrometer
(PerkinElmer’s Spectrum Two IR). Analysis of changes in
ZCP functional groups was performed by comparing them to
peptides. The spectra were recorded over a wavenumber region
between 400 and 400 cm ™! at a resolution of 4 cm™' [21].

Z.CP absorption investigations by everted rat gut sacs

The present ex vivo study was done in the Animal
Research Facility, Faculty of Medicine, University of Indonesia,
with ethical approval in Faculty of Medicine, University of
Indonesia, protocol number: 22-03-0342. Twelve male Spraque
Dawley rats, aged 10 weeks old, weighing 200-250 g were used
to obtain intestinal segments for absorption study. Rats were
fasted overnight and injected with ketamine-xylazine (10:1) for
sacrifice, and all intestinal segments were removed through the
midline incision of the abdomen. The duodenum and jejunum
segments were separated. The segments were washed with
0.9% NaCl to remove the intestinal [26,27]. Clean segments of
duodenum, ileum, and jejunum were stored in MEM solution
media (Gibco) and kept at 4°C for ready use.

Before the experiments, the duodenum, ileum, and
jejunum intestinal segments were everted with the inner side

to the outside and washed again with MEM media. One side
of the intestine was tied with a thin thread, and the other was
filled with MEM media with a syringe. After being filled,
the other end of the intestine was tied. The intestine section
that has been tied on both sides was placed into 9 ml MEM
media of 0.74 mg/ml ZCP and incubated for 120 minutes.
Samples were taken from the media at intervals of 0, 10,
30, 60, 90, and 120 minutes. For comparison, ZnSO, was
subjected to the same treatment as ZCP. Samples taken at
the time intervals were calculated for zinc concentration with
ICP-OES.

Zinc concentration analysis

Zinc concentration was determined using an ICP-
OES analyzer, Agilent Technologies 700, series 1984 according
to the method described by Tiffany et al. [28] with slight
modifications. The measurement parameters were radio
frequency power of 20 rpm, nebulizer gas flow rate of 0.6 I/
minute, plasma gas flow rate-Argon of 10 I/minute, and sample
flow rate of 1.50 ml/minute.

RESULTS AND DISCUSSION

The primary zinc requirement is sourced from food
with a risk of inadequate zinc intake in the world population of
up to 17%, especially in developing countries [5]. Vegetarians,
people who live in inadequate/slum areas, elderly people,
and pregnant and lactating women are all vulnerable to zinc
deficiency [29]. There is evidence that zinc deficiency causes
a variety of health problems both directly and indirectly,
some of the diseases cause such as neuropsychiatric illnesses,
immunological disorders, and physiological problems [30].
Zinc sufficiency in men is useful for reproduction, both sperm
maturation and hormonal regulation [31]. In women, zinc
sufficiency plays a major role during pregnancy, especially
during fetal development and maternal health [32,33]. Zinc
also helps the digestive system, which protects and prevents
diarrhea, food allergies, and GI cancers [34]. Child growth
failure, hair loss, and bone fragility are also affected by zinc
deficiency [6,35-38].

As previously reported, zinc deficiency is a crucial
health issue and difficult to resolve with inorganic and organic
zinc supplements that are commonly and standardly used
nowadays. The absorption rate is low and not optimal in the
digestive system is problematic for both supplements form.
Low absorption rate and usage in high doses will be harmful to
human health. These supplements are unstable and irritating to
the intestines if consumed for prolonged durations because they
can interfere with the absorption of other dietary nutrients [5,39].
Inorganic and organic zinc supplements have the possibility for
zinc ions binding with food antinutrients in food such as phytate,
tannin, and oxalate that form complexes with zinc ions, thereby
inhibiting zinc absorption [40]. Therefore, this study aims to
characterize and identify a new zinc supplement resource with
optimal absorption ability in the gastrointestinal system through
ZCP. This study successfully purified and characterized ZCP
from the collagen of H. scabra and investigated the absorption
level through ex vivo evaluation.
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Holothuria scabra (wet)
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Figure 1. The process of producing collagen and collagen peptides and their yields.
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Figure 2. Tricine-SDS-PAGE analysis of HsPs from HsC hydrolysates
fractionation using 3 and 30 kDa MWCO ultrafiltration membranes.

Fractionation results with rich collagen peptides from H. scabra

Collagen and collagen peptide fractions with a weight
of 620 and 20.4 g, respectively, were successfully obtained from
the weight of sea cucumber flour (curing at 500°C to dry and
mashed) of 4.5 kg. The collagen obtained was 10.7% and the
HsP1-1 peptide fraction obtained was 0.35% of sea cucumber
flour. The HsP1-1 fraction has identified six peptides namely
DDAFQAFC, TDNL, LGC, PGT, SC, and PY (Table 3) which
are further evaluated in silico, ex vivo, and in vivo (Fig. 1).

Bromelain successfully hydrolyzed collagen peptides
by producing peptides up to 30 kDa in size. HsC hydrolysates

in this study were fractionated into three selected different MW
HsPs fractions, i.e., fraction I (>30 kDa), fraction II (3—-30 kDa),
and fraction III (<3 kDa), referred as HsP1, HsP2, and HsP3,
respectively (Fig. 2).

The SDS-PAGE evaluation (Fig. 2) revealed that HsC
were successfully hydrolyzed to low molecular weight peptides
by bromelain enzyme, and HsC hydrolysates have been
separated according to the selected separated (3 and 30 kDa)
molecular weight ultrafiltration membrane [41]. Nevertheless,
each concentrate residue of the 3 and 30 kDa molecular
weight ultrafiltration membranes contained a significant
proportion of the lower molecular weight HsPs [42] (with
modifications). A multistep acid-base extraction procedure was
used to successfully extract collagen from H. scabra [21,43].
Collagen is a triple helix protein of approximately 300 kDa
with about 1,140 amino acids per helix chain, with the primary
amino acids being glycine (33%), proline, and hydroxyproline
(22%). Collagen possesses an overall length of 280 nm and a
diameter of 1.4 nm [43]. So far, no collagen has been collected
as a mineral chelator, especially for zinc. Mineral supplements
frequently consist of minerals chelated by collagen peptides
derived from various sources of food, mainly marine products
[9,44,45]. In our study, we successfully obtained peptides with
the best binding activity from the collection of fractions through
molecular weight ultrafiltration.

Increased zinc chelation activity of fractionated collagen
peptides from H. scabra

In comparison with without fractionation, the ability
of the peptide as a zinc chelator increased to more than four-
fold (HsC vs. HsP1). In HsP1, a peptide with high molecular
weight (>30 kDa) has the highest zinc chelator ability compared
to other fractions (HsP2 and HsP3). As shown in Table 1, the
highest zinc-chelating activity of HsP was obtained for the
HsP1 peptide fractions, which reach 92.11 mg/100 mg HsP1,
compared to HsC and other lower theoretical molecular weight
peptide fractions (Hsp2 and HsP3).
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Table 1. The results of the Zn-chelating capacity assay of different
molecular weight peptides obtained by ultrafiltration.

Sample Z.CP binding capacity (mg/100 g)
HsC 20.72 £ 1.37°
Fraction I, >30 kDa (HsP1) 92.11 £ 0.64¢
Fraction II, 3-30 kDa (HsP2) 17.50 £ 1.61*
Fraction III, <3 kDa (HsP3) 16,79 £ 1.58°

Sign + means the standard error of the mean, and different lowercase letters
indicate significant differences (p < 0.05).

This result was further confirmed by the Zn-chelating
activity analysis of the RP-HPLC-purified peptides fractions
of HsP1 (HsP1-1 and HsP1-2), which both of their peaks have
similar retention times (MW). For purification, HsP1-1 was
collected at a retention time of 2,480-3,250, while HsP1-2 was
collected at a retention time 3,260—4,300 as shown in Figure 3.
Each collected fraction was reacted with zinc compounds to
determine its ability as a zinc chelator.

When viewed from the SDS-PAGE results in Figure 2,
it is known that the peptide is abundant in size > 30 kDa with
a zinc-binding ability of 92.11 mg/100-g sample (Table 1).
When compared with native collagen, the ability to bind zinc
can be four times more, so the ability of the peptide to bind zinc
is better than native collagen. Peptides with lower molecular
weight also have the ability to bind zinc but their ability is
lower than peptides with high molecular weight. Research
that reveals the size of peptides with high molecular weight
can bind calcium minerals by peptides from soybean with a
size of 10-30 kDa compared to peptides with lower molecular
weight [46]. Another study revealed that peptides from chicken
muscle with a size of >10 kDa were able to bind iron, and
only 10% of iron was bound to small peptides [47]. Based on
physicochemical analyses, the lower size molecular weight
might be due to the coagulation of peptides during preparation
[48]. Peptides could aggregate during hydrolysis, promoted by
hydrophobic interaction between peptides or proteins [49,50].
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or form polymers [51]. This study recommends options for
future peptide production purposes, for industrial purposes it is
allowed to use peptide hydrolysate fractions based on molecular
weight size with the highest zinc binding ability. To find out
which peptide is responsible for mineral binding in a fraction,
further investigation is needed with further purification by
chromatography.

The results showed that HsP1-1 and HsP1-2 have Zn-
chelating capacity (Table 2). However, HsP1-1 has a two-fold
capacity to bind zinc, and LC/MS-MS further sequenced HsP1-
1. Thus, further characterization was done using HsP1-1.

According to previous studies, various enzyme
combinations can hydrolyze proteins to obtain metal-
chelating hydrolysates. This study the native collagen
using a bromelain enzyme to generate ZCPs. Theoretically,
bromelain cleaves the peptide chain at Arg-Ala and Ala-Glu
bonds, showing a preference for Glu, Asp, Lys, or Arg in
the pocket 1 (P1) site [52]. Bromelain is a cysteine or thiol
protease with a preferential cleavage site at the carbonyl end
of Lys, Ala, Tyr, and Gly [53]. Bromelain was seclected as
the hydrolytic enzyme used in this research since bromelain
was an effective protease for hydrolyzing proteins into low-
MW peptides [41] and was one of the enzymes that derived
protein hydrolysates with a relatively high zinc-binding
capacity [12] and highest iron-chelating activity [54,55].
Bromelain was also used for protein hydrolysis to generate
the angiotensin I-converting enzyme (ACE)-inhibitory
peptides, which involved zinc-cofactor (in the ACE binding

Table 2. The results of the Zn-chelating capacity assay of the
RP-HPLC-purified HsP1 peptide fractions.

Sample ZCP binding capacity (mg/100 g)
HsP1-1 1.61 +1.12¢
HsP1-2 0.84 £0.21°

Sign + means the standard error of the mean, and different lowercase letters
indicate significant differences (p < 0.05).
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Figure 3. Purification results of HsC by RP-HPLC. The blue box shows the retention time used to collect the HsP1-1
peptide fraction, while the red color is for the HsP1-2 peptide fraction.
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domain) interaction with peptides [56]. The protein source
and hydrolysis conditions, such as enzyme concentrations
and hydrolysis times [41], and enzyme selection, especially
in sequential hydrolysis of protein [57], determine the
peptides released by hydrolysis which could significantly
affect the chelation property or other biological activities of
hydrolysates.

Z.CP sequences from HsP1-1 and its characterization

The HsP1-1 peptide fraction was scanned in LC/MS,
resulting in six peaks (HsP1-1A to HsP1-1F), each of which
was sequenced (Fig. 4). Meanwhile, the peptides obtained in
six peaks are continued by identifying the fragments of each
peptide with precursor ion scan mass spectrum MS/MS. Peptide
fragmentation through scanning the MS/MS spectrum is used

to determine the amino acid sequence forming a peptide. MS/
MS spectra of six peaks can be seen in Supplementary Data 1.
Characteristics of peptides in zinc binding are summarised in
Table 3. The six peptides discovered in this study have been
registered patent with Indonesian patent registration number:
P00202211622.

Table 3 shows that the m/z known from scanning
peptide fragmentation is 1,064.65 in peptide DDAFQAFC for
the peptide with the highest m/z, while peptide SC is 255. The
most dominant zinc-binding functional groups in peptide HsP1-
1A to HsP1-1F are the -NH, and ~COO- functional groups. As
for the characteristics of the polarity proportion of each peptide:
HsP1-1A and HSP1-1E are peptides with neutral character. In
addition, peptides with hydrophobic properties are HsP1-1C
and HsP1-1D. The nature of HsP1-1A is a peptide with an

Wax niensty - $59.181 264

0000 r

Intensity
mAl) g

Tme 0209 Scand 25 hen 39.545.920

Retention time (min)

Figure 4. Peptide scanning chromatogram with LC/MS-MS on HsP1-1, there are six peaks (HsP1-1A to HSP1-1F)

that are continued to determine the amino acid constituents.

Table 3. The chemical characteristics of the peptide obtained by LC/MS MS are related to its zinc binding ability.

Theoretical

Amino acid polarity groups proportion (%)

Functional groups of amino acids

No. Peptides sequence of HsP1-1 m/z MW (Da)

Hydrophobic

Basic Acidic Neutral involved in coordination with Zn?*

Asp-Asp-Ala-
Phe-Gln-Ala-
Phe-Cys

HsP1-1A DDAFQAFC  1064.65 915.9671

Thr-Asp-Asn-

HsP1-1B Leu

TDNL 521 461.4676

HsP1-1C  Leu-Gly-Cys LGC 311 291.3674

HsP1-1D  Pro-Gly-Thr PGT 325 273.2861

HsP1-1E  Ser-Cys SC 255 208.2355

HsP1-1F  Pro-Tyr PY 298 278.3043

66.7 0 0 333

—NH, and ~COO- of Asp
Aromatic group of Phe

—CO-and —-NH2 of GIn

—COO- and —SH of Cys

—NH- and —CO- of peptide bonds

—NH, and —OH of Thr

—COO- of Asp

—CO-and —NH, of Asn
—COO-of Leu

—NH- and —CO- of peptide bonds

—NH, of Leu

—COO- and —SH of Cys

—NH- and —CO- of peptide bonds
—NH- of Pro

—COO- and —OH of Thr

—NH- and —~CO- of peptide bonds

—NH, and —~OH of Ser

—COO- and —SH of Cys

—NH- and —CO- of peptide bond
—NH- of Pro

—COO-, —OH, and an aromatic
group of Tyr

—NH- and —CO- of peptide bond

25 0 25 50

25 0 50 25

0 0 0 100

50 0 0 50
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acidic hydrophobic character, while HsP1-1F has a neutral
hydrophobic peptide character.

These amino acid groups have functional groups which
play a role in metal ions binding to peptides. The functional
groups of amino acid groups involved in coordination with Zn*
were also shown in Table 3. The amino (-NH,) and carboxyl
(-COO-) groups of Asp, aromatic group of Phe, carbonyl (—
CO-) and amino (-NH,) groups of Gln, carboxyl (~COO-)
and sulthydryl (=SH) groups of Cys, and imino (-NH-) and
carbonyl (—CO-) groups of peptide bonds in Asp-Asp-Ala-
Phe-GlIn-Ala-Phe-Cys; amino and hydroxyl (—OH-) groups
of Thr, carboxyl group of Asp, carbonyl and amino groups of
Asn, carboxyl group of Leu, and imino and carbonyl groups
of peptide bonds in Thr-Asp-Asn-Leu; amino group of Leu,
carboxyl and sulthydryl groups of Cys, and imino and carbonyl
groups of peptide bonds in Leu-Gly-Cys; imino group of Pro,
carboxyl and hydroxyl groups of Thr, and imino and carbonyl
groups of peptide bonds in Pro-Gly-Thr; amino and hydroxyl
groups of Ser, carboxyl and sulfhydryl groups of Cys, and
imino and carbonyl groups of peptide bond in Ser-Cys; and
imino group of Pro, carboxyl, hydroxyl, and aromatic groups
of Tyr, and imino and carbonyl groups of peptide bond in Pro-
Tyr might contribute to the Zn-chelating activity in this study.
To find out more information about the character of the HsP1-1
peptide bound with zinc ions, it is necessary to conduct a study
with FTIR which is compared with the peptide without being
bound by zinc ions.

Table 3 also shows the proportion of the polarity-based
amino acid groups of the six peptides of the HsPs1-1. These
six low theoretical molecular weight peptides of the HsP1-1
had no positively charged/basic amino acid group. However,
they had relatively high proportions of hydrophobic (Ala, Leu,
Gly, and Pro), negatively charged or acidic (Asp and Asn), and
uncharged or neutral (Phe, Gln, Cys, Thr, Ser, and Tyr) amino
acid groups, in which these amino acid groups might contribute
to the Zn-chelating activity of peptides in this study as discussed
according to the previous research. The peptides acidic amino
acid group (Asp and Glu) might generate high metal affinity
[58]. The acidic (Asp and Glu), positively charged or basic
(Lys, Arg, and His), neutral (Gln), and hydrophobic (Pro)
amino acid groups determined the calcium-binding affinity
[59]. Acidic (Asp and Glu) and hydrophobic (Pro) amino acid
groups determined the iron-binding capacity of peptides [60].
The acidic (Asp, Glu, and Asn), basic (His), and neutral (Gln,
Ser, and Cys) amino acid groups have been reported to bind
divalent metals [61]. Peptides with more acidic amino acid
residues could bind more Zn?' than those with fewer acidic
amino acid residues [62]. Acidic (Glu and Asp), neutral (Tyr),
and basic (His and Arg) amino acid groups of the ACE-binding
site formed coordinated binding with Zn**-cofactor in the ACE-
binding domain. This Zn**-cofactor was also involved in the
interaction with ACE-inhibitor peptides which had dominantly
hydrophobic (Ala, Leu, Gly, Pro, Val, Met, and Ile) than neutral
(Gln, Phe, Tyr, and Thr), basic (Lys and His), and acidic (Glu)
amino acid groups [56]. The acidic amino acid group (Glu
and Asp) remarkably contributed to the Zn*" chelation [63].
Based on the analysis of zinc-binding amino acids, the peptides
found in this study are relatively hydrophobic, with some

negatively charged (acidic) and uncharged (neutral), which
affects the stability. With conditions that are in accordance
with the pH in the gastrointestinal, zinc can be well delivered
to the gastrointestinal tract. The amino acid composition
majorly determines the functionality and bioactivity of peptides
[23,48,56,63] and the orientation of amino acids within
their sequences [56]. Besides, it also depends on the protein
substrate, the enzyme used for the proteolysis, the hydrolysis
conditions, and the degree of hydrolysis. For health applications
zinc-binding peptide is important to use as a chelator of zinc,
enabling zinc bioavailability to be maintained in the body by
sustaining their stability by amino acid composition.

Previous research reported that metal ions (Cu**, Zn*",
and Ni*") prefer to bind with oxygen- and nitrogen-rich groups
[8]. The principal site of iron-binding corresponded primarily
to the carboxylate groups and a lesser extent, to the peptide
bonds [64]. The carboxylates group of Asn, peptide imino, and
carbonyl groups in Asn-Cys-Ser and Leu-Ala-Asn (or Ile-Ala-
Asn) might coordinate with zinc [65]. The functional groups
of carboxyl, hydroxyl, and sulthydryl groups in Ser-Met and
Asn-Cys-Ser showed the strongest bonding abilities with Zn**
compared to imino nitrogen and oxygen of the peptide bond
(or the amide bond of Asn), and the carbonyl group of the
peptide bond and oxygen (O) element in the water regularly
participate in coordination by weaker interactions with Zn?*
[10]. Carbonyl groups of Asp and Glu formed the coordinated
covalent bindings, while Pro placed constraints in the angles
of the peptide backbone, favoring the iron-binding to peptides
[60]. The amino group of Asn, the imino and carbonyl groups
of the peptide amide groups, the hydroxyl group of Ser, and the
carboxyl group of Met were speculated to have important roles
in the complexation between Asn-Ser-Met and zinc, in which
the side chain amino group of Asn might promote the zinc-
chelating ability [24]. The high metal affinity of Asp and Glu is
due to the carboxylate groups in the side chain [8].

The results obtained are peptides with the ability to
bind with Zn is the result of FTIR analysis as seen in (Fig. 5,
Table 4). After being bound to zinc, there is a wavenumber shift
in several functional groups, namely in N-H stretching from
3,288.26 to 3,410 cm™!, vibration of C=0 1,700.46 to 1,638.68
cm™!, C-N stretching from 1,553.90 to 1,564.31 cm™', N-H
bending 1,406.99 to 1,415.56 cm™', COO- from 1,202.39 to
1,342.70 cm™!, and C-O from 854.26 to 795.64 cm™'. Based on
the study, reported that there are vibrations in amide and amide
I on (C=0) in the form of tensile vibration [8]. In this study,
the peptide spectra for the amide-I group appeared at 1,700.46
cm ' and amide-II appeared at 1,406.99 cm™'. After the peptide
binds to zinc, there is a wavenumber shift at 1,638.68 cm™ and
1,415.56 cm™! which indicates the presence of antisymmetric
tensile vibration (COO-) and symmetric tensile vibration on
carboxyl ions [15]. After reacting with zinc ions, absorption of
the -NH functional group on -NH-C=0O appears at 1,342.70
cm', indicating that the amino acids nitrogen atom (NH,)
binds to Zn>* ions. The band’s appearance at 3,410.52 cm™' on
the ZCP is an interaction with the -NH group which caused
a wavenumber shift in the peptide spectra which appeared at
3,288.26 cm™'. These results show that zinc ions (Zn*") are
bound to carboxyl groups and also interact with nitrogen atoms
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Figure 5. FTIR spectra of ZCP and peptide in the wavenumber 4,000 to 400 cm™'. For blue line is peptide

spectra and the green line is ZCP spectra.

Table 4. The shifting of wavenumber in ZCP and peptide is important in the functional group.

Sample N-H stretching C=0 vibration C-N stretching N-H bending COO- Cc-0
P (cm—1) (cm—1) (cm—1) (cm—1) (cm-1) (cm-1)
Peptide 3,288.26 1,700.46 1,553.90 1,406.99 1,202.39 854.26
ZCP 3,410.52 1,638.68 1,564.31 1,415.56 1,342.70 795.64

in amino acids and nitrogen atoms in amides. This is in line with
research on other zinc-binding peptides, where nitrogen atoms
have the ability to bind zinc [8,15].

After investigating the functional groups that
play a role in zinc binding by FTIR, morphological and
topographical observations on ZCP and peptides were made
using SEM-EDS. The data shows that, visually, the surface
of the peptide has a smoother surface (Fig. 6A). In contrast,
the ZCP has a granule-like structure, which is spread over the
entire surface of the ZCP (Fig. 6B). It was discovered that
the peptide that is not bound with zinc, consists of 51.5%
oxygen (O) element, while 40.8% is the zinc element in ZCP.
Therefore, it can be said that the synthesis of ZCP has been
successfully carried out. The visualization of morphologically
and topographically, ZCP has a different surface structure from
the peptide [66]. The reaction process of zinc with peptides to
form aggregates [67]. Peptide dimerization and stability result
from the formation of aggregates by zinc ions. Aggregation
progress is made possible by intermolecular forces, surface
tension, anisotropy, and sulthydryl, carboxyl, and amino group
functionalities on the peptide [66,67]. Based on SEM-EDS,
the elemental composition of ZCP contains the element zinc
(40.8%), which indicates that zinc ions have been bound to the
peptide to form a ZCP complex (Fig. 6B). As for the peptide
without zinc bound, it is known that there is no zinc element
(Fig. 6A). This research is in line with previous studies, which
show differences in the morphology of zinc-binding peptides
and peptides, where zinc ions are able to form more compact
particle formations.

Higher absorption of zinc from ZCP versus commonly used
zinc supplements in all segments of the small intestine

The whole small intestine segment was used in this
study, namely the duodenum, ileum, and jejunum. These
segments were used to determine the zinc absorption of ZCP
compared to zinc organic and zinc inorganic (ZnSO, and
ZnCl,). In the duodenum segment, the zinc level of ZCP in the
media was absorbed starting before minute 20 and there was an
increase in absorption from minute 20 to minute 60. Afterward,
the zinc absorption rate began to stationary after minute 60 until
the end of the ex vivo evaluation process (120 minutes) with
the final cumulative zinc level in the media of approximately
60%, with approximately 40% zinc being able to be absorbed
in the duodenum. The zinc content of ZnSO, and ZnCl, in the
media is almost 80% with as much as 20% zinc absorbed in the
duodenum (Fig. 7A).

In the jejunum and ileum segments (Fig. 7A and B), the
zinc cumulative level in the media from ZCP is approximately
70% and 80%, respectively. Therefore, 30% and 20% of the
zinc level was absorbed in the jejunum and ileum, respectively.
In contrast to the ZnSO, and ZnCl, comparisons, in the jejunum
and ileum segments, the zinc absorption rate was lower at
around 10%, with the remaining zinc content in the media being
90%. Based on the graph in Figure 5, zinc absorption in ZCP,
ZnS0,, and ZnCl, occurs in all segments with the duodenum as
the most absorbed segment. However, zinc can also be absorbed
in the jejunum and ileum segments with lower levels. In ex vivo
evaluation, the level of zinc absorption in ZCP is more than that
of ZnSO, and ZnCl..
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Figure 6. SEM-EDS images of peptide (A) and ZCP (B) and their elemental compositions.
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Figure 7. Cumulative absorption of ZCP across the intestinal segments (A) duodenum, (B) jejunum, and (C)
ileum. ZnCl, and ZnSO, are molecules as compared to ZCP to observe absorption percent.

Absorption of drugs through oral administration
is mainly in the small intestine segment. Many models for
investigating drug absorption have been developed as an early
stage of drug development and formulation, one of which is the
everted gut sac model, which has been widely used with reliable
results [27]. The advantages of this method are that it is simple,
quick, reproducible, and inexpensive [68]. Recently, the everted
gut sac model method has been widely applied to drug delivery
systems such as liposomes, nanoparticles, and vesicles [27].
Investigating the ability of ZCP to enhance zinc absorption
and transport requires an intestinal simulation bioassay as an
initiation phase to evaluate the capacity of ZCP in the binding
and transport of zinc. Zinc absorption using the everted gut sac
method has been done in several kinds of research to determine a
molecule’s transport and absorption ability [26,27,68]. Previous
zinc absorption studies reported that zinc is absorbed through
the small intestine, with the highest absorption in the duodenum
and ileum or only in the ileum or the jejunum [69].

Meanwhile, in human intestines, the duodenum and
jejunum are the major segments for zinc absorption [70,71].
Zinc absorption occurs mostly in the duodenum compared to
the jejunum and ileum due to differences in villosity and micro
villosity in the duodenal membrane [27]. According to previous
research, ZCP can increase absorption compared to organic
zinc salts and inorganic zinc salts. Casein phosphopeptides
increased Zn retention, transport, and absorption [14]; mung
bean peptide (SSEDQPFNLR) reported that the peptide has
capabilities to increase zinc transport and absorption [15]; peptide
HNAPNPGLPYAA from wheat germ reported higher rate for zinc
transport and absorption compared with ZnSO, [8]. The simulation

in this study was carried out for 120 minutes; in ZCP, the results
showed that absorption in the duodenum occurred significantly at
minute 20 and continued to accumulate zinc absorption until minute
60, around 40%, and the absorption stationary until the end of the
simulation. Zinc absorption in ZnCl, and ZnSO, occurs lower than
ZCP. It can be confirmed by data stating that until the end of the
simulation, the absorbed zinc is around 20%. This study is in line
with previous research which showed that ZCP has the capability
to enhance zinc absorption. The enhanced absorption of zinc due
to ZCP is certainly due to factors such as the peptide structure
produced, the concentration of the peptide, the biomarker used,
and the inhibitor amount of zinc absorption during simulation.
Two processes of zinc homeostasis occur simultaneously
in the digestive tract. First is the absorption of zinc obtained from
food (exogenous). The second is gastrointestinal secretion and
excretion-reabsorption of zinc (endogenous). Zinc transporters,
permeable channels, and metallothionein (MT) regulate the
homeostasis process in the body [72]. Absorption is the zinc
passing into the enterocyte through the basolateral membrane,
and then circulating transport occurs [73]. MT is an intracellular
mineral-binding protein that plays a transport mechanism for
minerals, including zinc [74]. MT synthesis in the hepatic
and intestine is stimulated by dietary zinc supplementation
(exogenous). The limitation of zinc supplementation is that it
reduces M T synthesis [75]. Inadequate zinc absorption also occurs
due to the availability of inhibitors, such as phytate, that form
complexes with zinc. The human body lacks the phytase enzyme.
Therefore, complexing phytate with zinc reduces zinc absorption
in the body [69]. The importance of zinc supplementation to
mitigate zinc limitation is required to decrease the impact of zinc
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deficiency. The efficacy of both generations of zinc supplements
depends on their solubility. Second-generation zinc supplements
significantly reduce the stimulation of gastrointestinal reactions
and increase oral consumption. The third generation is zinc
chelating to molecules like peptides, creating a complex with
soluble characteristics and high stability in the intestine [1,5].
This study has successfully elaborated the results of collagen
acquisition and fractionation of zinc-binding peptides as well as
knowing the resulting peptide sequences that were evaluated ex
vivo with the entire small intestine segment. The limitation of
this study is that it does not take into account the gastrointestinal
conditions from the mouth to the intestine. However, if affected
by stomach acid, it can be overcome by making the preparation
film coated so that it can overcome acidic conditions in the
stomach.

CONCLUSION

This research shows that the potential of peptides
from H. scabra as ZCPs has been successfully purified and
characterized. Protein hydrolysis uses bromelain enzyme which
can hydrolyze proteins by forming peptides. Furthermore, the
peptides obtained were tested for zinc binding with HsP1 peptide
with a zinc-binding capacity of 92.11 mg/100 g, followed
by peptide fractionation. RP-HPLC was carried out with an
isocratic mobile phase to obtain pure peptides by producing two
fractionations, namely HsP1-1, which has a better zinc binding
ability of 1.61 mg/100 g. The peptide sequencing process to
determine the sequence of zinc-binding amino acids used LC/
MS-MS, resulting in six zinc-binding peptides: Asp-Asp-
Ala-Phe-Gln-Ala-Phe-Cys; Thr-Asp-Asn-Leu; Leu-Gly-Cys;
Pro-Gly-Thr; Ser-Cys; and Pro-Tyr. In ZCP, the accumulation
of absorption was highest at 60 minutes, with 40% of zinc
absorbed into intestinal cells. Compared with ZnCl, and ZnSO,,
the absorption in the small intestine rate of ZCP was twofold
higher. This research has successfully purified peptides from H.
scabra that have the potential for zinc binding and the peptides
capability to enhance zinc absorption in the small intestine.
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