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Abstract
Bioinformatics was applied for strategic processing of yellow mealworm (Tenebrio
molitor) proteins to produce dipeptidyl peptidase (DPP)-IV inhibiting peptides. In silico
analysis of 384 mealworm proteins revealed structural proteins as better precursors
of DPP-IV inhibiting peptides, compared with other protein types, after pepsin and
papain hydrolysis. This was associated with the higher hydropathicity and amounts
of residues associated with DPP-IV inhibition in the structural (cuticular) proteins. In
silico, the peptides were mostly released with pepsin than papain. Cuticular (CP) and
non-cuticular proteins (NC) were extracted from yellow mealworm and hydrolyzed
with pepsin and papain in vitro to validate the virtual findings. CP hydrolysate with
papain inhibited DPP-IV the most compared to CP hydrolysate with pepsin, whereas
NC hydrolysates were mostly inactive. CP had higher hydrophobic–hydrophilic amino
acid ratios and contents of the activity-associated residues than NC. The findings
demonstrate the application of bioinformatics in processing proteins for bioactive
peptide production.

Practical applications
The discovery of bioactive peptides from food proteins is typically based on the classic approach involving working with a small number of protein-protease combinations in vitro. For the first time, this study reported the application of in silico tools
in comprehensively studying hundreds of proteins from yellow mealworm (an edible
insect) as sources of DPP-IV inhibitors, followed by in vitro processing and validation
guided by the results obtained in silico. The advantage of this approach is that it allows for analysis of several protein–protease combinations (with multiple datasets
of structural, functional, and bioactivity parameters) in a short time. This work is relevant in advancing research on emerging or alternative proteins as well as structureinformed food protein processing. The bioinformatics approach can be adapted for
strategic processing of proteins in the food industry prior to making major resource
investments.

Abbreviations: ANS, 8-anilino-1-naphthalenesulphonic acid; CP, cuticular protein; DPP-IV, dipeptidyl peptidase-IV; FAN, free amino nitrogen; GRAVY, grand average of hydropathicity;
NC, non-cuticular protein; OPA, o-phthalaldehyde; pI, theoretical isoelectric point; T2D, type 2 diabetes; β-Lg, β-lactoglobulin.
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1 | I NTRO D U C TI O N

as sustainable resources for promoting food security. Some insect
species have high nutritional value and protein content. Yellow meal-

Several food proteins are precursors of bioactive peptides with di-

worm (Tenebrio molitor) is one of the major edible insects currently

peptidyl peptidase (DPP)-IV inhibitory activities (Lacroix & Li-Chan,

reared on an industrial scale (Yi, Van Boekel, Boeren, & Lakemond,

2016). Inhibiting DPP-IV activity leads to an increase of insulin

2016). Fresh larvae typically contain 24.3%–27.6% protein, which

secretion and therefore a decrease in blood glucose level in vivo

compares favorably with meat protein products containing 15%–22%

(Mochida, Hira, & Hara, 2010; Ishikawa et al., 2015). This activity is

protein (Yi, Van Boekel, & Lakemond, 2017). Previous studies have

relevant in managing type 2 diabetes (T2D), which is a public health

used the classic approach to generate bioactive hydrolysates, includ-

concern. DPP-IV (also known as DPP-4 or cluster of differentiation

ing DPP-IV inhibitors, from edible insect proteins for potential nutra-

26) is a soluble or membrane-anchored enzyme that degrades incre-

ceutical applications (Lacroix, Dávalos Terán, Fogliano, & Wichers,

tin hormones, glucagon-like peptide (GLP)-1 and glucose-dependent

2019; Nongonierma, Lamoureux, & FitzGerald, 2018). Considering

insulinotropic polypeptide, inactivating more than 95% of the GLP-1

the limited sample coverage and costly and time-consuming fea-

produced in the body (Lacroix & Li-Chan, 2016). Incretin hormones

tures of the classic approach, the objective of this study was to use

are responsible for 50%–70% of total insulin secretion in response

the bioinformatics approach to strategically guide the selection and

to nutrient intake (Edholm et al., 2010). Therefore, their activity is

fractionation of edible insect (yellow mealworm) proteins for the

important in maintaining normal glucose levels in the blood. A 2015

production of potent DPP-IV inhibiting peptides.

report showed that one in 11 adults has T2D and this number was
predicted to increase over time (Cho, 2015). DPP-IV inhibiting compounds used as effective treatment options for T2D are known as
gliptins (Nongonierma & FitzGerald, 2013).
The most widely used method to release bioactive peptides from
their parent proteins is enzymatic hydrolysis, which yields dipep-

2 | M ATE R I A L S A N D M E TH O DS
2.1 | In silico analysis of mealworm proteins and
peptides

tides, tripeptides, and small oligopeptides (Udenigwe & Aluko, 2012).
Several proteases have been used to generate DPP-IV inhibiting

A total of 384 sequences of yellow mealworm proteins and one se-

peptides, including digestive enzymes (de Souza Rocha, Hernandez,

quence of bovine β-lactoglobulin (β-Lg; used as control) were ob-

Chang, & de Mejía, 2014) and industrial enzymes produced by micro-

tained from UniProt Knowledgebase at http://www.uniprot.org/.

organisms and those obtained from plants (Lacroix & Li-Chan, 2016).

The search was conducted between November 2016 and February

Highly active DPP-IV inhibiting peptides typically contain a Trp resi-

2017 using the query “yellow mealworm” and both Swiss-Prot and

due at P1 (N-ter) position or Pro residues at P2 position (Nongonierma

TrEMBL database entries were considered. Multiple protein entries

& FitzGerald, 2014). Food-derived peptides have low biostability

were excluded from the dataset prior to analysis. The following pro-

due to their scissile peptide bonds (Udenigwe & Fogliano, 2017), and

tein information was obtained from UniProtKB: amino acid sequence

their bioavailability is reported to be in amounts as low as pico- and

using FASTA; grand average of hydropathicity (GRAVY) and theoret-

nanomolar concentrations (Xu, Hong, Wu, & Yan, 2019). Moreover,

ical isoelectric point (pI) using ProtParam; and biological role listed

inhibitory effect of food peptides is lower than that of rationally

under “Function”. In silico enzymatic hydrolysis of the 385 proteins

designed synthetic gliptins (Lacroix & Li-Chan, 2016). Nonetheless,

was performed using BIOPEP-UWM “enzyme action” tool at http://

food protein-derived peptides are promising as functional ingredi-

www.uwm.edu.pl/biochemia/index.php/en/biopep

ents for managing T2D and as natural adjuvant to support the effect

Dziuba, Iwaniak, Dziuba, & Darewicz, 2008). Signal peptides were

and reduce the use of synthetic DPP-IV inhibiting drugs.

deleted and mature proteins were virtually digested with two

(Minkiewicz,

Bioinformatics has the capability to cost-effectively speed up

proteases: pepsin (pH > 2; EC 3.4.23.1) and papain (EC 3.4.22.2)

the process of predicting and producing bioactive peptides from

(Udenigwe, 2016). Thereafter, parameters “AE” (frequency of re-

food proteins, although the procedure is still faced with challenges,

lease of fragments with given activity by selected enzymes) and “W”

for example, inability to simulate enzymatic hydrolysis of 3-dimen-

(relative frequency of release of fragments with given activity by

sional protein structures in silico (Udenigwe, 2014; Agyei, Tsopmo,

selected enzymes) were calculated for each protein sequence and

& Udenigwe, 2018). Most studies on bioactive peptides are based on

the β-Lg control. Parameter “A” (frequency of bioactive fragments

traditional protein sources (e.g., milk and soybean). Emerging protein

occurrence in the protein sequence) was also calculated (A = AE/W)

sources, for example, edible insects, are increasingly gaining traction

(Minkiewicz et al., 2008).

|
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Proteins were classified according to three categories prior to
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(FLASHEA 1112 series, Interscience, Thermo Scientific) using

analysis: theoretical pI, biological role, and GRAVY. β-Lg was included

D-methionine (99%, Acros Organics) as a standard and a conversion

in all the categories. For pI, proteins were further classified as acidic

factor of 6.25 was used (Yi et al., 2016).

(pI 1.00–6.49), neutral (pI 6.50–7.49), and basic (pI 7.50–14.00). For
biological role, proteins were classified as signaling, structural, enzymatic, and other functions. For GRAVY, proteins were classified as

2.4 | Amino acid composition of the proteins

hydrophilic (GRAVY −2. to 0) and hydrophobic (GRAVY 0.01–2). For
each category, graphs of AE versus A were plotted for in silico digests

Amino acid composition (%) of NC and CP was analyzed at the

of the proteins with pepsin and papain. Amino acid frequencies were

SPARC BioCentre, The Hospital for Sick Children (Toronto, Canada),

also calculated for the proteins using R program and graphed using

using the Pico-Tag method after vapor-phase hydrolysis with 6 M

Seq2Logo 2.0 available at http://www.cbs.dtu.dk/biotools/Seq2L

HCl/1% phenol at 110°C for 24 hr, pre-column derivatization with

ogo/. Results from the in silico analysis determined the mealworm

phenyl isothiocyanate, and reverse-phase ultra-performance liquid

protein types and processing targeted for in vitro experiments.

chromatography using a Waters ACQUITY UPLC (Milford, MA, USA),
as previously reported (Mohan & Udenigwe, 2015).

2.2 | Mealworm preparation
Fresh yellow mealworm (T. molitor) larvae (aged 10–12 weeks) were

2.5 | Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis

purchased from Kreca Ento-Feed BV (Ermelo, The Netherlands). The
larvae were washed and frozen by immersion in liquid nitrogen (Yi

Protein profiles of NC and CP were analyzed using NuPAGE® gels

et al., 2017) and then blended with sulfite (1.6%, w/v) to prevent

(12% Bis/Tris with 10 wells), NuPAGE® MES running buffer, and a

enzymatic browning. The mixture was blended for 1 min, frozen at

blue ray prestained 10–180 kDa protein marker (Jena Bioscience).

−20°C, and freeze-dried until the weight was stable. Thereafter, the

Details of the experiment are provided in the supporting information.

dried samples were milled using Retsch MM 400 mill at a frequency
of 30/s for 6 s, to obtain a powder. The mealworm powder was then
defatted with hexane at a solid-to-solvent ratio of 1:5 (w/v).

2.3 | Mealworm protein fractionation

2.6 | Protein surface hydrophobicity
Surface hydrophobicity of NC and CP was determined using the
fluorescent probe, 8-anilino-1-naphthalenesulphonic acid (ANS), as
described by Mohan and Udenigwe (2015). Surface hydrophobicity

Based on the in silico results, mealworm cuticular proteins (CP) were

was obtained as the slope of the fluorescence intensity versus con-

targeted in this study. CP extraction was based on the method de-

centration plot.

scribed by Andersen, Rafn, Krogh, Hojrup, and Roepstorff (1995).
Non-cuticular proteins (NC) were extracted from defatted mealworm meal (10%, w/v) in 1% potassium tetraborate decahydrate,
pH 9.1. The mixture was homogenized with Ultra-Turrax® (IKA T25

2.7 | Enzymatic hydrolysis of mealworm
protein fractions

digital) at 3,000 rpm. The mixture was centrifuged at 4,000 g for
10 min. The supernatant was separated from the residue and fro-

NC and CP from yellow mealworm and bovine β-Lg (≥90%, Sigma-

zen at −20°C. The residue was washed once with 1% potassium

Aldrich; used as protein control) were hydrolyzed with two pro-

tetraborate decahydrate followed by a final wash with Milli-Q water.

teases: pepsin (2,500 FIP-U/g, Merck) and papain (from papaya latex,

Proteins present in the residue (CP) were extracted with 6 M urea

1.5–10 units/mg, Sigma-Aldrich). Temperature and pH conditions for

in 0.02 M ammonium acetate (96%, Merck) at 1:4 (w/v), pH 5.0; pH

hydrolysis were set at the optimal conditions for protease activity,

was adjusted with 0.1 M acetic acid. The mixture was left at 4°C for

that is, pH 2.0 (0.1 M KCl-HCl buffer) at 37°C for pepsin (Lacroix &

15 hr, centrifuged at 4,000 g for 10 min, and the supernatant was

Li-Chan, 2014) and pH 6.5 (0.1 M sodium phosphate buffer) at 55°C

collected and frozen at −20°C. The protein fractions were concen-

for papain (Bah, Bekhit, Carne, & McConnell, 2015). The sample solu-

trated in a freeze dryer to reduce the volume by ~50% and dialyzed

tions had a concentration of 5% (w/v, protein basis) and the enzyme/

using a membrane of 2,000 Da molecular weight cutoff to remove

substrate (E/S) ratio was 1:100 (w/w) (Lafarga, Aluko, Rai, O'Connor,

salt and other non-protein components. The retentate was frozen

& Hayes, 2016). All samples were hydrolyzed for 5 hr under constant

at −20°C and freeze-dried until the weight was stable. Freeze-dried

shaking (50 rpm) in triplicate. Thereafter, pH was adjusted to 7.0 with

mealworm proteins were milled to obtain the NC and CP powders.

0.5 M NaOH and to stop the hydrolysis, samples were placed on ice

NC and CP protein content was determined by the bicinchoninic acid

and centrifuged at 4,700 g for 5 min. The supernatants were frozen

(BCA) method using the Pierce™ BCA Protein Assay Kit (Thermo

at −20°C followed by freeze-drying and milling to obtain the hydro-

Scientific). Crude protein content was also determined by Dumas

lysate powders. Extent of protein hydrolysis was determined as free
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Compared with frequency of occurrence of bioactive peptides (A),

samples (Nielsen, Petersen, & Dambmann, 2001), using o-phtha-

the release of the peptides by a given protease (AE) is a more useful

laldehyde (OPA) reagent and a standard, L-serine (ReagentPlus®,

parameter for assessing if the peptides can be practically generated

≥99%, Sigma-Aldrich) at 0.9516 meqv/L.

during protein hydrolysis. After classifying the mealworm proteins
based on theoretical pI, scatter plots of AE versus A did not result in

2.8 | Determination of DPP-IV inhibitory activity

a clear pattern or relationship for in silico hydrolysates derived from
pepsin and papain (Figures S1 and S2, supporting information). Thus,
separation of the insect proteins based on pI, as done during protein

DPP-IV inhibition assay was carried as described by Lacroix and Li-

isolation, would not lead to fractionation of the best precursors of

Chan (2013). Proteins and hydrolysates were dissolved in Tris-HCl

DPP-IV inhibiting peptides.

buffer (pH 8.0), and the final assay concentration was 0.375 mg/ml

The biological role of proteins determines their cellular/tissue

(protein basis, Dumas). In a 96-well plate, 25 µl of sample and 25 µl

compartmentalization, molecular structure, and chemical compo-

of 12 mM DPP-IV substrate, Gly-Pro-p-nitroanilide (Bachem), were

sition. Consequently, this factor will influence the type and phys-

incubated for 10 min at 37°C. Thereafter, 50 µl of DPP-IV (1,852

icochemical property of peptides derived from the proteins. After

unit/ml, human recombinant, Sigma-Aldrich) was added and incu-

classifying the mealworm proteins as signaling, structural, enzy-

bated at 37°C for 30 min. The reaction was stopped with 100 µl of

matic, and others, the structural proteins showed higher (p < .01)

1 M sodium acetate buffer (pH 4.0). Absorbance was measured at

occurrence and release frequencies of DPP-IV inhibiting peptides

405 nm using the Infinite M200 Pro microplate reader (Tecan, The

compared with enzymatic proteins and others, for both proteases

Netherlands). Samples were analyzed in triplicate and absorbance

(Figure 1a,b). Difference in AE was not significant (p > .05) when

was corrected using a blank in which DPP-IV was replaced with the

structural proteins were compared with signaling proteins due to

buffer. Activity of the samples was expressed as % DPP-IV inhibi-

the small number (n = 6) of the latter dataset. High A and AE pa-

tion. Half-maximal inhibitory concentration (IC50) of CP hydrolysate

rameters of the structural proteins are attributable to the nature of

obtained with papain and diprotin A (Ile-Pro-Ile, ≥97% (HPLC),

this type of proteins. Most of the high-scoring structural proteins in

Sigma-Aldrich) was determined as previously reported (Lacroix & Li-

Figure 1a,b are cuticular proteins. Due to their location in the insect

Chan, 2014).

exoskeleton, cuticular proteins contain predominantly hydrophobic
amino acids within their sequences (Andersen, Hojrup, & Roepstorff,

2.9 | Data and statistical analysis

1995). Many hydrophobic amino acids are found in potent DPP-IV
inhibiting peptides (Hsu, Tung, Huang, & Jao, 2013), as they facilitate
peptide binding to hydrophobic pockets of the enzyme active site.

Results were expressed as mean of triplicate determinations ± stand-

When frequency of release of peptides from the 384 mealworm pro-

ard deviation. One-way analysis of variance was performed followed

teins was compared, pepsin gave higher AE than papain for 277 pro-

by post hoc Tukey's honest significant differences test using R pro-

teins (75.6%), same AE for 21 proteins (5.7%), and papain gave higher

gram with a significance level at p < .05. Relationship between AE

AE for 68 proteins (18.5%) (excluding 18 proteins with AE 0). Thus,

and A was determined by Pearson's correlation. The in silico param-

pepsin releases more DPP-IV inhibiting peptides from the mealworm

eters of the structural proteins (for each protease hydrolysis) was

proteins in silico than papain.

compared with parameters from each of the other protein types by
Student t test.

To investigate the physicochemical property behind the relationships, the mealworm proteins were classified as hydrophilic and
hydrophobic as shown in Figure 2a,b for proteins digested by pepsin

3 | R E S U LT S A N D D I S CU S S I O N
3.1 | In silico parameters of yellow mealworm
proteins as precursors of DPP-IV inhibitors

and papain, respectively. A and AE were higher for mealworm proteins with the highest hydropathicity values. From Figures 1 and 2,
structural proteins have the highest hydrophobic character of the
mealworm proteins. Therefore, structural functionality is predicted
as the most suitable for fractionating the insect protein precursors
of DPP-IV inhibiting peptides. Hsu et al. (2013) reported that hy-

Yellow mealworm proteins were grouped into three categories to un-

drophobic amino acids Pro, Leu, Val, Phe, Ala and Gly are important

derstand the types, location, and properties of the most promising

peptide features for DPP-IV inhibition, with Pro being the most im-

precursors of DPP-IV inhibiting peptides. This information guided

portant. When examined in detail, total content of the activity-as-

wet laboratory processing of the edible insect larvae. β-Lg, used as

sociated amino acids (Figure 3a) was about 35% (signaling, 33%;

protein control, is a precursor of DPP-IV inhibiting peptides derived

enzymatic, 39%; others, 36%; and β-Lg, 38%), except for structural

from whey proteins. Pepsin (aspartate protease) and papain (cysteine

proteins, which had 60%. Thus, the mealworm structural proteins

protease) were used as model proteases because they have differ-

have higher amounts of valuable amino acids for DPP-IV inhibition

ent catalytic mechanisms, recognition and cleavage sites, and have

compared with the other protein types. The structural proteins are

been applied in generating DPP-IV inhibiting protein hydrolysates.

mainly composed of cuticular proteins, which have hydrophobic
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F I G U R E 1 Scatter plots of parameters obtained from virtual
digestion of Tenebrio molitor protein sequences and bovine
β-lactoglobulin with (a) pepsin and (b) papain; AE, frequency of
release of bioactive peptides with DPP-IV inhibitory activity;
A, frequency of occurrence of bioactive peptides with DPPIV inhibitory activity. Each symbol represents a single protein
sequence. Proteins were classified according to their biological
function in Tenebrio molitor and divided into four subgroups:
◊ signaling, ○ structural, × enzymatic, and ▵ other functions.
β-Lactoglobulin, included as protein control, is represented by ●
(AE highlighted by the dashed line)
character because of their protective role in the insect exoskeleton (Andersen, Hojrup, et al., 1995). Taken together, the yellow















$
F I G U R E 2 Scatter plots of parameters obtained from virtual
digestion of Tenebrio molitor protein sequences and bovine
β-lactoglobulin with (a) pepsin and (b) papain; AE, frequency of
release of bioactive peptides with DPP-IV inhibitory activity;
A, frequency of occurrence of bioactive peptides with DPPIV inhibitory activity. Each symbol represents a single protein
sequence. Proteins were classified according to their grand average
of hydropathicity (GRAVY) values and divided into two subgroups:
○ hydrophobic (GRAVY, 0.01–2) and × hydrophilic (GRAVY, −2 to 0).
β-Lactoglobulin was used as the protein control and is represented
by ● (AE highlighted by the dashed line)

mealworm cuticular proteins have strong potential as precursors of

contents of 68.7 ± 2.53% and 90.2 ± 1.25%, respectively; possibly

DPP-IV inhibiting peptides.

increased by non-protein nitrogen in the samples. The differences
can be due to the extraction conditions, methods of protein determination, and mealworm matrix effect.

3.2 | Protein content, amino acid composition, and
profile of mealworm proteins

cuticular proteins however are a mixture of signaling, enzymatic and

To validate the in silico findings, in vitro experiments were con-

of the important contributors (Pro, Leu, Val, Phe, Ala, and Gly) to

Almost all cuticular proteins belong to structural proteins. Nonproteins with other functions. In vitro, total amino acid compositions

ducted with proteins extracted from defatted yellow mealworm

DPP-IV inhibitory activity of peptides are 32.3% and 43.2% for NC

flour. Protein content (dry weight basis) of NC and CP, determined

and CP, respectively (Figure 3b), which follows the same trend as the

by BCA method, was 59.8% and 76.9%, respectively. The former is

in silico results (Figure 3a). CP had higher amounts of Gly, Ala, Val,

lower than other mealworm protein contents in the literature. Zhao,

and Pro, similar amount of Leu, and lower amount of Phe when com-

Vázquez-Gutiérrez, Johansson, Landberg, and Langton (2016) and

pared to NC. The slight difference between the actual in silico and

Azagoh et al. (2016) reported protein contents of 79% and 84%,

in vitro amino acid values is expected as the extraction procedure

respectively, for yellow mealworm proteins extracted at alkaline pH

does not guarantee complete protein recovery and each protein has

at 40 and 45°C. Using the Dumas method, NC and CP had protein

different natural abundance in the samples.

|
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F I G U R E 3 Frequency analysis of amino acid residues. (a) Calculated amino acid ratios appearing in yellow mealworm proteins separated
by biological functions in silico. (b) Amino acid composition ratios of cuticular (CP) and non-cuticular proteins (NC) in vitro; E = E + Q and
D = D + N. Red color represents the amino acids that are important for DPP-IV inhibitory activity of peptides. Green color represents Pro,
which is the most important amino acid residue of peptides for DPP-IV inhibition. Other amino acids are shown with black
The protein band patterns of NC and CP are presented in Figure S3

expected to have higher surface hydrophobicity than NC, the similar

(supporting information). CP bands, mostly appearing below 35 kDa,

values observed may be because hydrophobic residues in the cu-

did not separate clearly on the gel and suggest the presence of cuticu-

ticular proteins would be buried inside the protein structure in the

lar proteins with molecular weights of 14–30 kDa (Andersen, Hojrup,

polar environment. Moelbert (2004) reported a correlation between

et al., 1995). For NC, major groups of protein bands were noted at

amino acid hydrophobicity and surface exposure. Cardamone and

8–15 kDa, 15–31 kDa, and 31–72 kDa, as previously reported by Yi et

Puri (1992) also reported that the average hydrophobicity of amino

al. (2013) and Azagoh et al. (2016) for protein extracted from whole

acid sequences (Bigelow) and surface hydrophobicity (ANS) are

yellow mealworm. Bands at 8.5–13 kDa are due to anti-freeze, includ-

related, with some exceptions. In our study, the molecular hydro-

ing hemolymph, proteins (12 kDa), those at 14–32 kDa suggest the

phobicity (total compositions of hydrophobic amino acids and hy-

presence of soluble cuticular proteins in NC, and bands at 32–95 kDa

drophobic–hydrophilic amino acid ratios) was higher for CP (53.6%;

are related to enzymatic and muscle proteins (Yi et al., 2013). Protein

1.15, respectively) compared with NC (44.0%; 0.78, respectively).

bands at 25–72 kDa had the highest intensity, suggesting the pre-

This validates the in silico GRAVY data on the hydrophobic nature of

dominance of enzymatic and muscle proteins in NC.

exoskeletal cuticular proteins.

3.3 | Surface and molecular hydrophobicity of
mealworm proteins

3.4 | Digestibility of mealworm proteins
Extent of hydrolysis was determined to confirm that hydrolysis of

Hydrophobicity plays an important role in determining the proper-

NC, CP, and β-Lg (control) had occurred with the addition of pepsin

ties of proteins and peptides, including bioavailability, bitterness

or papain. FAN values of NC hydrolysates were significantly higher

score, solubility, self-assembly, and some bioactivities (Acquah, Di

(p < .05) than those of CP and β-Lg hydrolysates (Figure 4). The dif-

Stefano, & Udenigwe, 2018). In this study, surface and molecular

ference can be attributed to the predominantly hydrophobic amino

hydrophobicity were used to confirm the hydrophobic nature and

acids of CP, which are prone to interacting at elevated temperature

evaluate the potential of the mealworm proteins as precursors of

to facilitate protein aggregation (Andersen, 2002). Consequently,

DPP-IV inhibitors. The surface hydrophobicity of CP (176.4 ± 21.5)

the proteases would have limited access to peptide bonds in CP

was not different (p > .05) from that of NC (187.4 ± 8.6). Azagoh

compared with NC, which are more soluble in water and hence avail-

et al. (2016) reported a comparable value for proteins from whole

able for hydrolysis. The FAN observed for the β-Lg control is low be-

yellow mealworm meal. Surface hydrophobicity, determined using

cause the protein presents a folded structure that makes it resistant

ANS, depends on the number and size of hydrophobic patches on

to pepsin hydrolysis. It is not certain if this also explains the result

the protein surface (Cardamone & Puri, 1992). Although CP was

obtained with papain-hydrolyzed β-Lg.
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1&

F I G U R E 4 Extent of hydrolysis of the hydrolysates derived from
yellow mealworm cuticular (CP) and non-cuticular proteins (NC),
and β-lactoglobulin after hydrolysis with pepsin or papain. Bars with
different letters are significantly different (p < .05) mean values.
NCpep: non-cuticular protein hydrolyzed with pepsin, NCpap: noncuticular protein hydrolyzed with papain, CPpep: cuticular protein
hydrolyzed with pepsin, CPpap: cuticular protein hydrolyzed with
papain, LGpep: β-lactoglobulin hydrolyzed with pepsin, and LGpap:
β-lactoglobulin hydrolyzed with papain

3.5 | DPP-IV inhibitory activities of the mealworm
protein hydrolysates
DPP-IV inhibitory activity of the NC, CP, and β-Lg (control) hydrolysates are shown in Figure 5. Both CP hydrolysates had the highest
DPP-IV inhibitory activity, with CP hydrolysate with papain exhibiting
the best effect (30.4% inhibition at 0.375 mg/ml; p < .05). The findings
support the in silico results (Figure 2a,b) and suggest a possible connection to hydrophobicity of cuticular proteins. Potent DPP-IV inhibiting dipeptides are hydrophobic and contain Pro flanked by Ala, Gly,
Leu, Val or Phe (Hsu et al., 2013). Papain has a broad cleavage specificity with preference for peptide bonds with hydrophobic residues



Ě
1&SHS 1&SDS &3SHS &3SDS /*SHS /*SDS

(less specific at pH > 2) has a preference for cleaving proteins at several
hydrophobic amino acid residues (Phe, Ala, Val, Leu, Ile, Phe, Trp, and
Tyr) at both P1 or P′1 (ExPASy Peptide Cutter, https://web.expasy.org/

peptide_cutter/). This explains the better action of pepsin in releasing
DPP-IV inhibiting peptides in silico compared to papain.

1&

TA B L E 1 DPP-IV half-maximal inhibitory concentration of
yellow mealworm cuticular protein hydrolyzed with papain, and
hydrolysates from other protein sources reported in the literature
Hydrolysate

IC50 (mg/ml)

Reference

Cuticular protein hydrolyzed with papain

0.825 ± 0.020

This study

Diprotin A

0.008 ± 0.002

This study

Soy protein

0.86

Nongonierma and
FitzGerald (2015)

Pea protein

0.96

Nongonierma and
FitzGerald (2015)

Navy bean protein

0.093

Mojica, Chen, and
de Mejía (2014)

Chicken feet

3.57 ± 0.36

Hatanaka,
Kawakami, and
Uraji (2014)

Fish scale

3.50 ± 0.23

Hatanaka et al.
(2014)

Lesser mealworm protein

0.54–0.66

Lacroix et al. (2019)

Tropical branded cricket
protein

0.40–1.01

Nongonierma et al.
(2018)

in the resulting peptides at P2 (penultimate C-ter), making the peptides
potential substrate-type DPP-IV inhibitors. On the other hand, pepsin

&3

F I G U R E 5 Dipeptidyl peptides (DPP)-IV inhibitory activity of
the yellow mealworm cuticular (CP) and non-cuticular protein (NC),
and bovine β-lactoglobulin before and after hydrolysis with pepsin
or papain. Bar with different letters are significantly different
(p < .05) mean values. NCpep: non-cuticular protein hydrolyzed
with pepsin, NCpap: non-cuticular protein hydrolyzed with papain,
CPpep: cuticular protein hydrolyzed with pepsin, CPpap: cuticular
protein hydrolyzed with papain, LGpep: β-lactoglobulin hydrolyzed
with pepsin, and LGpap: β-lactoglobulin hydrolyzed with papain

located at P2 only (Barrett, Rawlings, & Woessner, 1998). Thus, the hydrophobic amino acids, Ala, Val, Leu, Ile, Phe, Trp, and Tyr, are exposed

Đ

In silico prediction of the preferred protease was however not
validated in vitro using the extracted mealworm proteins. Similar
result was recently reported for pigeon pea protein precursors of

precursors of DPP-IV inhibitors. This approach facilitated the identi-

DPP-IV inhibitors (Boachie et al., 2019). This discrepancy can be be-

fication of a relationship between the protein biological roles, phys-

cause the virtual digestion uses the linear protein structure due to

icochemical properties, and frequency of bioactive peptide release

lack of bioinformatics tools that simulate enzyme–protein interac-

by a given protease. Undigested NC and CP exhibited similarly weak

tions occurring during in vitro digestion of 3-dimensional proteins.

DPP-IV inhibitory activity as NC hydrolysates (Figure 5). This was

Moreover, the mealworm proteins are not completely solubilized at

unexpected as the parent proteins would not bind the enzyme due

the acidic pH condition of pepsin in vitro, which will hinder accessi-

to steric hindrance, and functional peptide motifs within the protein

bility of the protease to cleavage sites on the proteins (Boachie et

sequence become active only upon release by enzymatic or other

al., 2019). Nonetheless, the bioinformatics approach systematically

hydrolysis methods. Yi et al. (2017) reported that proteins extracted

guided the selection of cuticular proteins as the most promising

from whole yellow mealworm contained 18–36 mg/g of phenolic
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compounds. It is possible that these compounds or salt present in the
protein samples might be contributing to DPP-IV inhibition. Protein
hydrolysis may have also occurred due to endogenous proteases
present in Tenebrio molitor gut to release inhibiting peptides. There
was no apparent DPP-IV inhibition by β-Lg hydrolyzed with pepsin.
β-Lg is mostly resistant to hydrolysis by pepsin (Brandelli, Daroit,
& Corrêa, 2015; Lacroix & Li-Chan, 2013), potentially limiting the
release of DPP-IV inhibiting peptides contained in its sequence.
Previous studies have reported different (plant, fish, edible insect)
protein hydrolysates with DPP-IV inhibitory activity; select IC50 values are presented in Table 1. With different protein compositions,
proteases used for hydrolysis, and assay methods, it is difficult to
compare the literature bioactivity data with the activity of CPpap
in our study. Diprotin A, a tripeptide with potent DPP-IV inhibitory
activity, was therefore used as positive control and found to have
IC50 value two orders of magnitude lower (i.e., higher activity) than
that of the CP hydrolysates (Table 1).

4 | CO N C LU S I O N
In this study, bioinformatics facilitated the structure-informed
processing of cuticular proteins from edible yellow mealworm as
promising precursors of DPP-IV inhibiting peptides. This study
resulted in two major contributions: (1) compartmentalization of
proteins in mealworm as an important factor in determining their
potential as precursors of DPP-IV inhibiting peptides; this was due
to the hydrophobic characteristics of amino acids of the cuticular
proteins, linked to their biological functions as structural/protective barriers; and (2) bioinformatics as a promising tool for classifying protein precursors of bioactive peptides prior to in vitro
processing and analysis. The findings are useful toward the application of mealworm larvae as sustainable protein sources for
production of peptide-based functional ingredients and nutraceuticals for managing T2D. Further studies are however needed to
demonstrate in vivo functions, including effects on endogenous
DPP-IV levels and activity, incretins, insulin secretion, and blood
glucose levels, as well as the absorption and bioavailability of
the bioactive peptides produced from the mealworm cuticular
proteins.
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