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The transglutaminase (TGase) family catalyzes a transamidation reaction between glutamine (Gln) and lysine
(Lys) residues on protein substrates. Highly active substrates are important for cross-linking and modifying
proteins of TGase. In the present work, high-activity substrates have been designed based on the principles
of enzyme—substrate interaction, using microbial transglutaminase (mTGase) as a research model of the
TGase family. Substrates with high activity were screened using a combination of molecular docking and
traditional experiments. Twenty-four sets of peptide substrates all produced good catalytic activity with
mTGase. FFKKAYAV as the acyl acceptor and VLQRAY as the acyl donor group had the best reaction
efficiency with highly sensitive detection of 26 nM mTGase. In addition, the substrate grouping, KAYAV
and AFQSAY, detected 130 nM mTGase under physiological conditions (37 °C, pH 7.4), producing 20-
fold higher activity than the natural substrate, collagen. The experimental results confirmed the potential

Received 13th October 2022
Accepted 6th February 2023

DOI-10.1039/d2ra064679 for design of high-activity substrates by a combination of molecular docking and traditional experiments

Open Access Article. Published on 13 February 2023. Downloaded on 1/22/2026 12:54:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances under physiological conditions.

Introduction

Transglutaminases (TGase, EC 2.3.2.13) are a widely distributed
group of enzymes that catalyze the acyl transfer between inter-
or intramolecular lysine e-amino groups and glutamate y-car-
boxyamido groups to form heteropeptide bonds."* The acyl
donor is glutamine and the acyl acceptor is the e-amino group of
lysine.*® The accumulation of high molecular cross-linked
product is found in a number of tissues, including skin, hair,
blood clotting and wound healing.®™*> Monitoring TGase activity
is important for clinical diagnosis because dysregulation of
certain TGase activity involves major disruptions of cellular
homoeostatic mechanisms, which is related to a number of
human diseases, including neurodegenerative disease, meta-
bolic disorders, cancers and fibrotic diseases.”” Not surpris-
ingly, high activity substrates of TGase can reduce non-specific
binding and substrate flooding affixation, which are significant
for the detection of TGase activity, the diagnosis of related
diseases and drug discovery.’*** Currently, numerous works
had been devoted to high activity TGase substrates that can
compensate for the lack of specific coupling sites between
enzymes and substrates.”*?® Base on screening commercial
peptide libraries is the most commonly used method of
substrate optimization.**® However, this traditional screening
approach is time consuming and laborious to identify
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multitudinous compounds with rich composition, varied
properties, and structural diversity. The design of effective
catalytic substrates according to the structural characteristic
has not been fully investigated, nor has studied the enzyme
activity under the human physiological environment.

Molecular docking methodology aims to predict the struc-
ture of receptor ligand complexes and study the affinities of
small molecules within the binding site of particular receptor
targets. It is used as a standard computational tool in drug
design for lead compound optimization.””® In recent years,
many works have begun to use molecular docking technology to
identify the interactions between enzymes and ligand, based on
the enzyme structure and active site can be simulated by
molecular docking software and optimal substrate-binding
identified.””** Compared with traditional experimental tech-
niques, molecular docking is a virtual technique that uses
computer simulation to analyze the interaction between
receptors and ligands, which is low-cost and labor-saving. In
particular, the method of combining computational analysis
and experimental assays is a reasonable strategy to achieve
effectively evaluation of many protein reactions.

Here, designing high activity substrates have been employed
to develop highly sensitive assay for detecting TGase based on
molecular docking and experimental studies. Microbial trans-
glutaminase (mTGase) as one of Ca** independent TGase is our
research model for designing high activity substrates to
improve the reactivity of enzyme. mTGase is thought to have
a novel discoidal three-dimensional (3D) structure with a deep
cleft at the edge.?*** Cys® occupies the main catalytic site and is
located at the bottom of the cleft, covered by the a-helix. The left
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wall of the active site cleft maintains the enzyme's structural
stability while the right wall has a flexibility which reduces the
spatial site block between the enzyme and the substrate. Thus,
the active site Cys® is fully exposed to the solvent for rapid
reaction with the substrate**?® During catalysis, the mTGase
active site has no preference for specific peptide sequence
motifs, recognizing glutamine and lysine residues for cross-
linking. Both glutamine (acyl donor) and lysine (acyl acceptor)
residues are suitable substrates, producing different levels of
reactivity. Therefore, mTGase has a higher reaction rate and
broad substrate specificity relative to the mammalian
TGases.”®** The high sensitivity detection due to the highly
active substrate is of great significance to the application of
mTGase in food safety and emerging biomedical
engineering.”**>** The current work used molecular docking
and traditional experiments to develop high-sensitivity detec-
tion of mTGase assay, as follows: (1) peptides were designed and
enzyme-substrate interaction simulated by Autodock-vina
molecular docking software to allow selection of 6 highly reac-
tive peptides as acyl donors combined with 4 acyl acceptors to
produce 24 pairs of highly reactive mTGase substrate combi-
nations; (2) enzyme activities with the 24 sets of substrates were
measured and used to define the sensitivity of mTGase detec-
tion and identify the pair of substrate peptides with the best
enzymatic reactivity; (3) effects of temperature and pH on the
enzyme-catalyzed reaction were assessed and the peptide group
with the best reactivity selected compared with the natural
substrate under physiological conditions.

Materials and methods
Materials and reagents

mTGase was donated by Jiangsu Yiming Biological Products
Co., Ltd. (Jiangsu, China) and purified using AKTA purifier (CE
Healthcare, UK), see additional experimental section and
Fig. S1 in ESIf for details. Twenty-two peptides, including one
control peptide CP (CALNN) and twenty-one mTGase substrates
(as shown in Table 1), were commercial synthesized by China-
Peptides Ltd. (Shanghai, China). Collagen was purchased from
Gentihold Science & Technology Co., Ltd (Beijing, China). BCA
protein Assay kit and PageRuler Plus Prestained ladder were
purchased from Thermo Fisher scientific Co., Ltd (Shanghai,
China). Other chemicals were analytical grade. Milli-Q water
(18.2 MQ cm) was used in all experiments.

Peptide substrate design

Acyl acceptors were based on literature reports and hydropho-
bicity modified to better suit the donor substrate.”>>* Acyl
donors, tetrapeptides and pentapeptides mostly use excellent
substrates reported in the literature.>»** The hexapeptide was
designed by taking Gln (Q) as the central residue, a peptide with
a negative N-terminus and a positive C-terminus, which is
according to the characteristics of amino acids near Gln (Q)
from literature reports.*® Amino acids appearing at each posi-
tion are shown in Table S1 in the ESI.{ Acyl donor sequences
were designed by permuting and combining amino acids at
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Table 1 Sequence of designed substrates

Isoelectric ~ Steric energy

Acyl acceptor Sequence  Hydrophobicity point (keal mol ™)
PA1 KAYA —0.400 9.72 2711.120
PA2 KAYAV 0.520 8.50 2766.581
PA3 FMKHKFV 0.100 10.00 7118.663
PA4 FFKKAYAV 0.537 9.70 191.764
Isoelectric ~ Steric energy
Acyl donor  Sequence Hydrophobicity point (keal mol ™)
PD1 LQSP 0.53 7 959.866
PD2 FLQG 0.68 7 83.266
PD3 LLQG 0.93 7 29.177
PD4 LLQGA 1.10 5.52 32.441
PD5 LLQGP 0.42 5.52 3496.919
PD6 LGQAAY 0.483 5.52 65.780
PD7 PLQAVY 0.567 5.95 1186.156
PDS8 AFQAAY 0.567 5.57 98.292
PD9 LVQRAY 0.083 8.75 126.364
PD10 VLQRAY 0.083 8.72 127.006
PD11 IGQSAY 0.05 5.52 86.862
PD12 FYQAAY 0.05 5.52 158.846
PD13 FWQAAY 0.117 5.52 223.324
PD14 AFQSAY 0.133 5.57 100.015
PD15 ILQRAY 0.133 8.75 121.629
PD16 FMQSAY 0.150 5.52 119.250
PD17 LPQAAY 0.167 5.52 2203.871
Steric
Isoelectric energy
Acyl donor Sequence Hydrophobicity point (keal mol ™)

Control peptide CALNN  0.22 5.25 533.6

(CP)

different positions. Hydrophobicities, isoelectric points and
steric energy of peptides were tested on the EXPASy site (https://
WWW.expasy.org/).

Molecular docking

Peptides were verified by AutoDock Vina,*® an open-source
program available from the Centre of Computational Struc-
tural Biology at The Scripps Research Institute. The structure of
mTGase used for docking is from Protein Data Bank (PDB), and
the PDB ID of mTGase is 1iU4. The acyl donor with the strongest
binding to mTGase, according to binding energy score, was
selected. In the docking experiment, the number of modes used
in the molecular docking is 20. The docking grid box spacing
was set to 0.375 A, the box was a cube of side length 40 grid
points, which can cover all residue positions on the mTGase
active sites, and is big enough for substrate docking. The active
site center was set to —2.718, 22.138, —4.549 (x, J, z). Cys®*,
Asp>>® and His*’* were set as flexible fragments and docking
within the active pocket evaluated using AutoDock Vina.*
Binding energies were accessed from the outputpdbqt file in the
working directory. Pymol (an open-source molecular visualiza-
tion system) was used to visualize the results of molecular
docking.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Enzymatic reaction

Assessment of mTGase catalytic activity subjected to various
substrates was completed by measuring changes in turbidity
(optical density (OD) values at 600 nm) at 25 °C by TECAN
Infinite200 PRO multifunctional enzyme standard (Tecan
Trading AG, Switzerland).Various concentrations (0.0001, 0.001,
0.01, 0.1, 1 and 10 uM) of peptides PA1-PA4 were used as acyl
acceptors and of PD6, PD8, PD10, PD12, PD14, PD15 as acyl
donors. Acceptors and donors were paired one by one to form 24
pairs of reaction groups in 50 mM MES buffer, pH 6. Substrates
were incubated with 26 uM mTGase at 40 °C for 30 min. Rates of
gelation of 24 pairs of acceptor and donor peptides were
measured by changes in ODg, values during various reaction
times (0-60 min) when incubated with 26 pM mTGase at 40 °C.
Activation of mTGase was assessed by using peptide pair PA4 +
PD10 incubating with a range of mTGase concentrations
(0.0026, 0.026, 0.26, 2.6, 26 and 260 uM) at 40 °C for 30 min. All
these experiments were use CP (1 uM) as the negative control.

Optimal substrates under physiological conditions

The impact of pH and temperature change on enzyme activity
with different substrates was investigated across the tempera-
ture range, 25-60 °C and the pH range, 5-9. In this assay, PBS
was used instead of MES buffer to dissolve substrates because
PBS can provide wider buffering range. Five peptide pairs, PA2 +
PD14; PA3 + PD14; PA4 + PD10, PA4 + PD14, PA1 + PD14 and the
natural substrate, collagen, were dissolved in 20 mM PBS to
make 1 uM and 5 pM substrate concentrations and incubated
with 26 uM mTGase. CP (1 uM) was used as the control. OD
values at 600 nm were read after 60 min of reaction. Activation
of mTGase under physiological conditions was assessed by
incubating peptide pair, PA2 + PD14, with a range of mTGase
concentrations (0.026, 0.13, 0.26, 1.3, 2.6, 13, 26 and 130 uM) in
20 mM PBS at 37 °C for 60 min. The natural substrate, collagen,
was incubated with 0.26, 1.3, 2.6, 13, 26 and 130 uM mTGase in
20 mM PBS at 37 °C for 60 min. All these experiments used CP (1
uM) as the negative control.

Results and discussion
Peptide design and molecular docking

Acyl acceptor and acyl donor substrates were designed based on
the structure of mTGase and with reference to enzyme-
substrate interactions.”** The hydrophobicities, steric energy
and isoelectric points of twenty-one peptides, including four
acyl acceptors, PA1-PA4, and seventeen acyl donors, PD1-PD17,
are shown in Table 1. Surface hydrophobicities of acceptors and
donors were considered because only proteins with similar
surface hydrophobicity are able to polymerize and crosslink.****
The smaller the steric energy, the easier it is for the acyl acceptor
and acyl donor be in sufficient proximity for reaction and the
higher the enzymatic reaction efficiency.*®*>% Substrate
requirements of mTGase towards acyl acceptors are consider-
ably less strict than acyl donors due to the broad tolerance of the
enzymes for the structural differences in acyl acceptors.”” For
acyl acceptors, isoelectric points of acyl acceptors should be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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greater than the pH in the human body to ensure a positive
charge and allow entry into the posterior part of the active
pocket for biomedical engineering applications.*****” mTGase
is more selective for acyl donors, so 17 acyl donors were docked
using AutoDock vina.'>*® The best scores of 17 conformation
have been summarized in Table 2. The peptides achieving the
best 6 conformational mean scores were PD6, PD8, PD12, PD14
PD10 and PD15. Based on the ranking of the best scores of 17
peptides, PD6, PD8, PD10, PD12, PD14, PD15 were selected as
acyl donor substrates. Acyl acceptors, PA1-PA4, were used as
acceptor substrates to pair with PD6, PD8, PD10, PD12, PD14,
PD15 for enzymatic reactions, respectively. This result shows
the ability of molecular docking technology to virtualize the
recognition between the enzyme and substrate peptide
designed on the basis of the active site and structural charac-
teristics. According to the best score of docking results, the best
substrate sequence was screened fast, which sets the founda-
tion for further enzyme reaction experiments.

Enzymatic reactions of synthetic substrates

The four acyl acceptor and six acyl donor peptides showing
strong binding to mTGase from molecular docking experiments
were assayed for enzyme catalytic activity. Peptides were paired
to form twenty-four groups as double substrate peptides for
mTGase with CP as a negative control (as shown in Fig. 1).-
CALNN was used as CP due to there is no glutamine (acyl donor)
and lysine (acyl acceptor) residues in the sequence can be
recognized by mTGase active site for cross-linking. All peptide
pairs reacted efficiently with mTGase, indicating entry into the
mTGase reaction pocket and catalysis of the reaction between
acyl donor and acyl acceptor producing cross-linking. Eight
peptide pairs, PA4 + PD10, PA4 + PD15, PA3 + PD14, PA4 + PD14,
PA3 + PD12, PA2 + PD14, PA1 + PD14 and PA3 + PD15, produced
signal intensities for the catalyzed reaction which were more
than 50% of the strongest signal (as shown in Fig. 1). For acyl
receptors, PA4 is more easily recognized by mTGase, because it

Table 2 Molecular docking of acyl donors

Score
Acyl donors Sequence (kcal mol ™)
1 LQSP —7.00
2 FLQG —6.29
3 LLQG —6.54
4 LLQGA —6.90
5 LLQGP -7.10
6 LGQAAY —8.24
7 PLQAVY —6.80
8 AFQAAY -8.01
9 LVQRAY —6.28
10 VLQRAY —7.32
11 IGQSAY —7.16
12 FYQAAY —7.83
13 FWQAAY —6.67
14 AFQSAY —7.58
15 ILQRAY —7.20
16 FMQSAY —6.66
17 LPQAAY —6.03

RSC Adv, 2023, 13, 5259-5265 | 5261
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peptide substrate

Fig.1 Four acyl acceptors and six acyl donors were paired one by one
to form 24 pairs of reaction groups as double substrate peptides to
react with mTGase in MES (50 mM, pH 6) buffer at 40 °C for 30 min.
mTGase was present at a 26 uM concentration and the substrate pair at
1 pM. CALNN (CP) (1 uM) was used as a negative control. The red
dotted line shows the location of 50% of the strongest ODggg value
(PA4 + PD10).

not only has the lowest steric energy but also two adjacent Lys
(K) residue in the sequence which significantly increases enzy-
matic reactivity.®® For acyl donors, absolute binding energy
values for PD10, PD12, PD14 and PD15 were all greater than 7 in
molecular docking analyses. Thus, it can be concluded that all
these acyl donors bound to the mTGase® (as shown in Fig. 2
and Table 2). Enzymatic reactivities were also assessed for these
peptide substrates. Pair PA4 + PD10 showed the highest activity.
Enzymatic efficiency of acyl donor/acyl acceptor pairs in order of
magnitude was: PA4 + PD10 > PA4 + PD15 > PA3 + PD14 > PA4 +
PD14 > PA5 + PD12 > PA2 + PD14 > PA1 + PD14 > PA3 + PD15 (as
shown in Fig. $2-S9 in the ESI{). These results conform to the
comprehensive consideration of (1) the steric energy, (2) the
distribution of active sites and (3) the principle that the more
similar the hydrophobicity between acyl acceptor and acyl
donor, the stronger the binding force and the higher the enzy-
matic reaction efficiency (as shown in Tables 1 and 2). The
results of traditional experiments are consistent with the results
of molecular docking, which confirms the reliability of molec-
ular docking technology based on computer virtual.

Use of peptides for quantitative detection of mTGase activity

The development of a highly sensitive mTGase detection assay
would be of great value to avoid substrate flooding caused by
nonspecific conjugation in biological samples. The cross-
linking caused by mTGase catalyses acyl-transfer reactions
will produce gels, which will lead to changes in the turbidity of
the reaction solution. Therefore, the turbidity of the reaction
solution can be used to characterize the efficiency of enzyme
reaction.® Experiments were designed to determine the detec-
tion limit of mTGase by monitoring the increase in gelation
solution turbidity resulting from the gel formation using the
newly-designed substrates. Enzymatic efficiencies of pairs, PA4
+PD10, PA4 + PD15, PA3 + PD14, PA4 + PD14, PA3 + PD12, PA2 +

5262 | RSC Adv, 2023, 13, 5259-5265
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Fig. 2 Molecular docking of acyl donors (A) PD10, (B) PD12, (C) PD14,
(D) PD15 were visualized using Pymol. Acyl donors enter the active
pocket (shown on the left) and the hydrogen bond interactions of the
substrate with the active site residues Cys®*, Asp®>® and His?’* (shown
on the right). The distance (in angstroms) between atoms is shown by
the dashed line. Absolute binding energy values for PD10, PD12, PD14
and PD15 were 7.32, 7.83, 7.58 and 7.20 kcal mol™, respectively.

PD14, PA1 + PD14 and PA3 + PD15, are shown in Fig. 3(A). The
signal intensity of the mixture of substrates and mTGase was
increased by increasing reaction time and began to saturate
after 30 min, indicating an effective gelation. To obtain a high
sensitivity of assay, pair PA4 + PD10 was used as a peptide
substrate in the following mTGase detection. As shown in
Fig. 3(B), mTGase activity could be detected as low as 26 nM in
the mTGase assay buffer. The detection signal was linear with
respect to the logarithm of the mTGase concentration between
2.6 nM and 2.6 uM. This mTGase concentration is almost 3
orders of magnitude lower than those of 26 uM used in site
specific conjugation in biomedical and bioengineering.'**
Such a low concentration of mTGase would prevent non-specific
binding, improve the efficiency of the enzymatic reaction, and
achieve high-sensitivity detection of mTGase in the field of food
safety. In addition, the experiment result confirms that the
molecular docking-based assay could be used to design highly
active substrates for the TGase family to improve the efficiency
of cross-linking and protein modification, achieve high-
sensitivity detection and diseases diagnosis, which will bring
great benefits for biomedical applications.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Rate of gelation of 24 pairs of acceptor and donor peptides
catalyzed by mTGase measured by changes in ODggg values after
various reaction times (0—60 min). 26 uM mTGase and 1 uM peptide
pair were present. (B) Logarithmic plots of the integrated ODggg values
as a function of the concentration of mTGase (0.0026, 0.026, 0.26,
2.6, 26 and 260 uM) in MES buffer (50 mM, pH 6). The concentration of
peptide pair, PA4 + PD10, was 1 uM. Average ODgqq value of CP has
been subtracted from signal value (as shown in Fig. 1).

Activity of designed substrates under physiological conditions

The impact of pH and temperature change on enzyme activity
with the peptides have also been measured since the activity of
substrates and the catalytic efficiency of mTGase is strongly
dependent on its environment. In particular, 37 °C and pH 7.4
were emphasized since many diseases detection and the
bioengineering applications need to be carried out under
physiological conditions. The results of 5 groups of substrate
peptides, PA4 + PD10, PA3 + PD14, PA4 + PD14, PA2 + PD14 and
PA1 + PD14, and natural substrate collagen, across the pH
range, 5-9 and temperature range, 25-60 °C were shown in
Fig. 4 (PA3 + PD12, PA4 + PD15 and PA3 + PD15 were not
studied, since the acyl donors PD12 and PD15 were unstable
with pH change). Enzymatic activity with all pairs of substrates
varied with temperature and pH, producing slightly stronger
effects for the synthetic peptides than for the natural substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The activity of mTGase with five peptide pairs, PA2 + PD14;
PA3 + PD14; PA4 + PD10, PA4 + PD14, PA1l + PD14 and collagen,
across pH 5 to 9. (B) The activity of mTGase with five peptide pairs, PA2
+ PD14; PA3 + PD14; PA4 + PD10, PA4 + PD14, PA1 + PD14 and
collagen, across temperature 25 °C to 60 °C. The concentration of
mTGase was 26 uM. The concentration of PA2 + PD14, PA3 + PD14,
PA4 + PD10, PA4 + PD14 and PAl + PD14 was 1 uM in 20 mM PBS
buffer. The concentration of collagen was 5 uM. The red dotted line
shows the location of physiological conditions (37 °C and pH 7.4).
Average ODggg value of CP has been subtracted from signal value (as
shown in Fig. 1).

The peptide pair, P2 + P14, produced the highest enzyme
activity under physiological conditions (37 °C, pH 7.4).

The synthetic peptide pair, P2 + P14, which produced the
highest enzyme activity under physiological conditions, was
compared with collagen, the preferred natural substrate for
mTGase®** (as shown in Fig. 5). Under physiological condi-
tions, the P2 + P14 substrate pair allowed detection of mTGase
activity at concentrations as low as 130 nM. The signal intensity
increased linearly with increasing mTGase concentration
between 130 nM to 26 uM and saturation was observed above 26
uM. The detection limit of mTGase was 2.6 uM with a collagen
substrate. Thus, mTGase activity showed a 20-fold enhance-
ment with the synthetic peptide pair compared with collagen.
The experiment demonstrates the potential for TGase-related
disease diagnosis under physiological conditions. Meanwhile,
after considering the unfavourable behaviours of peptides on

RSC Adv, 2023, 13, 5259-5265 | 5263
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tration of mTGase (0.026, 0.13, 0.26, 1.3, 2.6, 13, 26 and 130 uM)
incubated with P2 + P14, and mTGase (1.3, 2.6, 13, 26, 130 and 260 puM)
incubated with collagen in 20 mM PBS at 37 °C for 60 min. The
concentration of peptide pair P2 + P14 was 1 uM and of collagen 5 pM.
Average ODgqo value of CP has been subtracted from signal value (as
shown in Fig. 1).

0 50

pharmacokinetics (e.g. plasma stability and membrane perme-
ability), this method can also provide a new idea for drug
discovery. Furthermore, design of synthetic peptides by this
method may replace natural protein substrates, excluding
adverse effects of non-specific reactions and showing great
promise for the field of biomedical engineering.

Conclusions

We have developed a high activity substrates design method
based on molecular docking and experimental assay for sensi-
tive profiling the activity of mTGase. The ability to design high
activity substrates under physiological conditions provides
a distinct advantage for mTGase assays. We have demonstrated
the utility of the combination of molecular docking and tradi-
tional experiments in designing highly active enzyme
substrates. The proof-of-concept study opens an avenue for
further exploring highly sensitive detection method of TGase
family, providing more accurate results for the diagnosis of
related diseases and drug discovery. This approach will strongly
supplement existing enzymatic techniques and provide
a potential tool with a high throughput format for screening
high activity substrates under physiological conditions.
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