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In silico study on identification of novel MALT1
allosteric inhibitors¥

Jinrui Zhang,? Li Ren, ©°< Ye Wang © *® and Xuexun Fang*?

Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), which plays a crucial role in
the nuclear factor-kappa B (NF-kB) activation signaling pathway as a paracaspase, is a new target for
immunomodulatory and antitumor drugs. Here, novel inhibitors that target MALT1 allosteric sites were
identified by virtual screening FDA-approved drug databases. Paliperidone, a compound that binds to the
allosteric site of MALT], is investigated. An in vitro study found that the proteolytic activity of MALT1
substrate cleavage was blocked by paliperidone. Meanwhile, the MALT1 proteolytic activity was
reversible, as demonstrated by the partial recovery of the MALT1 substrate cleavage following compound
wash out. The docking analysis of the interaction of MALT1 and paliperidone suggested that two
hydrogen bonds formed in the allosteric pocket of MALT1. MALT1 and paliperidone achieved a good
equilibrium, as demonstrated by 100 ns molecular dynamic (MD) simulations conducted with the
program Gromacs. However, the catalytically active site of the MALT1 complex with paliperidone
remained in an inactive conformation. Thus, paliperidone, a noncompetitive and allosteric inhibitor, was
screened through in silico and in vitro methods. This study will be of significance for the development of
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Introduction

Mucosa-associated lymphoid tissue lymphoma translocation
protein 1 (MALT1), which is also called paracaspase 1, plays
a crucial role in the activation of the NF-kB signaling pathway.
The MALT1 comprises a putative caspase, death, and several
immunoglobulin (Ig)-like domains. MALT1 is a cysteine-
dependent, aspartate-specific protease that can cleave limited
substrates, including CYLD," A20,” and RelB,* which are nega-
tive regulators of the NF-xB pathway. Therefore, MALT1 is an
important part of the immune response in which the down-
stream of NF-kB is activated and the transcription of the growth-
promoting cytokine interleukin-2 is induced in lymphocytes.*
Recent studies have demonstrated that the crucial role of
MALT1 in the survival of the activated B-cell subtype of diffuse-
large B-cell lymphoma (ABC-DLBCL);® the constitutive MALT1
paracaspase activity is a common feature of ABC-DLBCL cells.®
Therefore, MALT1 is an important therapeutic target for the
treatment of MALT lymphoma.

“Key Laboratory for Molecular Enzymology and Engineering, The Ministry of
Education, Jilin University, 2699 Qianjin Street, Changchun 130012, P. R. China.
E-mail: fangxx@jlu.edu.cn; Fax: +86-431-85155249; Tel: +86-431-85155249

School of Life Sciences, Jilin University, 2699 Qianjin Street, Changchun 130012, P. R.
China. E-mail: wangye0106@jlu.edu.cn

College of Food Science and Engineering, Jilin University, 5333 Xi'an Street,
Changchun, Jilin, 130062, P. R. China

T Electronic  supplementary
10.1039/c9ra07036b

information  (ESI) available. See DOL

39338 | RSC Adv., 2019, 9, 39338-39347

effective and selective drugs that can treat MALT1-driven cancer or autoimmune diseases.

The inhibitors of MALT1 can effectively inhibit its intracel-
lular activation, which is useful for immunomodulation and
lymphoma treatment.” The catalytically active sites of MALT1
have sequence conservation with a caspase family. Some effec-
tive MALT1 inhibitor drugs have been reported.'®** MI-2, which
targets the catalytically active sites of MALT1, significantly
inhibits ABC-DLBCL tumors in vivo and in vitro.** The inhibitor
Z-VRPR-FMK, which covalently binds to Cys464 of the catalyti-
cally active sites of MALT1, may be helpful in the treatment of
MALT1-related diseases.'

An allosteric site in the interface between the caspase and
the Ig3 domains of MALT1 (this site is opposite the caspase
active site) is another effective inhibitor combination mode.
Given that this combination is non-covalent, allosteric inhibi-
tors have the advantage of non-competition and reversibility.
Phenothiazine derivatives, including mepazine, thioridazine,
and promazine, target the allosteric site of MALT1 to prevent
the rearrangement of MALT1 from the inactive state to the
activated state and to inhibit the proteolytic cleavage of the
substrate. MLT-747 and MLT-748 act as potent allosteric
inhibitors by blocking the proteolytic activity of MALT1 and
rescues the protein deficiency through increasing the stability
of the MALT1-W580S mutant.”* The non-covalent binding of
these allosteric inhibitors to MALT1 can be reversed through
wash out, and such reversal provides an opportunity for regu-
latory treatment.

Drug repurposing or drug repositioning is performed to
identify new uses for existing approved drugs.’® Drug

This journal is © The Royal Society of Chemistry 2019
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repositioning also has important commercial value; it expands
the market and discovers novel uses for compounds in a short
time and with low financial risks. Successful examples include
thalidomide,'” sildenafil,*® bupropion,' and fluoxetine,** which
are currently used for purposes that are beyond their initially
approved therapeutic indications. Approaches that combine
traditional in vitro screening with computational screening (in
silico) methods are being increasingly used to discover novel
medicine.”

This study mainly aimed to develop selective and reversible
novel MALT1 allosteric inhibitors that are listed in the FDA-
approved drug database by using an in silico-in vitro
approach. Paliperidone, a new and effective drug, was discov-
ered through in vitro experiments and computer methods, such
as virtual screening, molecular docking, and molecular
dynamics. The method adopted in this work could be utilized as
a fast and visible strategy for accelerating research on the
treatment and prevention of MALT1-driven cancer or autoim-
mune diseases.

Methods

MALT1 protein structure preparation

The amino acid sequence of MALT1 was collected from
UniProtKB/Swiss-Prot (Q9UDY8.1). A model of MALT1 was
generated from its crystal structure (PDB ID 6F7I),"* which was
used for the virtual screening of the inhibitor that targeted the
allosteric site. This structure was then rebuilt by homology
modeling through the SWISS-MODEL website (https://
swissmodel.expasy.org/)**>* because some residues in the
crystal structure were not located (missing loops in amino acids
325-336, 466-481, 495-503, and 717-728). A composite scoring
function was performed through the QMEAN server to estimate
the global and local absolute qualities. The crystal structure of
human MALT1 (caspase domain) in complex with an irreversible
peptidic inhibitor (PDB ID 3V40)* was rebuilt and analyzed.

Virtual screening

The FDA-approved drug database (updated in February 2018)
contains 1410 compounds and is freely available (http://
zinc.docking.org/catalogs/dbfda/). Raccoon 1is a graphical
interface that converts ligands to PDBQT format, which can be
identified by virtual screening software.>® The program Auto-
Dock 4.2,* which uses a computational docking software that is
based on an empirical free energy force field and the rapid
Lamarckian genetic algorithm search method, was then applied
for virtual screening. We screened the compounds that bind
with the allosteric and catalytically active sites. Rigid receptor
and flexible ligands were assumed in the docking simulations. A
50 A x 50 A x 50 A grid was defined on the protein structure to
generate a grid map. Hydrogen bond interactions were analyzed
using the software LigPlot".

Chemistry

Compounds, such as lurasidone, paliperidone, mitoxantrone,
and risperidone, were purchased from Yuanye Biotech or
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Meilun. PMA/ionomycin was purchased from Beyotime
Biotechnology. Anti-CYLD antibody was purchased from Cell
Signaling Technology. Anti-B-actin antibody and HRP-labeled
goat anti-rabbit or goat anti-mouse secondary antibody were
purchased from TransGen Biotech.

Immunoblotting assay of CYLD cleavage by MALT1

Jurkat cells were purchased from ATCC and cultured in
RPMI1640 supplemented with 10% FBS and 5% CO, at 37 °C.
Cells at 2 x 10° were treated with the indicated concentration of
compounds for 12 h and stimulated with 50 ng mL ™" PMA and 1
uM ionomycin for 2 h. After treatment, cells were lysed by
a RIPA lysis buffer (50 mM Tris-HCl, 0.1% Triton X-100,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and protease inhibi-
tors; pH 7.5), fractioned by SDS-PAGE, transferred to a PVDF
membrane, and blocked. Subsequently, the PVDF membrane
was incubated with the primary antibody (Anti-CYLD or B-actin
antibody was diluted with 3% BSA) for 1 h. After being incu-
bated, the PVDF membrane was fully washed and incubated
with anti-HRP antibody for 1 h. Images were captured with
chemiluminescence and X-ray photo film and then quantified
with Image J.

Washout experiments

Jurkat cells at 2 x 10° were incubated with paliperidone for
12 h. After treatment, the cells were collected and washed with
PBS. After being washed, the cells were cultured with a complete
medium for 2 h and then stimulated with PMA/ionomycin for
2 h. After stimulation, the cells were collected and lysed with the
RIPA lysis buffer. Lysates were collected for immunoblot assay
with CYLD and B-actin as previously described.

Molecular dynamic simulation

MD simulations were performed with Gromacs version 2018
(ref. 27) with the CHARMMS36 all-atom force field (March 28,
2019).”® The paliperidone initial conformation was screened
from the result of molecular docking. The PRODRG Server was
adopted for topology generation of compound.*® The protein
was centered in separate cubic boxes and solvated by using the
SPC216 water model.*® Fourteen additional NA ions were added
to the system to automatically achieve -elector-neutrality
because the protein had a total charge of —14.000e. We
relaxed the structure through a process called energy minimi-
zation to ensure a reasonable starting structure in terms of
geometry and solvent orientation. Convergence was achieved at
a maximum force of less than 1000 kJ mol " nm™" in any atom.
Equilibration was conducted in two phases, namely, NVT
ensemble (constant number of particles, volume, and temper-
ature) and NPT ensemble (constant number of particles, pres-
sure, and temperature), for 100 ps until the system became well-
equilibrated. Following equilibration, MD simulations were
conducted for 100 ns under the same conditions as above.
System stability and differences in the trajectories, root mean
square deviation (RMSD), and root mean square fluctuations
(RMSF) that were converted to B-factor and the minimum atom
distances were calculated by the tools available in the Gromacs
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package. The trajectory of the protein was displayed, animated,
and analyzed by the visualization program Pymol (The PyMOL
Molecular Graphics System, Version 1.8 Schrodinger, LLC).

Statistical analysis

Data are shown as mean SD. Statistical significance was evalu-
ated through unpaired two-tailed Student's ¢-test. P value <0.05
was considered significant.

Results and discussion

Definition of the binding sites for the virtual screening and
validation of the simulation method

We initiated a program to discover MALT1 inhibitors as
a potential therapy for lymphoma and autoimmune diseases
following the reported MALT1 paracaspase activity and its
central role in immune response. Unlike catalytic site inhibi-
tors, the allosteric inhibitors of MALT1 are mostly reversible,
accompanied by stable proteins, and do not block catalytically
active sites (Fig. 1A). Then, the allosteric site located between
the catalytic and Ig3 domains was selected for virtual screening.

View Article Online
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Previously reported allosteric site binding inhibitor MLT-747
was re-docked into the corresponding region of MALT1 to verify
the effectiveness of the docking method. The MALT1 model was
a crystal structure with allosteric inhibitor MLT-747 (PDB
ID:6F7I) and refined through homology modeling. Fig. 1B
shows the alignment of the crystal structure and the docked
structure of the MALT1-inhibitor complexes. The superposition
of the compounds did not show any significant difference
between the initial and docked structures; the RMSD value was
0.32 A. The energy score of the inhibitor MLT-747 in the allo-
steric site was —14.13 kcal mol™'. Therefore, it demonstrated
that this docking method was feasible for virtual screening in
the development of novel inhibitors.

Identification of potential inhibitors by structure-based
virtual screening

In accordance with the virtual screening simulation conducted
with AutoDock 4.2, the 1410 compounds from the FDA database
were scored and ranked on the basis of the estimated free energy
of binding, which is an important indicator of compound binding
efficiency. The predicted complexes were optimized and ranked

Activate site

A Ig3 domian Caspase domian
| |
Ig3 domian O Caspase domian
Interdomian helix
Activate site inhibitor (3V40)
Allosteric inhibitor (6F71)
B.

Fig. 1 The structures of MALT1 with inhibitors. (A) The surface structure of MALT1 was colored by different regions. Cartoon representations of
MALTZ in complex with MLT-747 (PDB ID 6F7I) (down) and with Z-Val-Arg-Pro-Arg-CH2 (PBD ID:3V40) (up). The inhibitor MLT-747 or Z-Val-
Arg-Pro-Arg-CH2 was shown by stick. (B) Superposition of conformation of MLT-747 in crystal structure and in molecular docking results. The
structure of MALT1 was shown by white cartoon, MLT-747 was shown in yellow (crystal) and orange (docking) stick.
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Table 1 The properties and energy score of the potential MALT1 allosteric inhibitors

ZNIC ID Chemical name Structure Molecular formula log P Mt Energy” (kcal mol ")
ZINC000003794794 Mitoxantrone O‘O C,5H,eN, O —0.139 444.488 —14.35
HN/r
ZINC000003927822 Lurasidone CysH36N,0,S 4.256 492.682 —~13.56
ZINC000001481956  Paliperidone Cy3H,,FN,O; 3.081 426.492 —13.16
e
. JOUORYS
ZINC000000538312 Risperdal NN C,3H,,FN,0, 3.59 410.493 —13.07
C\ /l\

“ Estimated free energy of binding of virtual screening results by AutoDock program.

according to the empirical scoring function, ScreenScore, which
estimated the binding free energy of the ligand receptor complex.
Each docking operation screened 10 runs for the protein-ligand
complex that were advantageous for docking; each docking had
150 preferred conformations. Table S17 lists the docking poses
and the relative docking energies of the top 10 compounds with
energy scores ranging from —18.55 kcal mol ' to
—13.03 kecal mol™'. We analyzed the structure and properties of
this top 10 compounds of the allosteric site binding compounds.
We also screened the catalytically active site of MALT1 as a refer-
ence (Table S21). Gentamicin, natamycin, tobramycin, and mar-
aviroc had low binding energy scores with the catalytically active
and allosteric sites. Therefore, they also interacted with the cata-
lytically active site of MALT1 and were thus not utilized in
subsequent study as the specific inhibitors of the allosteric site.
Lapatinib was not studied because it is a known leukemia medi-
cine. Ultimately, in consideration of commercial availability, four
compounds that bind to allosteric sites, namely, lurasidone, pal-
iperidone, risperidone, and mitoxantrone, were purchased for
experimental testing (Table 1). Fig. 2 shows the workflow for
developing the allosteric site inhibitor of MALT1.

Blockage of MALT1 substrate CYLD cleavage by paliperidone

MALT1 is an arginine-specific protease and can cleavage A20,
Bcl10, RelB, and CYLD. The cleavage of CYLD was detected as

This journal is © The Royal Society of Chemistry 2019

previously reported to identify the anti-proteolysis activity of the
inhibitor.?*** After PMA/ion treatment for 2 h, MALT1 was
activated followed by cleavage of substrate CYLD (Fig. 3A). The
protein level of the full length of CYLD at 100 kD was decreased,
and the cleaved CYLD at 40 kD was increased. The protein levels
of the cleaved CYLD decreased with compound paliperidone
treatment (Fig. 3B). Therefore, the compound paliperidone can
decrease the proteolysis activation of MALT1.

Binding mode analysis of novel MALT1 inhibitor paliperidone

The binding pose was predicted through molecular docking and
revealed the potential interaction between compound

DrugBank database
(1410 approved drugs)

L 4
Virtual screening the compounds
which bound with activatesites or
allostericsites (Top 10)

3
I Removed the compounds which bound
with two bindingsites (6 Hits)

Purchased (4 Hits)

Coe - 3

Allosteric pocket

Activate pocket

Biological assay

Docking assay

MD stimulation

Fig. 2 Workflow for developing allosteric site inhibitors of MALT1.
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Fig.3 Compounds paliperidone blocked the cleavage of MALT1 substrate CYLD. (A) Immunoblots showed the full length and cleaved of CYLD in
Jurkat cells under PMA/ionomycin treatment for 120 min. (B) Compounds paliperidone blocked the cleavage of CYLD. Jurkat cells were treated
with paliperidone for 12 h and then stimulated with PMA/ionomycin for 120 min. Histogram showed the quantification of immunoblot that
normalized with B-actin. Three independent experiments were adopted in per test group. Data was shown as mean + SD, *P < 0.05.

paliperidone and MALT1. Fig. 4A and B shows the chemical
structures of MLT-747 and paliperidone. The docking results
showed that paliperidone was bound to the same allosteric
pocket as the MALT1 allosteric inhibitor MLT-747 (Fig. 4C and
D) and formed hydrogen bond interactions with MALT1. Table 2
details the hydrogen-bond parameters of paliperidone and
MLT-747 with MALT1.

Fig. 4C shows that MLT-747 was bound to the hydrophobic
region between the caspase and Ig3 domains of MALT1. The
methoxy-containing substituent formed a hydrogen bond
interaction with residue Asn393, and the nitrogen of the central
urea moiety formed a hydrogen bond interaction with residue
Glu397 (Fig. 4E). Meanwhile, the hydroxyl group of paliperidone
formed a hydrogen bond interaction with the carbonyl oxygen
of residue Arg576, which was in the interhelix domain of
MALT1. However, paliperidone was also bound to the Ig3
domain of MALT1. That is, the residue Asp716 in the 1g3
domain of MALT1 formed a hydrogen bond interaction with the
fluorine atom in the fluoro-benzisoxazole moiety of paliper-
idone (Fig. 4F). These structural analyses revealed that pal-
iperidone efficiently occupied the allosteric pocket as MLT-747
and thereby equally stabilized the inactive conformation.

Compound reversible combination with MALT1

The covalent binding of an active inhibitor, such as MI-2 and Z-
VRPR-FMK, to Cys464 of MALT1 inhibits proteolytic activation.
The reported allosteric inhibitor initiated a non-covalent

39342 | RSC Adv., 2019, 9, 39338-39347

interaction with the allosteric pocket and inhibited the
proteolytic activation of MALT1. We performed a washout
experiment in Jurkat cells to validate the reversible inhibition of
MALT1 proteolytic activation by the proposed paliperidone. The
Jurkat cells were incubated with paliperidone for 12 h. After-
ward, the compounds were removed, and the cells were fully
washed with PBS. Finally, the cells were incubated with
a complete medium and then stimulated with PMA/ionomycin.
The protein levels of the MALT1 substrate CYLD in the cells
were detected, and the cleavage of CYLD was restored after the
compound paliperidone was removed (Fig. 5). These results
verified that the blockage of MALT1 proteolysis activation can
be reversible after the inhibitors were removed. The inhibition
of MALT1 proteolytic activation by paliperidone is therefore
regulatable.

Retained stability of conformations of MALT1 and
paliperidone during MD simulations

We performed 100 ns MD simulations by using Gromacs with
an explicit solvent to gain insights into the energy change of the
system after reaching equilibrium. The starting structure of
protein was rebuilt by the aforementioned homology model.
The initial conformation of paliperidone was obtained from the
optimal pose of the molecular docking simulation. RMSD
values are an important parameter in assessing the stability of
a protein-ligand complex. Low RMSD values indicate stability of
an equilibrated system. As shown in Fig. 6A, the MALT1 and

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparison of the interaction of paliperidone—MALT1 complex and MLT-747-MALT1 complex. Chemical structures of MLT-747 (A) and
paliperidone (B). The structure superposition between MLT-747 and paliperidone docked into the allosteric site of MALTY, the protein was shown
by vacuum electrostatics potential (C), and cartoon (D). The inhibitors were shown in stick model representation with different colors of carbon
skeleton: MLT-747 was shown in magenta and paliperidone was shown in yellow. Compared 2D interaction of MALT1 with MLT-747 (E) or

paliperidone (F). Green dotted lines represented the hydrogen bonding.

Table 2 Hydrogen bond parameters of MALT1 and MTL-747/
paliperidone

Compounds  Donors atom Receptor atom Distances (f&)“

MTL-747 Asn393:ND2 MTL-747:09 2.94
MTL-747:N11 Glu397:0E1 2.77
MTL-747:N25 Glu397:0E1 3.17

Paliperidone  Asp716:N Paliperidone:F16 ~ 2.91
Paliperidone:030  Arg576:0 3.03

% The length of the hydrogen bonds.

This journal is © The Royal Society of Chemistry 2019

paliperidone structures acquired good equilibrium in 100.0 ns,
and their RMSD values were below 0.25 nm. Furthermore, the
mean RMSF values (Fig. 6B) and B factors were calculated and
added to the reference structure (B-factor structure) to estimate
the structural flexibility. Then, we colored the B-factor structure
file in accordance with the B factors and checked the flexible
area (Fig. 6C). Fig. 6B shows that the overall stability can be
maintained in the protein, especially the activity-related resi-
dues His415 and Cys464, except for the residue Glu500 site.
Fig. 6C also supports this finding.

A short elbow loop (residues 491-498) on loop L3 (residues
490-509) was formed in active state of the reported MALT1 but

RSC Adv., 2019, 9, 39338-39347 | 39343
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Fig. 5 The inhibition of MALT1 substrate CYLD Cleavage is reversible. Paliperidone was washed out with PBS and incubated with complete
medium for 2 h before PMA/ionomycin treatment for 2 h. Immunoblots with anti-CYLD antibody showing the full length and cleavage of CYLD.
Histogram showed quantification of immunoblot that normalized with B-actin. Data was shown as mean + SD, *P < 0.05.

was not present in the inactive state of MALT1. This elbow loop Inactive conformation state of the catalytically active site of
contributes substantially to the stabilization of the active MALT1 in complex with allosteric inhibitor

conformation, as it is engaged in a network of hydrogen bonds
and charge-charge interactions with loop L2 (residues 463-
485). Although the highly flexible residue Glu500 was also on
loop L3, the elbow loop structure in an inactive state was stable
(Fig. 6D). Perhaps the flexible swing of one residue is not
sufficient to change the state of the catalytically active site.

In this study, we compared the conformation difference of
MALT1 in active and inactive states. As Fig. 7A shows, catalytic
dyad C464-H415 is exposed to the catalytically active site of
MALT1 when the conformation is in the active state. This open
state of the active pocket facilitates the entry of the substrates.

A os B .. i1 213 14
—— Paliperidone [——mALTY]
—— MALT1 Y
04 0.4
Elbow Loop
£ £
= 5
[a] I
@ ; = 02
E ‘n' L‘MJ' L4
04
‘ _ , , o0 H415 G464 e
05 20000 20000 50000 50000 100000 300 350 400 450 500 550 600 650 700 750
Time (ps) Residues

Fig. 6 Schematic drawing of the RMSD, RMSF, B-factor structure during the 100 ns MD simulations. (A) RMSD plots of MALT1 and paliperidone in
100 ns simulation. (B) RMSF plot of the residues of MALT1 in 100 ns simulation. The residues C464 and Q494 were shown as green triangle. The
residues 491-498 in elbow loop were colored by pink. (C) Secondary structure of MALT1 was colored by B factors. Red represents a stable
conformation, and blue represents a fluctuating conformation. Glu500 was shown by the stick model with cyan carbon skeleton. (D) Super-
position of MALT1 in inactive state (cyan) and in active state (grey). The elbow loop of MALT1 was colored pink in inactive state and orange in
active state.
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Fig. 7 Paliperidone maintained the inactive conformation of the catalytically active region of MALTL. Black circle represents the catalytically
active region. MALT1 was shown by vacuum electrostatics potential. (A) The catalytically active site region is open in active state, (B) and is closed
in inactive state. Superimposition of MALT1 in active state (green) with in inactive state (cyan). The distances of C464-Q494 (C), R465-Q494 (D)
and L446-L480 (E) were displayed in yellow dotted lines. (F) The distance of C464-Q494, R465-Q494 and L446-1480 in MALT1-paliperidone

complex during the 100 ns MD simulations.

However, in the inactive state, the catalytically active site of
MALT!1 is covered by the loop L3 (Fig. 7B). We found that Q494
plays a crucial role in protease active and inactive state transi-
tions. In the active conformation of MALT1, the amide group of
Q494 moves toward the dimer interface, thereby causing resi-
dues 491-498 to form a short elbow loop. On the contrary, the
residues 491-498 lose the short elbow loop, and the S1 pocket is
occupied by the side chain of Q494, which blocks access of
potential substrates when MALT1 is in the inactive form. The

distance between the oxygen atom of the carboxycarbonyl group
on Q494 and the sulfur atom of the sulfhydryl group on C464
was changed from 4.13 A in the active state (PDB ID 3V40) to
10.54 A in the inactive state (PDB ID 6F7I) (Fig. 7C). This
movement causes changes between the nitrogen atom of the
amide group on R465 and the oxygen atom of the amide group
on Q494 (from 14.69 A in the active state [PDB ID 3V40] to 5.40
A in the inactive state [PDB ID 6F71]) (Fig. 7D). In addition,
residue L480 on loop L2 exhibits a significant change in

Table 3 Comparison of the selected distances in MALT1 catalytically active sites at the active/inactive conformational state

Protein state PDB ID Inhibitor properties Inhibitor C464:5G-Q494:0 R465:NH2-Q494:0E1¢ L446:CD2-1480:CD1¢
Active 3v40 Active inhibitor Oligopeptide 10.54 5.40 3.38
Active 411P Active inhibitor Oligopeptide 10.77 5.91 3.47
Inactive 6F71 Allosteric inhibitor MLT-747 4.13 14.69 14.24
Inactive 6H4A Allosteric inhibitor MLT-748 3.51 15.19 15.73
Inactive 3V55 — — 5.01 13.41 15.75

“ The length between two atoms (A).

This journal is © The Royal Society of Chemistry 2019
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distance from L1446 (from 14.24 A in the active state [PDB ID
3v40] to 3.38 A in the inactive state [PDB ID 6F7I]) (Fig. 7E).
Table 3 provides the detailed data. The abovementioned
minimum distances between the atoms were calculated during
the 100 ns MD simulation (Fig. 7F). We found that these
distances in MALT1-paliperidone complex are consistent with
the inactive conformation. Therefore, the catalytically active site
of MALT1 in complex with an allosteric inhibitor remains in
inactive conformation.

Conclusion

MALT1 inhibitors are potential immunomodulatory and anti-
tumor drugs. The reported inhibitors bind with different
regions in MALT1. Inhibitors that bind to the catalytically active
site of MALT1 prevent cleavage of the substrate, whereas
compounds that enter the allosteric site prevent the transition
of MALT1 from inactive to active conformation. The catalytically
active sites of MALT1 perform sequence conservation with the
caspase family. The allosteric site binding inhibitor acts as
a unique tool that affects the proteolytic activity of MALT1
without blocking the catalytically active site.

In this work, we developed selective and reversible MALT1
allosteric inhibitors from the FDA Approved Drugs Database
using an in silico-in vitro approach. Paliperidone, a novel and
effective compound, was screened by computer methods, such
as virtual screening, molecular docking, and molecular
dynamics. In vitro experiments confirmed that paliperidone
blocks the cleavage of the MALT1 substrate CYLD. A washout
experiment was performed in Jurkat cells to demonstrate that
paliperidone reversibly inhibits MALT1 proteolytic activity.
Therefore, paliperidone's inhibition of the proteolytic activity of
MALT1 is regulatable. This finding is significant for the devel-
opment of effective and selective drugs for the treatment of
MALT1-driven cancer or autoimmune diseases.
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