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The human mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALT1) is responsible for the
survival, proliferation, and activation of B and T lymphocytes
upon antigen stimulation by means of the canonical NF-xkB
signaling pathway.'! MALT1 is constitutively associated with
BCL10 and assembles to form the CBM complex with
CARMAL1, CARMAS3, or CARDY upon activation by their
individual receptors (CARMA1: CARD-containing mem-
brane-associated guanylate kinase protein 1; CARD9: cas-
pase-recruitment-domain-containing protein 9). In the acti-
vated CBM complex MALT1 acts as a scaffolding platform
and promotes the recruitment of signaling factors like tumor
necrosis factor (TNF) receptor-associated factor 6 (TRAF6),
transforming growth factor (TGF)-f-activated kinase
(TAK1), and the regulatory subunit NEMO (NF-kB essential
modulator) of the IKK complex (inhibitor of transcription
factor NF-kB (IkB) kinase)®! which finally leads to IKK
activation.!! Besides its scaffolding function, MALT1 confers
proteolytic activity that is required for optimal T-cell activa-
tion.”! Cleavage of the MALT1 substrates BCL10, A20,
CYLD, and RelB results in enhanced NF-xB as well as c-Jun
N-terminal kinase (JNK) activation and controls T-cell
adhesion.’**® Recent studies revealed that MALTI is
activated by ligand binding and dimerization of the para-
caspase domain.! However, spontaneous dimerization of
MALT1 in vitro leads to a catalytically inactive conforma-
tion.”™™ Hence, an additional structural rearrangement is
needed for MALT1 activation that is supported by mono-
ubiquitination in the C-terminal Ig3 domain of MALT1./>8

Modified activity of individual members of the CBM
signaling complex is associated with lymphomagenesis.”” In
this context the deregulated expression of CARMA1, BCL10,
and MALT1 is critical for the survival of the activated B-cell
subtype of diffuse-large B-cell lymphoma (ABC-DLBCL)!""!
and constitutive MALT1 paracaspase activity is a common
feature of ABC-DLBCL cells. Moreover, two recent studies
demonstrated the crucial role of MALT]1 in the early phase of
experimental autoimmune encephalomyelitis (EAE), the
main animal model for multiple sclerosis (MS).'l These
results suggest that MALT1 is an important therapeutic target
to treat multiple sclerosis, the most common chronic inflam-
matory demyelinating disease of the human central nervous
system.!?l Thus, there is substantial interest in developing
small-molecule compounds that specifically inhibit MALTT1,
a promising new approach for the treatment of MALT
lymphoma, ABC-DLBCL, and multiple sclerosis.[''>!

Recently, distinct phenothiazines have been identified as
potent small-molecule inhibitors of MALT1 that selectively
kill ABC-DLBCL in vitro and in vivo."™ The identified drugs,
mepazine, thioridazine, and promazine, have a long clinical
history as antipsychotics.¥ Yet, it is still unclear how these
substances inhibit MALT1. A detailed understanding of the
binding mode is crucial to further optimize the efficacy and
selectivity of these compounds for clinical use.

Here, we report the crystal structure of ligand-free
dimeric human MALT1 ¢, 1,3 in complex with the tricyclic
phenothiazine derivative thioridazine. Unexpectedly, the
structure reveals that the inhibitor binds in a pocket located
opposite to the caspase active site, in the interface between
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Figure 1. Thioridazine binds at an allosteric position in the interface
between the paracaspase and Ig3 domain connecting helix a11g3."
a) Superposition of MALT1¢,, .3 bound to hex-LRSR-peptide (light
blue) and in complex with thioridazine (gold). The biologically relevant
MALT1 dimer is shown in gray. b) The conformational rearrangement
of helix aC and aD and subsequently B-sheets 3A and 3B is inhibited
due to the steric hindrance by thioridazine. c) Close-up view of the
hydrophobic binding pocket; the residues that interact with thiorida-
zine are shown as sticks. The violet mesh represents the refined

2 F,—F, electron density map (contoured at 10) for the ligand, shown
together with the anomalous difference density map (contoured at
2.20 and shown in yellow).

the caspase domain and the Ig3 domain connecting helix a1,
of MALT1 (Figure 1a). This allosteric binding site, far from
the catalytic center well explains the fact that phenothiazine
derivatives act as noncompetitive, reversible inhibitors."!
Superposition of the enzymatic active MALT1,, 1,3 construct
bound to the hex-LRSR-AOMK peptide (unpublished data)
with the thioridazine-bound structure indicate, that binding of
the compound between helices aly,; and aC prevents the
conformational change into an active enzyme, the so-called
second activation step of MALT1"™! (Figure 1). Besides
ligand-induced rearrangements of the active site loops three
major shifts of helices aC, aD, and of 3-sheets 3A and 3B are
essential to achieve the enzymatic proficient protease con-
formation (Figure 1b). The movement of helices aC and aD
is hampered by the sandwiched thioridazine, and subse-
quently B-sheets 3A and 3B cannot perform their pivotal shift
(Figure 1b). A detailed analysis of the inhibitor binding site
shows that the tricyclic ring system of thioridazine is bound in
a hydrophobic pocket composed of residues A394, F398, and
L401 in helix aC and 1346, V344, and V381 in B-sheets 1 and
2, respectively (Figure 1c). The orientation of the 2-methyl-
thiophenothiazine ring was proven by collecting a dataset at
awavelength of 1.9 A to detect the anomalous signal of sulfur
(Figure 1c).

Upon inhibitor binding, the side chain of residue trypto-
phan W580 on helix al,; is flipped out of the hydrophobic
groove into a solvent-exposed environment which leads to
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Figure 2. MALT1 mutant E397A is less responsive to the inhibitory
potential of mepazine and thioridazine. a) Close up view of W580
flipping and the interaction of thioridazine with residue E397. The
thioridazine-bound and ligand-free MALT1 structures are shown in
gold and gray, respectively (PDB code: 3V55)."" b—d) Tryptophan
fluorescence quenching titration study of monomeric MALT1 ;.3 and
the E397A mutant with thioridazine, mepazine, and promethazine
(negative control). The binding constants of the different phenothia-
zine inhibitors to the wt and mutant protein are listed below the
respective graphs. e) Activity of MALT1 wt and E397A is inhibited by
the peptide-based MALT1 inhibitor Z-VRPR-FMK. Increasing amounts
of the peptide led to an equivalent loss of MALT1 activity. The data
confirmed that the mutant E397A has no influence on the activity of
MALT1. f~h) MALT1 cleavage assay performed with wt and E397A GST-
MALT1 3,576 after incubation with mepazine, thioridazine, and pro-
methazine. Mepazine and thioridazine have a lower inhibitory potential
on the E397A mutant than on the wt, while the impact of the weak
MALT1 inhibitor promethazine on both MALT1 variants is equivalent.

a substantial displacement of helix al,,; (Figure 2a). Probably
triggered by rotation of this domain-connecting helix, the
entire Ig3 domain becomes more flexible (Figure 1a). To
verify the mechanism of inhibition by phenothiazine-based
drugs with MALT1 in solution, we developed a tryptophan-
fluorescence-quenching assay. For this assay we took advant-
age of the fact that W580 is the only tryptophan residue in the
MALT1 ¢,,.143 construct and in close proximity to the bound
tricyclic compound. The tryptophan fluorescence of mono-
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meric MALT1c,, 1,3 Was recorded with increasing amounts of
thioridazine (Figure 2b). The titration was continued until
saturation of quenching was observed.

To confirm that the titration of thioridazine has no effect
on the general folding of MALT1c,, 1,3 under the applied
conditions, circular dichroism spectra were collected
(Figure 1 in the Supporting Information). The association
constants were calculated by plotting the percentage of W580
quenching versus the concentration of the compound and
fitting the curves to a one-site binding model. The equivalent
experiment was conducted using mepazine; similar results led
to the proposal that different phenothiazine derivatives
inhibit MALT1 by the same mechanism (Figure2c). As
a negative control, the weak inhibitory phenothiazine-based
compound promethazine was used in the tryptophan-quench-
ing assay (Figure2d); promethazine showed a significant
lower binding constant, consistent with the weak inhibitory
effect in vivo.™!

The structure of inhibitor-bound MALT1 well explains
the effect of different phenothiazine modifications on their
inhibitory effectiveness as Nagel et al. had described. On the
one hand, the phenothiazine ring system has an optimal size
to fit in the hydrophobic pocket and only minor changes that
increase the size or enhance the solubility are tolerated. On
the other hand, the hydrogen bond between the N-methyl-
piperidine nitrogen of thioridazine and glutamic acid E397
seems to play a major role in MALT1 recognition (Figure 2 a),
as the phenothiazine backbone alone is a very weak MALT1
inhibitor. All derivatives tested with a piperidyl ring system
and/or nitrogen in a similar position to the piperidyl nitrogen
showed an inhibitory effect in comparable range.™™ Modifi-
cations in the connecting alkyl chain, for example keto- or
hydroxy groups, increased the 1Cs, values up to tenfold.!"*! We
concluded that the tricyclic ring system and the methylpiper-
idyl group play equally important roles in drug recognition.
To verify the influence of the E397-thioridazine interaction
and to further support the proposed binding mechanism for
phenothiazine derivatives, an E397A mutant of MALT1 was
tested with regard to its inhibition by different phenothiazine
derivatives in vitro and in vivo. To ensure correct folding of
the mutant protein, an in vitro enzymatic activity assay was
performed (Figure 2¢e). To define the inhibitory potential on
wild-type (wt) and mutant MALT1, IC, values were deter-
mined for thioridazine, mepazine, and promethazine on GST-
MALTl13,55¢ Wt and E397A (Figure 2 f-h). The two com-
pounds with a piperidyl ring system, thioridazine and
mepazine, display a lower inhibitory potential on the E397A
mutant than on the wt, whereas the mutation had no influence
on the weak inhibitory effect of promethazine. These results
are consistent with the tryptophan-quenching data and
emphasize the importance of the E397-inhibitor interaction
on the inhibitory potential of these phenothiazine derivatives
in vitro.

To test the proposed inhibitor-binding mechanism in cells,
the human cell line HBL-1 derived from DLBCL patients was
transduced with wildtype or E397A mutant MALT1. After
doxycycline-induced MALT1 expression the cells were
exposed to either mepazine or thioridazine. Analysis of cell
viability by cell count four days after treatment revealed that
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both compounds reduced the viability of cells transduced with
MALT1 wildtype, while the HBL-1 cells transduced with the
E397A mutant were largely resistant to mepazine and
thioridazine (Figure 3). FACS histograms and western blot
show that MALT wildtype and E397A mutant proteins are
only expressed after addition of doxycycline (Figure 2a,b in
the Supporting Information).

WT E397A

= % cell viability
= % cell viability

5 10 10 20 um - 5 10 10 20 pm
thioridazine  mepazine thioridazine  mepazine

Figure 3. HBL-1 cells were lentivirally transduced with either MALT1
wildtype or the point mutant E397A. Subsequently, they were treated
with mepazine and thioridazine, and cell viability was monitored after
four days. The data demonstrate that mepazine and thioridazine
diminish cell viability of cells expressing MALT1 wt, while the E397A
mutant confers increased resistance to the compounds.

A detailed inspection of the electron density map of the
inhibitor suggests that solely the S enantiomer of thioridazine
is bound in the crystal structure (Figure 1c). However, we
cannot exclude that the R enantiomer is able to bind with
comparable affinity at this position. To analyze the influence
of chirality on the binding affinity and inhibitory potential of
the individual enantiomers, (R)- and (S)-mepazine and
thioridazine were prepared in enantiomerically pur form
pure as described in the Supporting Information and analyzed
accordingly. Whereas (R)- and (S)-thioridazine show equiv-
alent binding affinities and ICs, values (Figure 4a,c) (S)-
mepazine exhibits a significantly higher binding affinity and
an up to eight times higher inhibitory potential over (R)-
mepazine (Figure 4b,d). So far thioridazine has been applied
in the racemic form as the hydrochloride of 10-[2-(1-
methylpiperid-2-yl)ethyl]-2-methylthiophenothiazine for the
symptomatic therapy of psychotic disorders.'""! Nevertheless,
the antipsychotic effect is believed to be associated with (R)-
thioridazine." Since (S)-thioridazine binds MALT1 with
a comparable affinity, it may be possible to reduce the
sedative effects by using the pure S enantiomer for treatment
of MALTI1-driven cancer or autoimmune diseases. In any
case, the increased affinity of (S)-mepazine represents the
first step towards an MALT1-optimized phenothiazine-based
compound.

Since the 1950s thioridazine, mepazine, and other pheno-
thiazines have been used clinically as antipsychotic drugs,
where they exert their sedative effects by acting as dopamine
receptor antagonists in the brain.'¥l Recently, thioridazine
was shown to induce toxicity in cancer stem cells (CSCs) while
having no effect on normal human pluripotent stem cells
(hPSCs). However, quite in contrast to the situation found in
MALTI1-dependent ABC-DLBCL, CSCs express dopamine
receptors, and thioridazine affects CSC survival by acting as
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Figure 4. Mepazine enantiomers have different MALT1 inhibitory
potentials. a,b) Tryptophan-quenching assay with the separated R and
S enantiomers of thioridazine and mepazine. c,d) MALT1 cleavage
assay with wt GST-MALT 15,5 56, after incubation with either the R or S
enantiomer of mepazine and thioridazine. c) Thioridazine enantiomers
have an equivalent MALT1 inhibitory potential. d) (S)-mepazine has

a higher MALT1 inhibitory potential than the R enantiomer.

a dopamine receptor antagonist."! Whereas side effects
associated with dopamine receptors may be tolerated to
some extent for treatment of high-grade MALT1-dependent
lymphoma, more selective MALT1 inhibitors are certainly
required for a therapeutic application in diseases associated
with autoimmunity or allergic inflammation. By identifying
the thioridazine and mepazine binding pocket on the new
target MALT1, we pave the way for medicinal chemistry to
develop effective MALT1 inhibitors. From the perspective of
structure-based drug design, the detailed analysis of the key
binding interactions in the co-crystal structure provides
important insights for further optimization of a phenothia-
zine-based MALTI1 inhibitor. The identification of the
improved affinity of (S)-mepazine represents a significant
result towards this goal. Thus, our structural insights into the
noncompetitive, allosteric mode of MALT1 inhibition will be
of significance for the development of more effective and
selective drugs to treat MALT1-driven cancer or autoimmune
diseases.
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