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ABSTRACT: We employed virtual screening followed by in vitro
evaluation to discover novel inhibitors of ER aminopeptidase 1,
an important enzyme for the human adaptive immune response
that has emerged as an attractive target for cancer immunother-
apy and the control of autoimmunity. Screening hits included
three structurally related compounds carrying the (E)-N'-((1H-
indol-3-yl)methylene)-1H-pyrazole-S-carbohydrazide scaffold
and (2-carboxylatophenyl)sulfanyl-ethylmercury as novel
ERAPI1 inhibitors. The latter, also known as thimerosal, a
common component in vaccines, was found to inhibit ERAP1 in
the submicromolar range and to present strong selectivity versus
the homologous aminopeptidases ERAP2 and IRAP. Cell-based
analysis indicated that thimerosal can effectively reduce ERAP1-
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dependent cross-presentation by dendritic cells in a dose-dependent manner.
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Endoplasmic reticallum (ER) aminopeptidases generate
antigenic peptides for loading onto Major Histocompat-
ibility Class I molecules (MHCI), which then interact with
receptors on cytotoxic T-lymphocytes to initiate ada;)tive
immune responses against infected or cancerous cells.”” ER
aminopeptidase 1 (ERAP1) is particularly effective in this
function, and many in vitro and in vivo studies have established
its role in regulating adaptive immune responses. For these
reasons, ERAP1 is an attractive target for both cancer
immunotherapy and the control of autoimmune reactions.””
Indeed, ERAP1 down-regulation by available inhibitors has
been reported to enhance cytotoxic responses versus cancer
and suppress cellular autoimmune responses in Ankylosing
Spondylitis.*"® Despite its biological importance, however, no
clinical application of ERAP1 inhibitors have been reported, in
part due to the lack of pharmacologically appropriate potent
and selective inhibitors. Bestatin (ubenimex), a typical
aminopeptidase inhibitor, has been evaluated in clinical settings
but is a poor inhibitor of ERAP1.” Recent rational design efforts
have yielded promising leads including a phosphinic
pseudopeptide nanomolar inhibitor (DGO013A, Chart 1) that
displayed however low selectivity toward homologous enzymes,
and 3,4-diaminobenzoic acid derivatives (such as 3, Chart 1)
that displayed a better selectivity profile albeit with modest
potency.”” In an effort to discover novel, nonpeptidic scaffolds
that inhibit ERAP1 as leads for preclinical development we
applied a combination of structure-based, ligand-based, and
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knowledge-based virtual screening approaches, taking advant-
age of key structural characteristics revealed in the recent crystal
structures of ERAP1 and ERAP2 and their complexes with 1
and 2, respectively.”' "'

Toward this goal, we compiled a library of more than
265,000 compounds from selected collections of chemical
vendors that are focused on drug-likeness and structural
diversity (Table S1). The library was enriched with the
National Cancer Institute’s diversity set II (1364 compounds)
and the DrugBank database comprising 6590 FDA-approved
and experimental small-molecule drugs'” We also performed a
3D pharmacophore search against the purchasable subset of the
ZINC database (more than 20 million compounds)"” using the
online interface of ZINCPharmer.'"* The pharmacophore
features of the query were extracted from the X-ray crystal
structures of ERAP1 complex with bestatin and ERAP2
complex with DGO13A,%'>"" which were further refined to a
consensus pharmacophore (see the Computational Methods
section, Table S2, and Figure S1 in the Supporting Information
for more details). The filtered query results (3959 compounds)
supplemented our small-molecule library for docking to
ERAPI.
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Chart 1. Chemical Structures of Known ERAP1 Inhibitors
and Inhibitors Identified in This Study”
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“Values in parentheses indicate the ICy, for ERAPI.

Molecular docking was performed with AutoDock Vina,'®
using ERAP1 in the closed state as the target structure (PDB
ID: 2YDO)."" Approximately 2500 top-ranked complexes were
examined on the basis of three knowledge-based criteria: (i)
their zinc-binding potential, (ii) accommodation of an aromatic
ring system inside the S1 pocket, and (iii) additional hydrogen
bonding and hydrophobic interactions at the S1'—S2’ subsites.
Accordingly, 24 compounds that satisfied all three criteria
(Supporting Information, Table S3) were obtained and
screened against ERAP1 using a previously established
fluorigenic assay.'

The in vitro evaluation of the selected compounds revealed 4
as a low micromolar inhibitor of ERAP1 (Chart 1). The top-
ranked predicted pose of 4 displayed coordination to the active
site Zn(Il) via the carbonyl group and a stacking interaction
between the indole ring of 4 and Phe433 (Figure 1). The
accommodation of the indole ring inside the S1 pocket of
ERAPI can be stabilized further via a hydrogen bond with the
backbone carbonyl group of Glul83. The pyrazole carbohy-
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Figure 1. Predicted conformation of 4 bound to the active site of
ERAPI. The inhibitor is shown with orange C, the interacting residues
with cyan C, and the zinc-bound residues including the catalytic
Tyr438 with green C; all N are blue, O are red, S are yellow, and
Zn(1I) is shown as a green sphere. Intermolecular hydrogen bonding
distances between heavy atoms are given in A.

drazide moiety of 4 is predicted to interact with the active site
Tyr438 and the backbone of Ala318, whereas the benzylox-
ybenzene moiety is mainly engaged in aromatic—hydrophobic
interactions.

To examine the potential of 4 for further optimization as
ERAP1I inhibitor we performed a similarity search at 70% cutoff
of the (E)-N'-((1H-indol-3-yl)methylene)-3-phenyl-1H-pyra-
zole-S-carbohydrazide scaffold against the purchasable ZINC
database. The query results (1320 compounds) were docked
against ERAPI, and visual inspection of the predicted bound
conformations assisted the selection of a subset of 20
compounds for experimental evaluation (Table S4). The
second round of in vitro screening revealed two inhibitors of
ERAPI, § and 6 (Chart 1), with an approximately 2-fold
increase in potency (representative titrations are shown in
Figure 2). The activity gain of 5 and 6 can be attributed to a
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Figure 2. Representative titrations showing the ability of selected
compounds to inhibit the ability of ERAP1 to hydrolyze the model
fluorigenic substrate L-leucine-7-amino-4-methylcoumarin. Calculated
IC;, values and 95% confidence interval are indicated.

potential CH---O hydrogen or halogen bond with the hydroxyl
group of Ser342, respectively (Figure S2). Although the
identified inhibitors 4—6 are quite large and lipophilic (MW
~ 450, x log P > S) to be considered for further lead
optimization, our data indicate that (E)-N’-((1H-indol-3-
yl)methylene)-1H-pyrazole-S-carbohydrazide is a promising
scaffold for the design of nonpeptidic inhibitors for ER
aminopeptidases.

Motivated by successful structure-based desi%n strategies that
were based on the use of a zinc-binding group, 7 we selected an
additional subset of nine small-molecule drugs from the
DrugBank database (Table SS). Their selection was assisted
by visual inspection of the docked conformations but was based
on their zinc-chelating potential, regardless of their estimated
binding affinity for ERAP1 (see the Compound Selection
section in the Supporting Information).

Of the small-molecule drugs that were evaluated (Table SS)
only one was found to inhibit ERAP1. Compound 7 (Chart 1)
displayed submicromolar inhibition of ERAP1 with an ICg, of
024 + 0.11 uM (average of three separate experiments,
representative titration shown in Figure 2D). Compound 7 was
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initially selected for its potential bidentate coordination to the
thiophilic Zn(II) through the thiosalicylic acid moiety.
However, in vitro evaluation of thiosalicylic acid revealed no
measurable inhibition of ERAP1 up to 30 uM (Figure 2D),
suggesting that 7 inhibits ERAP1 through a different
mechanism.

To examine the selectivity of the discovered ERAPI
inhibitors, we evaluated the two most potent compounds (6
and 7) against ERAP2 and IRAP, two enzymes that are
homologous to ERAP1 and are also important for the
generation of antigenic epitopes and the function of the
adaptive immune system. Compound 6 inhibited ERAP2 and
IRAP with similar potency (34 and 28 uM, respectively), but 7
was essentially inactive toward the two enzymes (Figure S3).
The remarkable selectivity of 7 for ERAP1 with respect to the
highly homologous ERAP2 and IRAP (51% and 46% sequence
identity, respectively) suggests that inhibition is mediated by
structural features that are unique to ERAPI. This idea is
further supported by the inactivity of 7 against another zinc
aminopeptidase of the M17 peptidase family, leucyl-amino-
peptidase (LAP, Figure S4).

The inhibition profile of thimerosal (Figure 2D) displayed
some atypical parameters and specifically a less than complete
inhibition (10—20% residual enzymatic activity) and a hill
constant of 0.73, which could indicate either negative
cooperativity or multiple binding sites. To rule out any
potential artifacts due to the nature of the fluorigenic enzymatic
assay we also tested the ability of thimerosal to inhibit ERAP1
in a more phys1olog1cally relevant HPLC-based peptide
trimming assay.'~ The rate of trimming of the N-terminus of
the natural antigenic epitope precursor YTAFTIPSI was
followed by reversed-phase HPLC in the presence or absence
of 7 at 1 M concentration (Figure 3). Thimerosal was able to

viarTesi B YTAFTIPSI degradation

TAFTIPSI

0.5

specific activity (pmol(pmol*s))

+2nM ERAP1, 1 hr/

/

Control  +1uM?7

+2nM ERAP1, +1uM 7, 1 hr

Figure 3. (A) Characteristic chromatograms showing the trimming of
peptide YTAFTIPSI by ERAP1 in the presence or absence of 7. (B)
Calculated specific activity based on the surface of the peptide peaks in
the chromatograms (average of three separate experiments).

reduce the rate of trimming by 2.3-fold, which is overall
consistent with the previous in vitro measurements of inhibitor
activity versus ERAPI. Still, the residual ERAP1 activity seen in
this assay suggests that thimerosal may be less potent in
inhibiting the trimming of large peptides by ERAPI.

To further investigate the mechanism by which 7 inhibits
ERAP1 we employed Michaelis—Menten analysis using the
chromogenic substrate L-pNA (Leucine-para- -Nitroanilide).®
The V,,,, of the reaction was unaffected by the presence of the
inhibitor, whereas Ky was increased according to the expected
inhibition, indicating that thimerosal acts as a competitive
inhibitor of ERAP1 (Figure 4A,B).

Since thimerosal has been reported to be able to release
ethylmercury that can bind covalently to cysteine residues, we
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Figure 4. Kinetic analysis of inhibition of ERAP1 by 7 (thimerosal).
(A) Michaelis—Menten analysis in the absence or presence of 500 nM
7. (B) Calculated enzymatic parameters by fitting the experimental
data of panel A to the classical Michaelis—Menten equation. (C)
Normalized ERAPI activity following the addition of 7 (15 s of dead
mixing time). (D) Recovery of ERAP1 activity after 100-fold dilution
of the sample used in (C).

investigated the reversibility of ERAP1 inhibition by 7."” Rapid
mixing of 5 M thimerosal with ERAP1 in the presence of L-
AMC resulted in loss of the majority of the enzymatic activity,
although a slow-rate component was also evident. Dilution of
this mixture by 100-fold resulted in a time-dependent recovery
of enzymatic activity indicating that the interaction of ERAP1
with thimerosal is characterized by relatively slow k., and kg
rates and is mostly reversible (Figure 4C,D). Overall, the
selectivity of thimerosal for ERAPI over other highly
homologous enzymes, the competitive type of inhibition, in
addition to evidence for reversibility, indicate that thimerosal
inhibits ERAP1 through noncovalent interactions with non-
conserved residues of the active site.

To provide a structural rationale for the ability of thimerosal
to inhibit ERAP1 we evaluated its docked conformations at the
active sites of ERAP1, ERAP2, and IRAP.'>***" Several top-
ranked poses among the docked conformations of 7 displayed
monodentate binding of the carboxylate group (Figure SA), in
accordance with crystallographic structures of Zn(II) model
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Figure S. Putative binding mode of thimerosal at the catalytic zinc of
ERAP1 (A) and ERAP2 (B). Hg(II) is shown as gray sphere, and all
other atom colors are the same as those in Figure 1. Interactions
between the ethylmercury moiety and the two nonconserved serine
residues 316 and 869 are unique for ERAP1 and may be underlying
the observed selectivity.
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complexes with salicylate ligands, including thiosalicylic acid.””
The complex of ERAP1 with 7 suggested two potential contacts
between the mercury atom and the hydroxyl groups of Ser316
and Ser869 (Figure SA). This type of interaction has been also
observed in the X-ray structure of methylmercury complex with
L-serine, where Hg(II) exhibits short intermolecular contacts
with the carboxylate and the hydroxyl groups of the
coordinated amino acid.** In contrast, such a configuration
does not exhibit any contact with the corresponding residues
Pro333 and Tyr892 of ERAP2 (Figure SB). These two residues
are also not conserved in IRAP or LAP, an observation that
could explain the high selectivity of thimerosal for ERAP1.
ERAP1 has been described as a key enzyme for the
generation of antigenic peptides in both direct and cross-
presentation."””* Cross-presentation by dendritic cells can
proceed by at least two separate biochemical pathways, only
one of which is dependent on ERAPI enzymatic activity.”®
To test whether thimerosal can affect ERAPI1-dependent
antigen presentation in live cells we incubated ERAP*/* and
ERAP~/~ BMDCs (bone marrow derived dendritic cells) with a
fixed dose of ovalbumin (OVA) and increasing dosages of the
inhibitor and then exposed them to transgenic OT-I CD8+ T
cells as described in the methods section. Antigen cross-
presentation to CD8+ T cells was quantified by measuring the
IL-2 secretion by OT-I T cells, reflecting their activation.”**’
Increasing concentrations of thimerosal reduced OVA
presentation by ERAP*/* but not ERAP™/~ BMDCs, consistent
with an ERAP1-specific effect (Figure 6A). The calculated EDs,
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Figure 6. In vitro inhibitory effect of 7 (thimerosal) and inactive
analogue thiosalicylic acid on cross-presentation by BMDCs. The IL-2
secretion of transgenic OT-I CD8+ T cells incubated with OVA
loaded-ERAP*'* and ERAP™/~ BMDCs in the presence of 7
(thimerosal) (A) or thiosalicylic acid (B) was assessed by ELISA. *,
P < 0.05; **, P < 0.01; ***, P < 0.001, as calculated by a two-way
ANOVA test, with correction for multiple comparisons by the
Bonferroni method. Histograms represent the mean of triplicates
obtained in four independent experiments.

for this effect was found to be 930 nM, consistent with the in
vitro affinity of thimerosal for ERAP1. No significant toxicity
was observed with the concentrations of thimerosal tested in
the cross-presentation assays (Figure S5). The inactive
homologue thiosalicylic acid had no dose-dependent effect on
OVA cross-presentation for either ERAP*/* or ERAP™/~
BMDCs (Figure 6B). We conclude that thimerosal can affect
ERAPI1-dependent antigen presentation in cells.

Thimerosal is commonly used as a preservative in vaccines
because it is a potent antiseptic and antifungal agent. Although
several concerns have been raised over the years regarding its
safety due to its potential to release ethylmercury, a toxic
substance, thimerosal is generally considered safe at the

amounts used in vaccines (25—50 ug per dosage).”>* Still,
other biological effects have been described including effects on
mitochondrial respiration and the function of dendritic
cells.’>*' Our experiments indicate that thimerosal is a potent
ERAP1 inhibitor and can affect cross-presentation by dendritic
cells, a cell type important for vaccination responses. Although
the low dosages of thimerosal in vaccines probably rule out any
systemic effects, local, short-term effects on dendritic cells at
the site of vaccination cannot be readily ruled out and should
be further investigated.

In summary, we evaluated a collection of compounds as
putative inhibitors of ERAP1, an enzyme important for adaptive
immune responses and target for immunotherapy ap-
proaches.” We discovered two novel scaffolds as possible
inhibitors of ERAP1, including thimerosal, a known pharma-
ceutical agent. Thimerosal was found to be a selective inhibitor
of ERAPI and to be able to affect antigen cross presentation by
DCs. Although toxicity concerns may discourage the
pharmacological use of thimerosal as an ERAPI inhibitor, its
strong selectivity profile and the effective utilization of unique
structural elements in the active site of ERAP1 may constitute a
valuable starting point for the development of potent and
selective ERAP1 inhibitors that are currently lacking from the
literature.
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