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ABSTRACT: ER aminopeptidase 1 (ERAP1) is an intracellular enzyme that generates antigenic peptides and is an emerging target
for cancer immunotherapy and the control of autoimmunity. ERAP1 inhibitors described previously target the active site and are
limited in selectivity, minimizing their clinical potential. To address this, we targeted the regulatory site of ERAP1 using a high-
throughput screen and discovered a small molecule hit that is highly selective for ERAP1. (4aR,5S,6R,8S,8aR)-5-(2-(Furan-3-
yl)ethyl)-8-hydroxy-5,6,8a-trimethyl-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carboxylic acid is a natural product found in
Dodonaea viscosa that constitutes a submicromolar, highly selective, and cell-active modulator of ERAP1. Although the compound
activates hydrolysis of small model substrates, it is a competitive inhibitor for physiologically relevant longer peptides.
Crystallographic analysis confirmed that the compound targets the regulatory site of the enzyme that normally binds the C-terminus
of the peptide substrate. Our findings constitute a novel starting point for the development of selective ERAP1 modulators that have
potential for further clinical development.

■ INTRODUCTION

ER aminopeptidase 1 (ERAP1) is an aminopeptidase that
belongs to the oxytocinase subfamily of M1 aminopeptidases.1

ERAP1 has important functions in the adaptive immune
system, with the most prominent one being the preparation of
antigenic peptides for presentation by major histocompatibility
class I molecules (MHC-I). In this context, ERAP1 trims
elongated antigenic peptide precursors that are translocated
into the ER by the transporter associated with antigen
processing (TAP).2 While the activity of ERAP1 can help
generate important antigenic epitopes, it can also overtrim
others, essentially destroying them and thus preventing an
effective CD8+ cytotoxic T cell response. By these functions,
ERAP1 can influence which antigenic peptides will be
presented by MHC-I and can therefore indirectly regulate
adaptive immune responses.3 Although ERAP1 is normally
retained inside the ER, it can be secreted under certain

conditions and can affect innate immune responses and blood
pressure.4,5

ERAP1 is polymorphic, and at least 10 distinct haplotypes
have been identified in the human population.6 Large genetic-
wide association studies have linked coding SNPs present in
these common ERAP1 haplotypes, with predisposition to
disease, most notably autoimmunity, usually in epistasis with
particular HLA-alleles, strengthening the notion that these
effects are mediated by changes in antigen presentation.7,8

These SNPs induce changes in enzymatic activity and can
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affect antigen presentation in model systems.9,10 Thus, it
appears that genetic variability of the ERAP1 gene leads to
enzymes with different enzymatic activities and constitutes an
additional component of variability of immune responses that
synergizes with the natural variability of MHC-I.10

Cancer immune evasion may include misregulation of
ERAP1 activity.8 Tumors often either up-regulate or down-
regulate ERAP1, possibly as an evolutionary adaptation during
cancer immunoediting processes.11 A potential mechanism
may involve destruction of tumor-associated antigenic peptides
by ERAP1.3,12 In model cancer systems, down-regulation of
ERAP1 activity has led to increased antitumor cellular immune
responses and has sensitized tumors to immune-checkpoint
inhibitor therapy.3,13,14 Finally, germline eQTL’s affecting
expression of ERAP1 has been found to be associated with
immune cell infiltration to tumors.15 As a result, ERAP1 is an
emerging target for cancer immunotherapy.16

Several studies have addressed the development of ERAP1
inhibitors.17 The most potent reported to date includes
phosphinic pseudopeptide transition-state analogues that
have been developed to nM affinity and shown to be active
in cell-based and ex vivo systems.18−20 Phosphinic pseudopep-
tides as well as other groups of inhibitors reported all target the
enzyme’s active site, which is largely conserved between family
members, thus limiting the selectivity and potential therapeutic
utility of the compounds. Indeed, no potent and highly
selective ERAP1 inhibitors targeting the active site have been
reported to date, suggesting that alternative discovery
approaches may be necessary. In this study, we describe the
discovery of an allosteric ERAP1 modulator from a large high-
throughput screen designed to target the regulatory site of the
enzyme. This compound is a natural product, namely,
clerodane acid from Dodonaea viscosa. The compound can
activate small substrate trimming but inhibit the in vitro
destruction of a model antigenic epitope by ERAP1, inhibit the
in vitro generation of an ERAP1-dependent epitope from an
elongated precursor, and also block the presentation of this
epitope in a cellular assay. Crystallographic and biochemical
analyses suggest that it binds in a pocket inside the cavity of
ERAP1, 25 Å away from the active site, that constitutes a
regulatory site that normally binds the C-terminus of peptide
substrates. This compound may constitute a valuable tool for
the study of effects of ERAP1 inhibition in the mature immune
system and a starting point for the development of clinically
useful selective inhibitors.

■ RESULTS
Discovery of a Compound That Activates ERAP1-

Mediated Hydrolysis of Small Peptidic Substrates. We
sought to develop small-molecule cellular-active and selective
modulators of ERAP1. Previous efforts to develop ERAP1
inhibitors have focused on the Zn-containing active site and
have resulted in potent compounds, such as DG013A, but with
no or very limited selectivity,18 a major bottleneck to clinical
development.17 To address this problem, we exploited previous
observations that suggested that ERAP1 contains a distinct
regulatory site necessary for the processing of large peptides.21

This site, when occupied by small peptides, has been shown to
activate the hydrolysis of small fluorigenic substrates by
ERAP1.9,21,22 We therefore hypothesized that small molecules
occupying that site may activate small fluorigenic substrate
hydrolysis but inhibit the trimming of endogenous peptidic
substrates. Thus, we developed a high-throughput assay to

monitor the activation and inhibition of the enzyme. For this
assay we used the fluorogenic substrate L-Leu-7-amino-4-
trifuoromethylcoumarin (Leu-AFC) which is an analogue of
the commonly used L-Leu-7-amino-4-methylcoumarin (Leu-
AMC) with superior spectral characteristics which make it
more appropriate for a high-throughput screen. Approximately
1.9 million compounds from the GSK collection were screened
against recombinant human ERAP1. Compounds that led to
activation of Leu-AFC hydrolysis were considered as hits. In
this primary data set, GSK849 was flagged as a potential
activator of Leu-AFC cleavage at 10 μM, and when
subsequently assayed in duplicate at a single concentration of
20 μM, GSK849 showed significant activation (161 and 167%)
of ERAP1 mediated Leu-AFC hydrolysis. This compound is a
natural product, specifically clerodane acid ((4aR,5S,6R,8-
S,8aR)-5-[2-(furan-3-yl)ethyl]-8-hydroxy-5,6,8a-trimethyl-
3,4,4a,6,7,8-hexahydronaphthalene-1-carboxylic acid), found in
Dodonaea viscosa, a flowering plant that belongs to the
soapberry family that has been reported to have medicinal
uses.23,24 The structure of the hit compound (henceforth
referred to as compound 1) was confirmed by NMR and
LCMS (see Supporting Information) and is shown in Scheme
1.

Compound 1 Can Enhance ERAP1 Trimming of Small
Substrates by Increasing Substrate Affinity. Compound
1 was able to activate ERAP1 hydrolysis of the frequently used
small fluorigenic substrate Leu-AMC25 by 2- to 2.5-fold and
demonstrated submicromolar activity (pIC50 = 6.0−6.4
depending on the mathematical model used to fit the data)
(Figure 1). It is remarkably selective versus homologous
aminopeptidases ERAP2 and IRAP for which it showed weak
inhibitory activity at pIC50 < 3.8 and pIC50 < 3.6, a more than
200- and 600-fold selectivity, respectively (Figure 1A). It has a
similar activating effect on the ERAP1-mediated hydrolysis of
the small chromogenic substrate leucine-para-nitroanilide (L-
pNA) (Figure 1B). Michaelis−Menten analysis data on Leu-
pNA hydrolysis (MM analysis using Leu-AMC is complicated
by the need to use high concentrations of the substrate that
interfere with the signal due to the interfilter effect21) were fit
to an allosteric-sigmoidal model in accordance to previous
studies21 (Figure 1C). This analysis suggested that compound
1 activates the enzyme by decreasing the Kprime value and thus
promoting tighter substrate binding (Figure 1D). Given the
known effects of conformational changes in ERAP1 activity, we
hypothesize that compound 1 may activate hydrolysis of these
small substrates by promoting a conformation of the enzyme
that can recognize the substrate with higher affinity.21,26

Compound 1 Inhibits the Destruction of an Antigenic
Epitope by ERAP1. ERAP1 is known to destroy antigenic
epitopes by overtrimming them to lengths too short to bind

Scheme 1. Chemical Structure of Compound 1
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Figure 1. Effects of compound 1 on the hydrolysis of small ERAP1 substrates. (A) Compound 1 activates the hydrolysis of fluorigenic substrate
Leu-AMC by ERAP1 but has little effect on hydrolysis of Leu-AMC by the homologous aminopeptidase IRAP or hydrolysis of Arg-AMC by the
homologous aminopeptidase ERAP2. Data for ERAP1 were fit to both a dose−response variable slope model (calculated pIC50 = 6.4) or a bell-
shaped dose−response model (calculated pIC50 = 6.0). (B) Compound 1 enhances hydrolysis of chromogenic substrate Leu-pNA (pIC50 = 6.2).
(C) Michaelis−Menten analysis of Leu-pNA in the presence of 400 or 800 nM compound 1. Data were fit to an allosteric-sigmoidal model. (D)
Effect of compound 1 concentration on Vmax and Kprime parameters calculated from the fits of data in panel C. Compound 1 only affects Kprime
consistent with an allosteric competitive mechanism of activation. Each data point is the average of three measurements. Error bars indicate
standard deviation and are only depicted if larger than the size of the data point, for clarity.

Figure 2. Compound 1 can inhibit the destruction of an antigenic epitope by ERAP1. (A) Dose-dependent inhibition of trimming of 9mer peptide
epitope YTAFTIPSI to the 8mer TAFTIPSI. Data were fit to a dose−response variable slope model resulting in a calculated pIC50 of 6.0. (B)
Michaelis−Menten analysis of inhibition for a range of concentrations of compound 1, from 0 to 15 μM. (C, D) Calculated Vmax and KM values
from the model fits shown in panel B. Each data point is the average of three measurements. Error bars indicate standard deviation and are only
depicted if larger than the size of the data point, for clarity.
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onto MHC-I, and this property has been linked to cancer
immune evasion, thus having potential therapeutic applica-
tions.3,12 To characterize the effects of the compound to a
more physiologically relevant ERAP1 substrate, we utilized
Rapidfire mass spectrometry assay using a 9-amino acid
antigenic epitope with the sequence YTAFTIPSI, from Gag-
Pol polyprotein from human immunodeficiency virus 1,27

which we have demonstrated before to be a highly ERAP1-
sensitive substrate.28 The hydrolysis of the tyrosine residue to
form TAFTIPSI was monitored by mass spectrometry. In
contrast to the single amino acid substrate results, compound 1
showed no evidence of ERAP1 activation with this peptidic
substrate up to a concentration of 100 μM but rather showed
inhibitory activity with pIC50 = 6.0 (Figure 2A). To further
investigate this phenomenon, we performed a Michaelis−
Menten analysis of the effect of compound 1 on the hydrolysis
of the peptide YTAFTIPSI (Figure 2B). The data were fit to
the standard Michaelis−Menten (MM) model, which allowed
the calculation of the effects of the compound to the enzymatic
parameters of the reaction. Overall, the compound acted as a

competitive inhibitor, affecting the KM parameter and not the
Vmax (Figure 2C,D).

Compound 1 Inhibits Processing of an Antigenic
Peptide Precursor and Generation of an ERAP1-
Dependent Antigenic Epitope. Since one of the main
functions of ERAP1 has been reported to be the generation of
mature antigenic epitopes from N-terminally elongated
precursors,29 we set up an experimental system to follow the
generation of the ovalbumin antigenic epitope with the
sequence SIINFEKL using the RapidFire MS system as
described in the Experimental Section. We used as an initial
substrate a 15mer peptide that includes the SIINFEKL epitope,
plus the N-terminal extension SGLEQLE which is the
upstream sequence in the ovalbumin protein sequence.
Incubation of the 15mer with ERAP1 resulted in the hydrolysis
of the starting peptide and subsequent products leading to the
accumulation of the 8mer mature epitope (Figure 3A).
Interestingly, all possible intermediates were detected at
concentrations much greater than the ERAP1 enzyme, which
necessitates them being released from the enzyme after each
step. This indicates that at least for this reaction, trimming of

Figure 3. Compound 1 can inhibit processing of a common antigenic peptide precursor from chicken ovalbumin as well as generation of the
mature antigenic epitope. (A) Time-course of trimming of a peptide with the sequence SGLEQLESIINFEKL followed by RapidFire MS. All
intermediate products are detected, and the mature epitope SIINFEKL accumulates. (B) Dose-dependent inhibition of the generation of products
between 8 and 13 amino acids long, by compound 1.

Figure 4. Compound 1 can inhibit the presentation of an ERAP1-dependent epitope by HeLa cells. (A) Schematic representation of cellular assay
used. Bacmam vectors carrying DNA coding for the MHC-I allele H-2Kb, beta2m, and a mini-gene that targets the precursor sequence
LEQLESIINFEKL to the ER are used to deliver the DNA to HeLa cells. Processing of LEQLESIINFEKL by ERAP1 in the ER is necessary for
generation of the mature SIINFEKL sequence that can then be loaded onto nascent H-2Kb. The mature H-2Kb/SIINFEKL complex is then
trafficked to the cell-surface, where it can be detected by the conformation-specific antibody 25.D1.16. (B) Titration of compound 1 reduces H-
2Kb/SIINFEKL cell-surface presentation with pIC50 = 5.7. Each data point is the average of three measurements. Error bars indicate standard error
of measurement and are only depicted if larger than the size of the data point, for clarity.
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peptides was nonprocessive, consistent with a previous
report.30 We then repeated the reaction in the presence of
increasing concentrations of compound 1 and compared the
levels of peptides generated (Figure 3B). In all cases the
products were reduced in a dose-dependent manner and with
pIC50 values in the range of 5.2−5.9. Interestingly, inhibition of
the generation of SIINFEKL showed the highest pIC50, at 5.9.
We conclude that compound 1 can effectively inhibit the
generation of an ERAP1-dependent antigenic epitope from an
N-terminally extended precursor in vitro.
Compound 1 Can Inhibit Antigen Presentation of a

Model Epitope. To address the ability of compound 1 to
inhibit ERAP1 and affect antigen processing in cells, we
utilized a modified version of a previously used antigen
presentation assay.31 This assay reports the cell-surface
presentation of the ovalbumin epitope SIINFEKL by the
mouse MHC-I allele H-2Kb, a process that is ERAP1-
dependent. ER-delivery of a precursor sequence leads to its
processing by endogenous ERAP1 and generation of the
mature epitope SIINFEKL which is then bound and
transported to the cell surface. The assay was designed to
deliver both the H-2Kb allele and a mini-gene coding for the
ER-targeted precursor sequence LEQLESIINFEKL, after
infection of HeLa cells by appropriate BacMam viruses (Figure
4A).32 In the absence of an inhibitor, infection of HeLa cells by
the two BacMam viruses results in high presentation of the H-
2Kb/SIINFEKL complex on the cell surface as determined by
FACS using the H-2Kb/SIINFEKL specific antibody 25.D1.16.
Titrating compound 1 resulted in a dose-dependent reduction
of H-2Kb/SIINFEKL complex present on the cell surface with
a pIC50 = 5.7 (Figure 4B). No effects in cell viability were
evident for concentrations up to 167 μM (Supplementary
Figure 1). This finding suggests that compound 1 can target
ERAP1 in antigen presenting cells and block the generation of
an ERAP1-dependent antigenic epitope. Interestingly, the cell-
based pIC50 value is comparable to the in vitro efficacy values,
suggesting that compound 1 is very efficient in penetrating the
cell and targeting ERAP1 inside the ER. Indeed, the cellular
potency of compound 1 is comparable to the potency of the
most potent to-date ERAP1 active site inhibitor (DG013A)
when measured by a similar assay.33

Compound Targets the Regulatory Site of ERAP1. To
understand the mechanism of action of compound 1, especially
in the context of its high selectivity versus highly homologous
aminopeptidases, we cocrystallized it in complex with ERAP1.
Crystals of the complex diffracted to 1.7 Å, and the crystal
structure was solved using molecular replacement (Table 1).
The enzyme was found to be in the closed conformation with
no major changes compared to another recent high-resolution
structure described (Figure 5).34 Residual Fo − Fc density was
discovered at a location distant from the active site
(Supplementary Figure 2), about 25 Å away, and was used
to refine the model using the chemical structure shown in
Scheme 1. Refinement was highly consistent with the known
structure, confirming that the compound 1 shown in Scheme 1
is indeed the ERAP1 inhibitor. Although the compound acted
as a competitive inhibitor versus antigenic peptides and
antigenic peptide precursors, its location 25 Å away from the
catalytic center (indicated by the presence of the Zn(II) atom)
suggests that, at least for small substrates, it should act by an
allosteric mechanism.
To confirm that the proposed binding site is indeed the site

that confers its activation and inhibitory properties, we

generated ERAP1 variants carrying single or double amino
acid mutations in residues 684 and 685 which, based on the
crystal structure, make key interactions with the carboxylate
group of compound 1. Titrations using these variants and the
Leu-AMC substrate showed that the mutations resulted in
progressively weaker dose-dependent responses depending on
the nature of the mutation (Figure 6A). Specifically,
substituting Tyr684 with a phenylalanine reduced the EC50
by 1 order of magnitude, whereas substituting Lys685 with an
alanine reduced the EC50 by more than 2 orders of magnitude,
consistent with the nature of interactions between compound
1 and these two residues (one hydrogen bond with Tyr684
versus hydrogen bonds plus electrostatic interactions for
Lys685) (Figure 6B). Mutating Lys685 to methionine would
produce steric clashes with the inhibitor and resulted in no
detectable activity. The double mutant Tyr684Phe/Lys685Ala
also abrogated compound 1 activity. These results confirm that
the location discovered in the crystal structure is indeed the
location conferring compound 1 activity and also that the
interactions between residues 684/685 with the carboxylate
group in compound 1 are critical for binding and/or activity.
The mechanism that compound 1 utilizes to exert its effects

on ERAP1 activity may be understood in the context of
existing knowledge of the complex mechanism that ERAP1
utilizes to trim substrates. ERAP1 has been shown to exist in at

Table 1. Data Collection and Refinement Statistics for
Crystal Structure of ERAP1/Compound 1 Complexa

data collection resolution range 59.61−1.67 (1.71−1.67)
space group P21212
unit cell [a, b, c (Å); α, β, γ (deg)] 113.22, 140.26, 57.92; 90, 90, 90
total reflections 687070 (51056)
unique reflections 107621 (7863)
multiplicity 6.4 (6.5)
completeness (%) 100.0 (100.0)
mean I/σ(I) 10.7 (1.5)
Wilson B-factor (Å2) 26.2
Rmerge 0.094 (1.042)
CC1/2 0.997 (0.474)
refinement resolution range 24.45−1.67 (1.71−1.67)
reflections used in refinement 107497
reflections used for Rfree 5364
Rwork 0.169 (0.234)
Rfree 0.194 (0.226)
number of non-hydrogen atoms 7988

protein 6928
ligands 115
solvent 945

protein residues 856
RMS bonds (Å) 0.010
RMS angles (deg) 0.97
Ramachandran favored (%) 96.9
Ramachandran allowed (%) 99.6
Ramachandran outliers (%) 0.4
rotamer outliers (%) 1.2
clashscore 1.14
average B-factor (Å2) 31.0

macromolecules 28.7
(main chain 25.6/side chain 31.8)

ligands 41.4
solvent 40.9

number of TLS groups 1
aValues for the highest resolution shell are given in parentheses.
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least two (and possibly more) conformations, one of them
being “closed” in which the active site is excluded from the
outside solvent but is part of a large internal cavity.21,35 An
alternative “open” conformation is formed when domain IV
moves away from domains I/II using domain III as a hinge. On
the basis of the arrangement of catalytic residues and substrate
binding pockets, it has been hypothesized that the closed
conformation is the active one or at least a more active state.21

Recent data using small-angle X-ray scattering have suggested
that the open conformation may be dominant in solution, and
ligand binding may promote the transition from open to closed
conformation.26 Additionally, biochemical analyses have
suggested that ERAP1 also contains an allosteric regulatory

site, distal from the active site, which, when occupied by
peptides, may promote the open-to-closed transition.36 Indeed,
small peptides have been shown to activate Leu-AMC
hydrolysis, similar to compound 1, but to inhibit trimming
of larger peptides.21 Interestingly, the location of this
regulatory site has been proposed based on the arrangement
of a crystallographic dimer of the C-terminal domain of
ERAP1, in which the C-terminal tail of one monomer, which
carried the sequence IINFEKL, was found bound in a crevice
of the other.37 Overlay of this structure with the structure of
ERAP1 with compound 1 indicates that both the IINFEKL
peptide and compound 1 are bound on the same location and
their carboxylate groups interact with the same residues,
namely, Tyr684, Lys685, and Arg807 (Figure 6C). Indeed, in a
recent study, we solved the crystallographic structure of
ERAP1 in complex with a 15mer substrate analogue and found
its C-terminal moiety anchored at that exact same site.38

Biochemical and structural analysis confirmed that Tyr684,
Lys685, and Arg807 constitute a carboxypeptidase-like
structural motif that forms a C-terminus recognition element
inside an allosteric pocket that can communicate the binding of
the peptide C-terminus to the active site by affecting the
molecular dynamics of the enzyme.38 These observations,
taken together, suggest that the activating properties of
compound 1 are based on binding in the allosteric-regulatory
site of ERAP1, which leads to activation of trimming of small
substrates. The situation is however reversed for larger peptidic
substrates whose C-terminus also normally occupies the same
allosteric regulatory site and thus is out-competed by the
compound which, for those substrates, acts as a competitive
inhibitor.

■ DISCUSSION

Although compound 1 was initially discovered as an activator
of ERAP1, this appears to be a result of the allosteric site
targeted, and this it is not a global activator of the enzyme but
rather an inhibitor for physiologically relevant substrates. It has
been proposed that ERAP1 preferentially trims large peptides
by utilizing a regulatory site that, when concurrently occupied
by a sufficiently large peptide, leads to self-activation.36 Small
substrates can occupy the active site at the same time as some
small peptides occupy the regulatory site, leading to an
apparent activation effect.21 It appears that compound 1
mimics this effect by selectively binding to the regulatory
allosteric site, making the same interactions as the C-terminus

Figure 5. Crystal structure of the complex of compound 1 with ERAP1. On the left part of the figure, ERAP1 is shown in cartoon representation
with its four domains colored (domain I in blue, domain II in green, domain III in orange, and domain IV in magenta). The active site zinc(II)
atom is indicated by a red sphere. Compound 1 is shown in yellow spheres and in yellow sticks in the zoomed-in representation on the right.
Refined 2Fo − Fc electron density map is shown as a blue mesh. The closest distance between a methyl group of compound 1 and the zinc(II) atom
is shown by a dotted line and represents a distance of 25 Å. The crystal structure has been deposited to the Protein Data Bank (PDB code 6T6R).

Figure 6. (A) Effect of mutating residues 684 and 685 that make
interactions with the carboxyl group of compound 1, on the ability of
the compound to activate the hydrolysis of Leu-AMC by ERAP1.
Data points are the average of three measurements, and error bars
correspond to standard deviation (shown only if larger than data
point, for clarity). (B) Schematic representation of compound 1
(yellow sticks) bound in domain IV of ERAP1 (PDB code 6T6R in
magenta cartoon) making interactions through its carboxylate with
Tyr684 and Lys685. (C) Compound 1 occupies the same location
and makes highly similar interactions with the IINFEKL peptide seen
in a crystal structure of the C-terminal domain of ERAP1 (PDB code
5J5E).37
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of the peptide. The situation is reversed however for longer
peptides, since compound 1 now competes for the same
allosteric site, leading to competitive inhibition. In this context,
compound 1 works by utilizing a mechanistic feature of
ERAP1 that is unique to this aminopeptidase. Indeed,
structural and biochemical analysis of the two most
homologous enzymes, ERAP2 and IRAP, has suggested that
they do not share ERAP1’s selectivity for large peptides,
neither a regulatory site that recognizes the C-termini of
peptidic substrates.39,40 Interestingly, although compound 1
targets an allosteric site, it appears to be as efficient in
inhibiting ERAP1 in cells as the most potent active-site
inhibitor described, suggesting that the regulatory site is
equally as druggable in cells as the active site.33

The exact mechanism of communication between the
regulatory and active sites of ERAP1 is not fully understood.
Two main hypotheses have been proposed, both in the context
of altering molecular and conformational dynamics of the
enzyme. Recent molecular dynamics analysis from our group
suggested a direct path of communication between the two
sites, based on which, occupancy of the regulatory site
stabilizes the dynamics of active site residues.38 Alternatively,
it has been proposed that occupation of the regulatory site can
facilitate domain closing and conformational change to the
closed, more active conformation.21,26 It should be noted that
these two mechanisms are not mutually exclusive and could
operate concurrently or even synergistically. Regardless, if
occupation of the regulatory site by a peptide C-terminus leads
to closing of the enzyme, it is possible that compound 1 has
the exact same effect and thus shifts the equilibrium from the
open to the closed state. This would produce an apparent
inhibitory effect since the closed conformation cannot allow a
new peptide to enter the ERAP1 active site and be cleaved.
Either of these two mechanisms, (i) competition for the
regulatory site or (ii) stabilizing the closed conformation, could
underlie the inhibitory properties of compound 1. The
discovery of compound 1 could thus be a very useful tool
for future studies aiming to understand the exact mechanism
that regulates ERAP1 activity and substrate selection.
The ability of compound 1 to inhibit trimming of N-

terminally elongated SIINFEKL precursors both in vitro and in
cells also provides insight on the mechanism of function of
ERAP1 in cells. The engagement of the regulatory site by the
C-terminus of the peptide substrate has been shown to be
important for trimming of long peptides in solution.21,30,38

However, ERAP1 has been proposed to be able to also trim
peptides while they are still bound onto the MHCI by their C-
terminus, a controversial mechanism that is inconsistent with
binding of the peptide C-terminus by ERAP1.41−43 If ERAP1
were to trim antigenic peptide precursors while their C-
terminus is still bound on MHCI, compound 1 should be
inefficient as an inhibitor. Thus, the ability of compound 1 to
inhibit ERAP1-trimming in cells suggests that, at least for this
group of antigenic peptide precursors, engagement of the
peptide C-terminus by ERAP1 is necessary in cells and on-
MHCI trimming is either not utilized or not required.
Despite significant efforts reported in the development of

ERAP1 inhibitors during the past few years, targeting the
enzyme active site has failed to produce compounds of
sufficient potency and selectivity versus other homologous
members of the M1 aminopeptidase family.17 In a recent study
published during the preparation of this manuscript, ERAP1
inhibitors with selectivity versus ERAP2 and IRAP were

disclosed but were not as potent as previously developed
compounds.44 Given the complex and varied biological
functions of this aminopeptidase family, lack of selectivity
may pose a major hurdle to any clinical development. This
observation is highlighted for the case of IRAP, which is
targeted by virtually all previously reported ERAP1 inhibitors,
while having a multitude of biological functions.45 To
circumvent these problems, we describe here a de novo high-
throughput approach that focuses on the regulatory site of
ERAP1. We report a submicromolar natural product allosteric
modulator of ERAP1 that is selective versus its two most
homologous enzymes, ERAP2 and IRAP. Allosteric modulators
represent a promising alternative approach to inhibitor design
and offer opportunities for enhanced selectivity since they do
not target conserved structural features between enzymes.
Furthermore, the compound described here is low MW and
shows cellular activity that matches in potency the in vitro
activity, suggesting that it can easily penetrate cells. As a result,
it represents a promising hit compound for further develop-
ment as a tool to regulate antigen presentation for therapeutic
applications and could itself constitute a useful tool compound
for interrogating molecular aspects of intracellular antigen
processing. Indeed, the effects of ERAP1 inhibition on the
immunopeptidome (the sum of peptides presented by MHC-
I) of cancer cells have been recently investigated using the
inhibitor DG013A, which, albeit potent, is not selective.18

Although significant changes in the immunopeptidome were
detected that could be exploitable for cancer immunotherapy
applications, possible off-target effects complicated interpreta-
tion.33 Future experiments will have to address these concerns
using the more selective compound 1, as well as possible
effects on the immunopeptidome by targeting the C-terminus
binding site of ERAP1 versus targeting the N-terminus
binding/active site.

■ CONCLUSION
We describe the discovery and characterization of a natural
product modulator of ERAP1 that can activate the hydrolysis
of small model substrates while inhibiting both the destruction
and generation of antigenic epitopes. This compound
constitutes a novel strategy for inhibiting ERAP1 by targeting
the recognition of the C-terminus of the substrate, in contrast
to other previously reported ERAP1 inhibitors that target the
active site. The novel mechanism and selectivity of this
compound represent a unique opportunity for the develop-
ment of clinically useful ERAP1 inhibitors that aim to regulate
the cellular immunopeptidome for applications in cancer
immunotherapy or control of autoimmunity.

■ EXPERIMENTAL SECTION
Materials. 25.D1.16 antibody conjugated to APC (SIINFEKL-H-

2kb APC antibody) was purchased from Thermo Fisher (catalog no.
17-5743-82). Mouse H-2kb/beta2m BacMam, LEQLESIINFEKL
GFP BacMam and KKSIINFEKL GFP BacMam were purchased from
Genscript. HeLa cells were from Biocat (catalog no. 1148), DMEM/
F12 was from Sigma (catalog no. D6421), and heat inactivated FBS
was from Gibco (catalog no. 10099-141). Peptides were synthesized
by Biopeptide Inc. and Cambridge Research Biochemicals Ltd.,
purified by HPLC to greater than 95% purity, and validated by MS.
Leu-AMC, Arg-AMC, and Leu-pNA were purchased from Sigma-
Aldrich. Leu-AFC was purchased from Cambridge Research
Biochemicals.

Compound Sourcing and Characterization. Compound 1 was
purchased from AnalytiCon Discovery GmbH (catalog no. NP-
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008402). Purification was conducted on an XBridge Phenyl column
(30 mm × 150 mm, 5 μm packing diameter) at ambient temperature.
The solvents employed were the following: A = 10 mM ammonium
bicarbonate in water adjusted to pH 10 with ammonia solution; B =
acetonitrile. The gradient employed was as follows:

time (min) f low rate (mL/min) % A % B
0 40 85 15
4.5 40 85 15
20 40 65 35
21 40 60 40
25 40 0 100

The UV detection was an averaged signal from wavelength of
210−350 nm, and mass spectra were recorded on a Waters
QDa mass spectrometer using positive electrospray ionization
(ES +ve). The appropriate fractions were combined and
concentrated under a stream of nitrogen to give the
ammonium salt of compound 1 as a white solid. NMR spectra
and LCMS traces can be found in Supplementary Figures 3−
13.
(4aR,5S,6R,8S,8aR)-5-(2-(Furan-3-yl)ethyl)-8-hydroxy-

5,6,8a-trimethyl-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-
carboxylic Acid. 1H NMR (600 MHz, DMSO-d6) δ 7.52 (t, J = 1.7
Hz, 1H), 7.42 (s, 1H), 6.48−6.45 (m, 1H), 6.36−6.34 (m, 1H), 3.35
(dd, J = 4.8, 11.0 Hz, 1H), 2.27−2.20 (m, 1H), 2.15−1.99 (m, 3H),
1.66−1.53 (m, 3H), 1.52−1.30 (m, 4H), 1.22 (d, J = 11.7 Hz, 1H),
1.11 (s, 3H), 0.77 (d, J = 6.6 Hz, 3H), 0.66 (s, 3H). Alcohol OH not
observed, ammonium peak not resolved. 13C NMR (151 MHz,
DMSO-d6) δ 173.30, 148.46, 142.87, 138.52, 132.06, 125.29, 111.17,
73.88, 45.22, 44.39, 38.57, 38.21, 36.57, 33.30, 26.48, 17.53, 17.41,
17.36, 16.88, 15.73. Reported to two decimal places to differentiate
the signals. NMR purity >95%. LCMS (ES −ve) m/z 331.3 (M −
H)− tR = 0.85 min (91% a/a, potentially modest chromophore. NMR
indicates >95% purity).
Nuclear Magnetic Resonance (NMR). NMR spectra were

recorded using a Bruker AVIII600 (with cryoprobe). Chemical shifts
(δ) are reported in parts per million (ppm) relative to
tetramethylsilane, and coupling constants (J) are in Hz. The following
abbreviations are used for multiplicities: s = singlet; br. s = broad
singlet; d = doublet; t = triplet; q = quartet; spt = septet; m =
multiplet; dd = doublet of doublets. If not specifically stated, the
NMR experiments were run at 30 °C.
Liquid Chromatography−Mass Spectroscopy (LCMS). The

analysis was conducted on an XBridge C18 column (50 mm × 4.6
mm internal diameter 3.5 μm packing diameter) at 30 °C. The
solvents employed were the following: A = 10 mM ammonium
bicarbonate in water adjusted to pH 10 with ammonia solution; B =
acetonitrile. The typical gradient employed was as follows:

time (min) f low rate (mL/min) % A % B
0 1 97 3
0.05 1 97 3
1.50 1 5 95
1.90 1 5 95
2.00 1 97 3

The UV detection was an averaged signal from wavelength of
210−350 nm, and mass spectra were recorded on a Waters ZQ
mass spectrometer using alternate-scan positive and negative
mode electrospray ionization (ES +ve and ES −ve).
In Vitro Enzymatic Assays. The enzymatic assays using Leu-

AMC and Leu-pNA (both from Sigma-Aldrich) have been described
before.26 The HTS assay was run at 4 μL/well in 1536-well format,
using Leu-AFC as substrate (an analogue of Leu-AMC with superior
spectral characteristics). The HTS assay was run in a buffer of 50 mM
Hepes (pH 7.0), 100 mM NaCl, 0.002% Tween-20, 0.005% BSA,
using a final concentration of 5 nM ERAP1 and 50 μM Leu-AFC.
After a 60 min reaction time, plates were quenched by the addition of
TFA to a final concentration of 0.25%. Fluorescence intensity was
measured using a PerkinElmer Envision plate reader. The Rapidfire

MS assays were run in the same buffer at 25 μL/well in 384-well
format, using a Rapidfire autosampler (Agilent) equipped with a C18
solid phase cartridge, coupled to a Sciex 4000 Q-trap MS (AB Sciex).
For the assay using YTAFTIPSI as substrate, final concentrations of 1
nM ERAP1 and 5 μM substrate were incubated with test compound
for 60 min. Control wells comprised high control (no inhibitor = 0%
inhibition) and low control (no enzyme = 100% inhibition).
Reactions were quenched by addition of TFA including internal
standard peptide Ac-YTAFTIPSI, to give final concentrations of
0.375% and 2.5 μM, respectively. Integrated signals for product
(TAFTIPSI) and internal standard (Ac-YTAFTIPSI) were measured,
and the product data were normalized by dividing by the internal
standard data. Normalized data were then converted either to %
inhibition using 100(high − sample)/(high − low) or to % activity
using 100(sample − low)/(high − low). Data were then fitted to a
four-parameter dose−response model to determine pIC50, Hill slope,
minimum asymptote, and maximum asymptote. The Michaelis−
Menten analysis was performed similarly, using an ERAP1
concentration of 1 nM. Reactions were quenched at time points of
15, 30, 45, and 60 min. Data were normalized to internal standard as
above and then converted to [product] using a standard curve of
TAFTIPSI. Initial rates were obtained from the gradients of the
kinetic data. The time course of SGLEQLESIINFEKL trimming was
run at 10 nM ERAP1/25 μM peptide as a 50 μL/well assay and
quenched by addition of TFA to a final concentration of 0.375%.
Concentrations of each peptide species were determined by reference
to standard curves for each peptide. The corresponding inhibition
experiment was run at 10 nM ERAP1/25 μM GLEQLESIINFEKL as
a 25 μL/well assay and quenched after 30 min. Concentrations of
each peptide species were obtained from standard curves and
converted to % activity and fitted as described above.

Cell-Based Assay. The cell-based assay used to evaluate the effect
of the compound on antigen presentation in cells is based on specific
recognition of the ovalbumin epitope SIINFEKL when presented by
the mouse MHCI H-2Kb by the antibody 25.D1.16 conjugated with
allophycocyanin (APC). The assay was run in a 96-well plate format,
using Cellstar 96U TC plates (Greiner), and read on a Beckman
Coulter Cyan flow cytometer. Two BacMam vectors, one encoding a
precursor version of SIINFEKL (sequence LEQLESIINFEKL) and
another encoding mouse MHC-I (H-2Kb and beta2m), were
incubated with HeLa cells and compound for 40 h. Peptides encoded
by the BacMams were translocated into the ER by means of signal
peptide sequences. The LEQLESIINFEKL precursor was processed
by endogenous ERAP1, resulting in the removal of the two N-
terminal leucine residues and generation of SIINFEKL, which then
bound onto H-2Kb/beta2m complexes and were translocated to the
cell surface for detection by the APC-conjugated antibody. APC
fluorescence was recorded at 665 nm after excitation at 533 nm. A
peptide precursor with the sequence KKSIINFEKL was also included
in a separate BacMam as a control. Since lysine residues are poor
substrates for ERAP1, this substrate led to no SIINFEKL production
or signal detection The LEQLESIINFEKL and KKSIINFEKL
BacMam vectors also encoded GFP on a separate cassette, which
was used as a marker of successful BacMam transduction and protein
expression. Cell viability was evaluated using the Zombie Violet dye
using excitation at 405 nm and emission at 450 nm. A threshold of
95% cell viability was used to determine DMSO tolerance, which was
set to 0.5% DMSO. For normalization of the data the following
equation was used: signal = 100 × (compound − control 2)/
(control 1 − control 2), where control 1 is cells transduced with
LEQLESIINFEKL + DMSO and control 2 is cells transduced with
KKSIINFEKL + DMSO. Normalized data were fit to a four-parameter
variable slope dose-dependence model, used to calculate PIC50 values.

Protein Construct. For screening and assays, full-length ERAP1
was used with a sequence corresponding to the common haplotype 2
with an additional C-terminal 6His-tag.6 ERAP1 variants (Lys685Met,
Lys685Ala, Tyr684Phe, Tyr684Phe-Lys685Ala) were generated by
site directed mutagenesis using the haplotype 2 construct as a DNA
template. The following primers were used to introduce the
mutat ions: 5 ′ -TTCCTATGTATGCGTTAATGGAGAAA-
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AGAGATAT and 3′-TCTCCATTAACGCATACATAGGAAT-
CAGCTCATT for Lys685Met variant, 5′-TCCTATGT-
ATATGTTAATGGAGAAAAGAGATAT and 3′-TCTCCAT-
TAACATATACATAGGAATCAGCTCAT for Lys685Ala variant,
5′-ATGAGCTGATTCCTATGTTTAAGTTAATGGAGAAA-
AGAGATATGAATG and 3′-TCTTTTCTCCATTAACTTAAACA-
TAGGAATCAGCTCATTCAAACCTTGAA for Tyr684Phe variant,
and 5′-GAGCTGATTCCTATGTTTGCGTTAATGGAGAAAAG-
AGATATGAATG and 3′-ATCTCTTTTCTCCATTAACGCA-
AACATAGGAATCAGCTCATTCAAACCTTGAAAC for Tyr684-
Phe/Lys685Ala variant. For Χ-ray structure determination, we further
optimized our initial crystallization construct as described before34 by
removing amino acids 486−513 which form a disordered loop and by
replacing Asn residues 70, 154, 414, 760 with Gln to remove the
glycosylation sites. For all constructs protein expression was
performed as previously described, with the exception that the C-
terminal His tag was not removed for screening and mechanism
studies.34

Crystallization and Data Collection. Crystals of human ERAP1
were grown at 20 °C by vapor diffusion using a protein concentration
of 9.4 mg/mL in protein buffer 50 mM Hepes, pH 7.0, 150 mM
NaCl. The protein was prepared by adding 0.2 μL of a 100 mM
compound stock solution in DMSO to 30 μL of protein to give a
resulting solution of approximately 0.7 mM compound and 0.7%
DMSO concentration (∼7.5× excess over the protein concentration).
For cocrystallization a standard PACT screen (Molecular Dimen-
sions) was used in a 96-well MRC 2-well sitting drop crystallization
plate with 80 μL of reservoir solutions. Crystallization drops were set
up using a Mosquito robot with two different protein to crystallization
solution drop ratios (100 nL of protein + 100 nL of crystallization
solution and 100 nL of protein + 50 nL of crystallization solution).
The crystal used for X-ray data collection was harvested from PACT
condition D1 (0.1 M MMT, pH 4.0, 25% PEG 1500), MMT = DL-
malic acid, MES monohydrate, Tris. Crystals were frozen in liquid
nitrogen using a cryoprotectant of 20% ethylene glycol mixed with the
reservoir solution. X-ray diffraction data were collected at 100 K at the
European Synchrotron Radiation Facility (ESRF). The data were
processed and scaled with the ESRF automated beamline data
processing software, using DIALS,46 AIMLESS,47 and the CCP4 suite
of programs.48

Structure Determination and Refinement. The structure was
determined using the coordinates of an isomorphous unliganded
protein model (unpublished), with preliminary refinement carried out
using autoBUSTER.49 The ligand was clearly visible in the resulting
Fo − Fc electron density map (Supplementary Figure 1). Model
building was carried out with Coot50 using a ligand dictionary
generated from grade (Global Phasing Ltd.). Final refinement was
carried out using autoBUSTER. Data collection statistics and
refinement details for the final model are given in Table 1. The
coordinates and structure factors have been deposited in the Protein
Data Bank under the accession code 6T6R.
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ERAP1, endoplasmic reticulum aminopeptidase 1; ERAP2,
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regulated aminopeptidase; MHC-I, major histocompatibility
class I; TAP, transporter associated with antigen processing;
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