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Abstract: Endoplasmic reticulum aminopeptidase 2 (ERAP2) is a key enzyme involved in the trimming of antigenic
peptides presented by Major Histocompatibility Complex class I. It is a target of growing interest for the treatment of
autoimmune diseases and in cancer immunotherapy. However, the discovery of potent and selective ERAP2 inhibitors is
highly challenging. Herein, we have used kinetic target-guided synthesis (KTGS) to identify such inhibitors. Co-
crystallization experiments revealed the binding mode of three different inhibitors with increasing potency and selectivity
over related enzymes. Selected analogues engage ERAP2 in cells and inhibit antigen presentation in a cellular context.
4d (BDM88951) displays favorable in vitro ADME properties and in vivo exposure. In summary, KTGS allowed the
discovery of the first nanomolar and selective highly promising ERAP2 inhibitors that pave the way of the exploration of
the biological roles of this enzyme and provide lead compounds for drug discovery efforts.

Introduction

The endoplasmic reticulum aminopeptidases (ERAP1 and
2) are key enzymes in the generation of antigenic epitopes
that bind the Major Histocompatibility Complex class I
(MHC-I)[1,2] (Figure 1). Therefore, they modulate the immu-
nopeptidome presented at the cell surface that triggers the
immune response via T- or NK-cells and thus appear as
potential targets for autoimmune diseases, cancer immuno-

therapy or viral infections.[3, 4] ERAP1 is the most studied
isoform but ERAP2 has recently aroused interest.[5] ERAP2
is indeed a risk factor for three MHC-I associated diseases:
ankylosing spondylitis,[6] birdshot chorioretinopathy[7] and
psoriasis[8] (Figure S1).
ERAP2 has also been shown to be implicated in viral

infections and viral antigen presentation.[9,10] Like ERAP1,
ERAP2 expression in tumors can facilitate immune evasion
and predicts the overall survival in cancer.[11] Recent studies
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have highlighted that low levels of ERAP2 can be associated
with improved response to anti-PDL1 treated patients.[12]

ERAP2 was initially discovered as an accessory protease
to ERAP1[13,14] with specific substrate preferences.[15]

Although several X-ray structures of ERAP2 have been
determined[16] and provided information useful for the
rational design of inhibitors, so far, published ERAP2
inhibitors do not meet the requirements for a use as
pharmacological probes or lead compounds for therapeutic
intervention. They lack selectivity over ERAP1 or the
related enzyme IRAP[17] or display low potency[18,19] (Fig-
ure S2). Indeed, most of ERAP2 inhibitors described derive
of rationally designed phosphinic or aminobenzamide inhib-
itors of ERAP1 and/or IRAP. They also bear an amino
group, mimicking the α-amino terminus of substrates of
aminopeptidases. This amine engages in electrostatic inter-
actions that displays low requirements for distance and
orientation and as such is a rather promiscuous pharmaco-
phore in the aminopeptidase family. For both of these
reasons, the achievement of isoform selectivity is challenging

in these chemical series. There is thus a need for an
alternative strategy to discover potent and selective ERAP2
inhibitors.
Kinetic target-guided synthesis (KTGS) uses the protein

of interest as a template for the assembly of biocompatible
reagents into its own ligands.[21] Indeed, the protein
synthesizes a “divalent” ligand by equilibrium-controlled
selection of reagents with complementary reactive functions
until an irreversible reaction links the pair of reagents that
best fits the protein binding site in a reactive relative
configuration. Having shown previously that KTGS can
produce ligands which exploit protein flexibility and bind to
previously unknown protein conformations through specific
hydrogen bond and hydrophobic interactions,[20] we hy-
pothesized that we could identify specific ERAP2 ligands
devoid of positive charge that harness subtle differences in
conformation in the aminopeptidases family.
We describe hereafter the discovery of the first ligands

by KTGS and the optimization leading to unprecedented
nanomolar and selective ERAP2 inhibitors. Potency and
selectivity data are rationalized using the X-ray structures of
the enzyme-ligand complexes. Cellular activity and target
engagement as well as pharmacokinetics qualify the best
compounds from this series to address the roles of ERAP2
both in vitro and in vivo.

Results and Discussion

Discovery of ERAP2 Inhibitors by KTGS

We chose in situ click-chemistry, (Figure 2a) using biocom-
patible azides and alkynes, as the KTGS reaction. Six azides
(1a–1 f, Figure 2b), bearing a hydroxamic acid as zinc
binding group (ZBG), and no amino group, were selected
from an in house library and tested for their inhibition of
ERAP2 (Figure S3). A large library of 175 alkynes,
distributed in 18 clusters of 9 or 10 alkynes, was used to
introduce diversity (Figure 2c). In total, 72 nine-to-one or
ten-to-one mixtures of alkyne-azides were incubated with

Figure 1. Function of ERAP2 in antigen trimming leading to either
epitope destruction or generation.

Figure 2. Design of the kinetic target-guided synthesis (KTGS) of ERAP2 ligands. a) function of ERAP2 in antigen trimming leading to either epitope
destruction or generation; b) Principle of KTGS; c) Clusters of azides 1a–f (Z1–Z4); d) Clusters of alkynes (C1–C18); Misc. miscellaneous
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ERAP2 to give potentially 2100 products (1,4 and 1,5
disubstituted 1,2,3-triazoles (Figure 2a, S4).
We selected hits based on a seven-step selection flow-

chart (Figure 3a). KTGS mixtures were analyzed by mass
spectrometry. The selectivity of the protein-templated
formation of triazole was assessed by comparing KTGS
samples with mixtures of azides and alkynes incubated in
buffer in the absence of the protein. Identity of the triazoles
was confirmed by comparison with synthetic 1,4-disubsti-
tuted triazoles controls and the chemical formula was
checked by HRMS-TOF. 19 hits were identified, some of
which being mixtures of both 1,5-triazole and 1,4 triazole
regioisomers (Figure 3b). All hits displayed a dose-response
effect and nine of them had an IC50 value below 25 μM
(47%, Figure S5a). Analysis of the clusters, revealed that
almost one-third of the hits were derivatives of the precursor
1d (Figure S5b) and alkynes bearing a sulfonamide moiety
C7–C9 (Figure S5c-d). In particular three hits originated
from the same N-propargyl thiophene sulfonamide. We thus
selected both 1,4- and 1,5-triazoles 2a–c and 3a–c in this
series (Figure 3c, Table 1) for chemical synthesis. 1,5-
triazoles 3a–c were obtained using an intramolecular 1,3-
dipolar cycloaddition (Supplementary methods). 1,4-tria-
zoles 2a–c were obtained by classical copper-catalyzed 1,3-
dipolar cycloaddition (Supplementary methods).
The KTGS-hit 1,5-triazole 3a, derived of phenol pre-

cursor 1a, was the most potent hit with an IC50 value of
0.85 μM, while its 1,4-triazole regioisomer 4a displayed an
IC50 value of 3.0 μM (Table 1).

Binding of Potent KTGS-Identified ERAP2 Inhibitor 3a

The X-ray cocrystal structure of 3a with ERAP2 was solved
(Figures 4, S6, Table S1).[22] In the first crystal asymmetric
unit (Figure 4a), hydroxamate moiety of 3a chelates the zinc
ion and interacts with adjacent side chains of residues
Asp337, Asp 371. The hydroxyl of the phenol group makes a
hydrogen bond with Arg895. The phenol ring lies between

Figure 3. Discovery of ligands of ERAP2 by kinetic target-guided synthesis (KTGS). a) Flow chart for hit selection including KTGS, selectivity,
confirmatory, dose-response assay and resynthesis. Selection criteria and number of compounds are given for each step. Overall 1050
combinations of azide-alkyne producing potentially 2100 triazoles including 1,4- and 1,5- regioisomers. b) Example of LCMS-MS chromatograms
from KTGS (top); un-templated reaction mixture in buffer (middle); and 1,4-triazole synthetic control (bottom) c) Dose-response curves and
structure for resynthesized hits 2a–c; 3a–b.

Table 1: Inhibition of ERAP2 by KTGS hits 2a–c, 3a–c.[a]

Cpd. R1 IC50 [μM][b,c]

2a -CH2-4-hydroxyphenyl (S) 3.00
3a -CH2-4-hydroxyphenyl (S) 0.85
2b -CH2-3-indolyl (R) 12.0
3b -CH2-3-indolyl (R) (67)
2c -CH2-2-naphthyl (R) 2.29
3c -CH2-2-naphthyl (R) –[c]

[a] Chemically resynthesized compounds. [b] In parenthesis: %inh at
100 μM. [b] IC50 value represents the mean value of two to four
independent measurements. [c] Insoluble compound.
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Tyr 892 and Phe450. The sulfonamide engages in hydrogen
bonds with Lys397 via its oxygen atoms.
The triazole ring stacks with the thiophene and forms a

hydrogen bond with the backbone NH of Ala335 of the
aminopeptidase consensus sequence GAMEN, that is im-
portant in the formation of the transition state complex. The
phenyl ring is involved in a T-shaped interaction with
Trp363 (distance 3.7 Å). In the second crystal asymmetric
unit (Figure 4b), 3a adopts a U-shape as the 5-phenyl-
thiophene group flips towards the S’2 pocket where it forms
a T-shaped edge-to-face interaction with the phenol ring.
The sulfonamide makes hydrogen bonds with both Lys397
and Arg366.

Structure-Activity Relationships Around KTGS Hits: Toward
Single-Digit Nanomolar Inhibitors

Excited by these results, we further explored modifications
around most potent inhibitor 3a and its 1,4-triazole
regioisomer 2a (Table 2). In the 1,4-triazole series, short-
ening of the hydroxamic tail led to the submicromolar
analog 4a (IC50=0.76 μM) whereas 1,5-triazole 5a is less
potent than its longer counterpart 3a (Table 2). Replace-
ment of the phenol group by an indole (4b) led to a
complete loss of activity while replacement of the phenyl
substituent of the thiophene by a pyridyl further increased
activity (4c), underlining the importance of these two
substituents in the binding. O-substitution of the phenol
group by either a methyl or a phenyl (4d–f, Table 2).
enhances drastically the potency in comparison with phenol
counterparts, in particular in combination with the introduc-
tion of the pyridine ring on the thiophene (Table 2). Taken
together, 2-pyridyl analogue 4e is the best ERAP2 inhibitor

Figure 4. 3a in the active site of ERAP2 (PDB: 7NUP),[22] 3a in chain A of ERAP2 (a) or in chain C (b) of the asymmetric unit, at 3.1 Å resolution.
ERAP2 is shown in cartoon representation in light gray. c) Structure of 3a. 3a (C: yellow, S: dark yellow, O: red, N: blue) and selected residues
(C: green, S: dark yellow, O: red, N: blue) in close proximity to 3a are shown as sticks. Zinc ion is shown as a magenta sphere. The GAMEN loop,
pockets S1, S’1 and S’2 are indicated. Hydrogen-bond interactions are represented as dashed lines. Images were generated using PyMOLTM

Molecular Graphics System v1.3.

Table 2: Inhibition of ERAP2 by selected analogues 4a–f, 5a.

Cpd. R1 R IC50 [μM][a,b]

4a -CH2-4-hydroxyphenyl (S) -5-phenyl 0.76
5a -CH2-4-hydroxyphenyl (S) -5-phenyl 3.28
4b -CH2-3-indolyl (R) -5-phenyl (43)
4c -CH2-4-hydroxyphenyl (S) -5-(2-pyridyl) 0.47
4d -CH2-4-methoxyphenyl (S) -5-phenyl 0.019
4e -CH2-4-methoxyphenyl (S) -5-(2-pyridyl) 0.0039
4 f -CH2-4-phenoxyphenyl (S) -5-(2-pyridyl) 0.035

[a] In parenthesis: %inh at 100 μM. [b] IC50 value represents the mean value of two to four independent measurements.
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so far described achieving single-digit nanomolar potency
(IC50=3.9 nM).

Understanding Key Interactions for Binding

To rationalize the 2-log potency increase between 4e and
analogues 4c and 3a we studied the binding of both 4c and
4e to ERAP2 via X-ray co-crystallography (PDB: 7NSK and
7HS0 respectively).[23,24]

The shortening of the alkyl chain bearing the hydroxa-
mic acid in 4c in comparison to 3a, induces a different
binding in ERAP2 (Figure 5, S7) as the phenol ring points
now towards the S’1 pocket. In chain A (Figure 5a), the
phenol ring stacks with His370. The triazole ring makes a
water-mediated hydrogen bond with Asp197 and stacks with
the thiophenyl ring. The NH of the sulfonamide interacts
with the aromatic ring of Phe450 while the oxygen atom of
the sulfonamide makes a hydrogen bond with the backbone
NH of Asn447. Pyridine lies in the vicinity of Tyr892 in the
S’2 pocket. In chain B (Figure 5b), the phenol ring of 4c
stacks with His370 and is engaged in a network of hydrogen
bonds with water Glu400 and Lys397 via its hydroxyl group.
The NH of the sulfonamide interacts with aromatic ring of
Phe450 while the oxygen atom of the sulfonamide makes a
hydrogen bond with NH2 of Asn447. The pyridine forms a
hydrogen bond with Tyr455 and almost forms a π-π stacking
interaction with Tyr892.
The hydroxamate moiety of 4e chelates the zinc ion and

interacts via its carbonyl group with the phenol of Tyr455
(Figure 6a,b, Table S3, Figure S8). The NH of the sulfona-
mide interacts with the aryl group of Phe450. The pyridyl
ring stacks perfectly with Tyr892 and the triazole ring is
engaged in hydrophobic contacts with Pro333 (3.90 Å). The
phenoxymethyl group fits very nicely the hydrophobic
pocket delimited by His370, Val367 and Trp363. Introduc-
tion of the methyl on the phenyl group optimized the
binding of 4e to ERAP2.
A comparison of pyridyl analogues 4e (chain B) and 4c

(chains A, left panel, and B, right panel) bound to ERAP2
(Figure S9) shows that the two inhibitors adopt overall

similar U-shapes, with some key differences. First, while the
phenoxymethyl group of 4e is anchored in the S’1 pocket
defined by Trp363, Val367, His370, Lys397, Glu400. This
binding mechanism is not possible for 4c owing to the
absence of a terminal methyl group. The phenol group of 4c
(right panel), however, makes a stabilizing hydrogen bond
to Glu400 and Lys97 via a water molecule in chain B. The
displacement of this water molecule from tis rather hydro-
phobic environment by 4e, using methyl substitution of the
phenol, can also contribute highly to its better binding to
ERAP2.[25,26] Second, while the pyridyl ring of 4e is
optimally stacked against Tyr892, the same ring adopts a
different orientation in chain B of 4c (right panel) (see also
Figure 6), altering the network of hydrophobic contacts to
Tyr892. Taken together, the terminal phenoxymethyl and
pyridyl groups of 4e are critical in positioning the two ends
of the inhibitor optimally in the active site of ERAP2. This
also restricts the conformational flexibility of 4e which
displays nearly identical conformations in both asymmetric
units of the crystal structure (see also Figure S8), in contrast
to 4c (Figure 5) and allows optimal interaction of triazole
and hydroxamic acid with Pro333 and zinc. These differ-
ences overall are significant in enhancing the potency of 4e
relative to 4c (Table 2).

Improving Interaction with Non-Conserved Residues Drives
Selectivity

We then explored the selectivity of a subset of ERAP2
inhibitors with various potencies (Figure 7). First, the study
of selectivity towards closely related ERAP1 and IRAP
enzymes (Figure 7a) shows that compounds are selective for
ERAP2 over ERAP1 (selectivity between 30- and 1500-
fold). Derivatives of beta-amino-acids like 2a or 3a are
selective for IRAP. Shifting from the beta series (n=1)
towards alpha series (n=0) greatly improves selectivity
towards ERAP2, with 4d–f displaying the best selectivity
index (>150). We extended the selectivity study on addi-
tional enzymes like APN also from the M1 family,
representative MMPs, TACE and LAP3 (Figure 7b). All

Figure 5. 4c in the active site of ERAP2 (PDB: 7NSK).[23] 8c in chain A of ERAP2 (a) or in chain B (b) of the asymmetric unit, at 3.1 Å resolution.
ERAP2 is shown in cartoon representation in light grey. 4c (C: yellow, S: dark yellow, O: red, N: blue) and selected residues (C: green) in close
proximity to 4c are shown as sticks. Zinc ion is shown as a magenta sphere. The GAMEN loop, pockets S1, S’1 and S’2 are indicated. Hydrogen-
bond interactions are represented as dashed lines. Images were generated using PyMOLTM Molecular Graphics System v1.3.
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compounds are selective towards ERAP2. 4e, which is the
most potent ERAP2 inhibitor, is also the most selective
(Figure 7c).
To rationalize the selectivity, we superimposed the

ERAP2-compound co-crystal structures of 4e, 3a or 4c with
ERAP1 (PDB code 6Q4R) and IRAP (PDB code 5MJ6)
(Figures 6c,d, S10, S11). Though the binding of all three
compounds is different in ERAP2, they all interact with the
ERAP2 selectivity residues Tyr892 or Arg895 in S’2 via
either the phenol ring (3a) or the phenyl/pyridyl ring (4c,
4e). These residues are replaced in ERAP1 by Ser869 and
Ser867, respectively (Figure 6c, S10, S11). The substitution
of Tyr892 by a serine eliminates key hydrophobic inter-
actions with the phenyl or pyridyl ring in all three inhibitors,
reducing their selectivity for ERAP1. On the contrary, in
IRAP, Tyr892 is conserved as Tyr961. For 3a, the inter-

action of phenol with Arg895 in ERAP2 can be replaced by
a hydrogen bond between Glu541 with phenol. Also, Phe550
unique to IRAP can make interactions with thiophene
(Figure S10b, right), explaining the high activity of 3a on
IRAP.
When shortening the backbone by one methylene

moiety (4c), the phenol ring points towards S’2–S’1 and the
sulphonamide points towards conserved Phe450 and the
biaryl system point towards the side-chains of Tyr892-
Tyr961. In 4e, the terminal phenoxymethyl group forms
hydrophobic interactions with Trp363 (Figures 6a,d). These
important interactions are absent in IRAP because Trp363
is substituted to Leu457 where the Leu side chain points
away from the phenoxymethyl group (Figure 6d). Further-
more, the substitution in IRAP of Pro333 to Ala427
abolishes hydrophobic interactions of the thiophenyl and

Figure 6. Compound 4e in the active site of ERAP2 and superimposition with ERAP1 and IRAP. a,b) 8e in chain B of the asymmetric unit of ERAP2
(PDB code 7HS0) at 3.2 Å;[24] c,d) Superimposition of active-site residues of ERAP2-4e (PDB code 7HS0, in green) with homologous c) ERAP1
(PDB code 6Q4R, purple) and d) IRAP (PDB code 5MJ6, cyan) with views similar to a) and b). ERAP2 is shown in cartoon representation in grey
and 8e is shown in yellow sticks (C: yellow, S: dark yellow, O: red, N: blue). The zinc ion is shown as a magenta sphere. Selected residues of
ERAP2/ ERAP1/IRAP in close proximity to 4e are shown in sticks (C: green (ERAP2) or purple (ERAP1) or cyan (IRAP), O: red; N: blue). The
GAMEN loop and approximate location of the specificity pockets S1, S1’, and S2’ are indicated. The black arrows indicate differences in key residue
between the enzymes that could impact inhibitor binding. Hydrogen-bond interactions are represented as dashed lines. Images were generated
using PyMOLTM Molecular Graphics System v1.3.
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inhibitor backbone. As such, and relative to 4c, 4e binds
more selectively to ERAP2 than to IRAP (Figure 7a).

Inhibitors Engage ERAP2 in Cells and Display Dose-Dependent
Effect in a Whole-Cell Antigen Presentation Assay

Prior to cellular assays, we showed that 4d–4 f are inhibitors
of ERAP2-mediated hydrolysis of two nonapeptides precur-
sors of SIINFEKL, an ovalbumine-derived antigen, in a
dose dependent manner. (Figure S12).
Ki calculated from competition assays with the Cheng–

Prusoff equation were comparable to those using the shorter
model substrate (Table S3). To examine direct target
engagement for ERAP2, we performed Cellular Thermal
Shift Assay (CETSA) in HEK cells under inhibitor-
saturated conditions (Figure 8a,b). In cells, both 4d and 4f
stabilize ERAP2 (ΔTm=3.52 °C and 1.81 °C, respectively)
more effectively than 4e, consistently with the cell-perme-
ability of compounds (Table S4). The Occupancy Concen-
tration 50 (OC50) measured in an isothermal dose-response
fingerprints (ITDRF) for 4d is 23 μM (Figure 8c).

4d and 4f then showed a dose-dependent effect in a
model of antigenic presentation in HEK cells where
LSIINFEKL is endogenously produced (Figure 8d). In this
assay 4d and 4f display similar potency but better efficiency
than those of the reference inhibitor leucinethiol. Note-
worthy, at 50 μM, a concentration that engages 80% of
ERAP2 (Figure 8c) in cells, 4d inhibits more than 60% of
the presentation of SIINFEKL.

Figure 7. Selectivities towards related and distant metalloproteases.
a) Selectivities towards ERAP1 and IRAP. IC50 >100 μM; SI=selectivity
index; IC50 on IRAP/IC50 on ERAP2; b) Selectivities of 4d–f on a panel
of metalloproteases; ND=not determined; c) Dose-response curves
for 4e. IC50 are mean of two to four independent measurements.

Figure 8. a–c) Target engagement of ERAP2 by 4d–f in HEK cells using CETSA (Cellular Thermal Shift Assay), a) Representative western blots
showing thermostable ERAP2 following indicated heat shocks in the presence of DMSO, 4d, 4e and 4 f at 30 ΜM. b) Quantification of thermostable
ERAP2 obtained by three independent experiments (n=3) + /� SD. Stabilization of ERAP2 in the presence of 4e is expressed as the ΔTm. c) Dose-
dependent stabilization of ERAP2 by CETSA ITDRF (isothermal dose-response fingerprint) at 56 °C; OC50=23 μM concentration at which 50% of
ERAP2 is occupied by 4d in cell. n=3, normalized to tubulin. d) Dose-dependent effect of 4d and 4 f, and Leucinethiol on SIINFEKL OVA-derived
antigen presentation in HEK cells at 24 h, from at least three independent experiments (n�3) + /� SD. Asteriks shows statistical significance
assessed by one-way ANOVA, Post-Hoc Dunnett for multiple comparisons with DMSO control, ****p<0.0001, ***p<0.001, **p<0.01,
**p<0.05.
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ADME/PK Characterization of the Most Potent Inhibitors

Next, 4d–4 f were characterized regarding relevant in vitro
ADME properties (Table 3). Pyridyl analogue 4e is the least
lipophilic analogue. All compounds are stable in plasma and
in liver microsomes (half-lives >6 h, >40 min respectively).
Given its moderate logD(7.4) and its target engagement

properties, 4d was selected to evaluate its in vivo pharmaco-
kinetics in mice (Table 4). At a tolerated dose of 50 mgkg� 1,
i. p., 4d displays an AUC of 775 minμM and Cmax in the
range of OC50.

Conclusion

The processing of antigen by ERAP enzymes is a key
physiological process in immune response and it has been
implicated in numerous diseases. Understanding and con-
trolling this process to develop new therapeutic strategies
requires potent and selective inhibitors. Until now, the study
of ERAP2 has relied on genetic or transcriptional
ablation,[7,13] or non-selective inhibitors.[17]

KTGS and more generally protein-templated reactions
have been shown to provide potent hits and leads for drug
discovery and chemical biology. Here we show that KTGS
can also provide the basis for isoform selectivity. It allowed
both the identification of the key thiophene sulfonamide
and the key positioning of two groups in catalytic subsites
without the requirement of an amino group. In summary,
our strategy for identifying ERAP2 inhibitors demonstrates
the significant value of KTGS to deliver potent and selective
compounds from a set of reagents with designed restricted
diversity. In particular we successfully optimized lipophilic
ligand efficiency (LLE) of ERAP2 inhibitors discovered by
KTGS 2a/3a (LLE=2.40–3.08 respectively) to identify the
first nanomolar selective inhibitor 4e (BDM88952, LLE=

5.92). Because analogue 4d (BDM88951) displays outstand-
ing subtype selectivity and adequate in vitro and in vivo
properties, it can be used as a lead for future optimizations,
exploration of the roles of ERAP2 and of the potential

therapeutic utility of ERAP2 inhibitors, as cellular and
animal models become available.
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