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ABSTRACT: ERAP1 is an endoplasmic reticulum-resident zinc aminopeptidase that plays an important role in the immune
system by trimming peptides for loading onto major histocompatibility complex proteins. Here, we report discovery of the first
inhibitors selective for ERAP1 over its paralogues ERAP2 and IRAP. Compound 1 (N-(N-(2-(1H-indol-3-yl)ethyl)-
carbamimidoyl)-2,5-difluorobenzenesulfonamide) and compound 2 (1-(1-(4-acetylpiperazine-1-carbonyl)cyclohexyl)-3-(p-
tolyl)urea) are competitive inhibitors of ERAP1 aminopeptidase activity. Compound 3 (4-methoxy-3-(N-(2-(piperidin-1-yl)-
5-(trifluoromethyl)phenyl)sulfamoyl)benzoic acid) allosterically activates ERAP1’s hydrolysis of fluorogenic and chromogenic
amino acid substrates but competitively inhibits its activity toward a nonamer peptide representative of physiological substrates.
Compounds 2 and 3 inhibit antigen presentation in a cellular assay. Compound 3 displays higher potency for an ERAP1 variant
associated with increased risk of autoimmune disease. These inhibitors provide mechanistic insights into the determinants of
specificity for ERAP1, ERAP2, and IRAP and offer a new therapeutic approach of specifically inhibiting ERAP1 activity in vivo.

■ INTRODUCTION
Endoplasmic reticulum aminopeptidase 1 (ERAP1, also known
as ARTS1, ALAP, ERAAP, or PILS-AP) is a 107 kDa M1-
family zinc aminopeptidase (EC 3.4.11)1 ubiquitously ex-
pressed in somatic cells.1 ERAP1 trims peptides in the
endoplasmic reticulum prior to their presentation on class I
major histocompatibility complex (MHC-I) proteins. ERAP1
has length specificity unique among aminopeptidases,
efficiently trimming peptides longer than ∼8 residues but
sparing shorter peptides,2,3 matching the length preferences of
MHC-I.4 ERAP1 exhibits broad but defined substrate sequence
specificity with preference for bulky hydrophobic amino
terminal residues and either bulky hydrophobic or basic C-
terminal residues.5,6 ERAP1 is monomeric in solution but
exhibits allosteric regulation, with short peptides able to
activate ERAP1 for hydrolysis of a model fluorogenic amino

acid substrate leucine-7-amido-4-methylcoumarin (L-AMC).2

The regulatory site bound by these activator peptides is not
known, but has been hypothesized to be distal to the catalytic
center, although within the overall binding site for full-length
peptide substrates, based on alteration of ERAP1 length
dependence in the presence of the allosteric activator, and the
ability of some allosteric activators to inhibit full-length peptide
hydrolysis. An allosteric model for ERAP1’s length dependence
has been proposed,2,7,8 whereby long but not short peptide
substrates are able to access the regulatory site, in effect
allosterically activating their own hydrolysis.
ERAP1 processing can result in generation or degradation of

peptides able to bind MHC-I, and as a result, ERAP1 impacts a
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large fraction of the overall MHC-I-bound peptide reper-
toire.9−12 After loading, MHC-I molecules traffic to the cell
surface where they are assessed by circulating T lymphocytes
as part of immune surveillance of bodily tissues for infection or
malignancy. Indeed, ERAP1 inhibition has been proposed as a
potential approach to enhance the immunogenicity of
tumors.12,13 Polymorphisms in ERAP1, in R528K, are
associated with increased susceptibility to T-cell-mediated
autoimmune diseases14 and cancer.15,16 ERAP1 also has been
implicated in regulation of blood pressure17,18 by hydrolyzing
angiotensin II,19 with secretion of ERAP1 from the ER
regulated by thiol reductase ERp44.17

In humans, the erap1 gene is found together with paralogs
ERAP2 and IRAP in a gene cluster on chromosome 15, and the
corresponding proteins form the oxytocinase subfamily of M1
aminopeptidases. Endoplasmic reticulum aminopeptidase 2
(ERAP2, also known as L-RAP, EC 3.4.11) plays a role in
antigen processing similar to ERAP1 but with a different
substrate peptide sequence preference.6 Insulin-regulated
aminopeptidase (IRAP, EC 3.4.11.3), also known as placental
leucine aminopeptidase, oxytocinase, and leucyl-cystinyl
aminopeptidase, plays an analogous function but in endosomes
rather than the endoplasmic reticulum, processing peptides in
the MHC-I cross-presentation pathway.20,21 IRAP also
performs metabolic, neurological, and endocrine func-
tions.22−24 Understanding the specific contributions of the
different oxytocinase subfamily aminopeptidases is of interest
to both basic and applied research. Inhibitors with high
selectivity for ERAP1 would allow ERAP1 function to be
probed in a manner distinct from genetic deletion,25 expression
modulation via RNAi knockdown,3 and from less selective
inhibitors.26 However, identification of highly selective
inhibitors of ERAP1 has met with limited success despite

many efforts. Commonly used aminopeptidase inhibitors
bestatin27 and amastatin28 have poor potency for ERAP129

and promiscuous inhibition of other aminopeptidases.30,31

Leucinethiol is somewhat more potent32 but also inhibits many
other peptidases.33 Many ERAP1 inhibitors act by interaction
with the catalytic zinc and surrounding residues, which are well
conserved among this enzyme family,34,35 leading to poor
specificity for ERAP1 over other M1 aminopeptidases. One
notable example of an ERAP1-specific inhibitor is the
compound thiomersal, which is proposed to bind the active
site zinc and surrounding residues but could also inactivate the
enzyme by nonspecific mechanisms that involve interactions
with cysteine residue.36 Small-molecule inhibitors specific for
other M1 aminopeptidases have been identified, including sub-
micromolar inhibitors of IRAP,37 human aminopeptidase N/
CD13,38 and PfA-M1, an enzyme expressed by Plasmodium
falciparum during malarial infection.39,40 Several potent
peptide-based inhibitors of M1 aminopeptidases have been
developed rationally using a phosphinate group as a substrate
transition state analogue.6,8,41−45 However, as M1 zinc
aminopeptidases reaction mechanisms and active site geometry
are highly conserved, inhibitors in this class exhibit significant
potency for multiple M1 aminopeptidases,44 although a
selective ERAP2 inhibitor in this class was identified6,8,46

based on ERAP2’s unique specificity for basic residues at the
P1 site.4,6 These compounds also may be limited in their in
vivo utility because of their similarity to peptides, which are
hampered by proteolysis and cell membrane impermeability. A
fragment-based approach has been applied to the development
of small-molecule inhibitors for ERAP1, although selective
inhibitors were not identified.46,47 As ERAP1, ERAP2, and
IRAP each perform different but related immune functions, the
effect of broad inhibition may have dire consequences. The

Scheme 1. Synthesis of Compound 1a

aReagents and conditions: (a) DIEA, CH3CN, RT, 20 h; (b) 2,5-difluorobenzene sulfonyl chloride, NaOH, acetone, RT, 12 h, 35% (over two
steps)..

Scheme 2. Synthesis of Compound 2 and Analoguesa

aReagents and conditions: (a) NaOH, (Boc)2O, THF−H2O (1:1), RT, 16 h; (b) 4-acetylpiperazine, morpholine, or 4-phenylpiperazine, HATU,
DIEA, CH2Cl2, RT, 16 h, 45−75% (over two steps); (c) TFA, CH2Cl2, RT, 1 h; (d) DIEA, p-tolyl isocyanate or derivative, CH2Cl2, RT, 8 h, 60−
75% (over two steps).
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clinical implications of either specific or broad inhibition of
oxytocinase M1 aminopeptidases are still unknown but may
have a significant impact on treating human diseases.48,49

In this study, we developed a high-throughput screening
(HTS) strategy to identify small-molecule inhibitors selective
for ERAP1 over the other oxytocinase family aminopeptidases
ERAP2 and IRAP. Compounds with three different chemical
frameworks were identified for optimization and tested using
physiologically relevant substrate processing assays. Com-
pounds 2 and 3 also inhibit ERAP1’s activity in cellular antigen
processing assay. Molecular docking, mechanism of action
studies, and mutagenesis results indicate that compounds 1
and 2 target ERAP1’s active site, whereas compound 3 targets
an allosteric regulatory site.

■ CHEMISTRY

Compound 1 was synthesized from tryptamine hydrochloride
in two steps as outlined in Scheme 1. Briefly, reaction of
tryptamine hydrochloride 4 with 1H-pyrazole-1-carboximidate
hydrochloride 5 in the presence of N,N-diisopropylethylamine
(DIEA) in CH3CN provided the corresponding guanidinium
intermediate 6. The crude product 6 was reacted with 2,5-
difluorobenzene sulfonyl chloride in the presence of NaOH in
acetone to afford 1 in 35% yield over two steps.
Compound 2 and analogues were prepared from commer-

cially available amino acids in four steps involving protection of
amino groups, amide coupling, deprotection, and urea
formation. As shown in Scheme 2, the unnatural amino acid
homocycloleucine 7 was treated with di-tert-butyl dicarbonate
and NaOH in tetrahydrofuran (THF)−H2O mixture to afford
the corresponding Boc-protected derivative 8. The Boc-
protected amino acid derivatives 9−10 were prepared using
the same conditions. The carboxylic acids 8−10 were coupled
with N-acetylpiperazine, morpholine, or N-phenylpiperazine
using 1-[bis(dimethylamino)-methylene]-1H-1,2,3-triazolo-
[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) and
DIEA to provide amides 11−15. Removal of the Boc
protecting group with TFA and reaction of the resulting
amine salts with p-tolyl isocyanate or derivative provided the
target urea compound 2 and analogues 16−23 (Scheme 2).

Arylsulfonamide 3 and analogues were prepared from the
corresponding phenyl-piperidine and phenyl-piperazine deriv-
atives as outlined in Scheme 3. The required intermediates
were prepared in two steps involving an SNAr reaction of 5-
substituted 2-fluoronitrobenzene 24−27 with the cyclic amines
followed by the reduction of the nitro group with SnCl2·2H2O
to afford anilines 32−36. The sulfonyl chlorides 37−40 were
either commercially available or prepared from the correspond-
ing 4-substituted (3-chlorosulfonyl)benzoic acid derivatives by
esterification using thionyl chloride and MeOH. Finally,
reactions of substituted anilines 32−35 with 2,5-substituted
benzenesulfonyl chlorides 37−40 in pyridine followed by ester
hydrolysis using LiOH·H2O afforded the target compound 3
and analogues 41−46. Treatment of sulfonamide 47 with NaH
and MeI in dimethylformamide (DMF) followed by ester
hydrolysis provided the N-methyl derivative 49. The 4-
methylpiperazine analogue 50 was synthesized from the aniline
derivative 36 using the above general reaction sequence
(Scheme 3).

■ RESULTS

MLPCN Library Screen. ERAP1 enzymatic activity can be
conveniently assayed using the synthetic fluorogenic substrate
L-AMC.50 Because this is shorter than preferred substrates,
ERAP1 hydrolysis activity of L-AMC is substantially lower
than for more physiologically relevant peptides of eight or
more residues2 but can be measured easily by fluorescence in
microtiter format HTS assays. In order to identify novel
ERAP1-selective inhibitors, we designed and implemented a
HTS of the NIH’s Molecular Libraries Probe Production
Centers Network (MLPCN) >350 000 compound library at
the Broad Institute’s Probe Development Center. We screened
for compounds that inhibit ERAP1 L-AMC hydrolysis activity
at a single concentration point (10.7 μM) (Figure 1).
Compounds that decreased ERAP1 L-AMC hydrolysis activity
by 30% were filtered to remove promiscuous hit compounds
(compounds with greater than 5% hit rate in PubChem assay
records). Additionally, known metal chelators, electrophiles,
and compounds qualifying as PAINS were omitted from the
candidate pool. Compounds containing peptidomimetic motifs

Scheme 3. Synthesis of Compound 3 and Analoguesa

aReagents and conditions: (a) piperidine or N-methylpiperazine, K2CO3, DMF, 120 °C, 6 h; (b) SnCl2·H2O, EtOH, 70 °C, 1 h, 79% (over two
steps); (c) SOCl2, RT, 16 h, then MeOH, RT, 2 h, quant.; (d) pyridine, RT, 16 h; (e) LiOH·H2O, THF−H2O (1:1), RT, 8 h, 25−35% (over two
steps); (f) NaH, MeI, DMF, RT, 18 h, 25%.
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were omitted in order to define a pool of hit compounds with
modes of inhibition distinct from previously characterized
inhibitors of M1 family aminopeptidases. Compounds
containing coumarinyl moieties were also omitted to minimize
false positive results from autofluorescent compounds, as our
initial activity assay monitored fluorescence of 7-amino-4-
methylcoumarin (AMC) as a reporter of aminopeptidase-
catalyzed L-AMC hydrolysis. Remaining hit compounds were
subsequently tested for dose-dependent efficacy against
ERAP1, and candidates with half-maximal inhibitory concen-
tration (IC50) for L-AMC hydrolysis weaker than 10 μM were
removed from consideration. Potency was quantified by fitting
data with sigmoidal functions anchored to an uninhibited
control as curve maximum and a curve minimum greater than
zero activity. Compounds exhibiting dose-dependent inhibition
were then counter-screened for hydrolysis inhibition of IRAP
(L-AMC substrate) or ERAP2 (arginine-7-amido-4-methyl-
coumarin (R-AMC) substrate), removing hits with IC50 lower
than 1 mM for either ERAP2 or IRAP. We identified two
compounds as selective inhibitors of ERAP1-catalyzed
hydrolysis of L-AMC, designated here as 1 and 2.
Based on previous work demonstrating allosteric activation

of ERAP1,2,7 we also screened for compounds in the MLPCN
library that increased ERAP1-catalyzed L-AMC hydrolysis.
Previous studies have shown that certain short peptides and
nonhydrolyzable substrates can activate ERAP1 L-AMC
hydrolysis but inhibit processing of full-length peptides,
which are more physiologically relevant ERAP1 substrates.2

The mechanism proposed for such behavior was binding to an
allosteric regulatory site that promoted a domain closure
required for active-site reorganization and L-AMC hydrolysis;

in the hypothesized mechanism, this site overlapped with the
binding site for full-length peptide substrates.2 Thus,
occupancy of the regulatory site would competitively inhibit
processing of full-length peptide substrates (see Supporting
Information, Figure S1). We hypothesized that compounds
that activate ERAP1-catalyzed L-AMC hydrolysis might
similarly act as inhibitors for full-length peptide processing
by occupying a regulatory site within the overall substrate
binding envelope. We initially selected compounds that
increased L-AMC hydrolysis by 40% [3 standard deviations
(SDs)] over untreated control for further characterization
(Figure 1, right side). Candidate activator compound screens
proceeded as with inhibitors, with manual identification of
metal chelators, electrophiles, PAINS compounds, peptidomi-
metics, and promiscuous positive hit compounds (using the
same 5% positive PubChem hit rate cutoff as before). Activator
dose-dependent potency was then assayed for half-maximal
activating concentration (AC50) better than 10 μM. As
compounds exhibited different levels of maximum activation,
dose-dependent hydrolysis data were fit using sigmoidal
functions anchored to an uninhibited control with no restraint
on curve maximum. Compounds with sufficient activating
potency were then counter-screened for ERAP2 or IRAP
activity (either activation or inhibition) as before. We
identified one ERAP1-selective activator, compound 3.
Compounds 1, 2, and 3 and analogues were synthesized for
confirmatory testing, structure−activity relationship (SAR)
analysis, mechanism of action, and functional testing.

Dose Dependence and Specificity of Hit Compounds.
We tested the synthesized compounds 1, 2, and 3 in dose-
dependent L-AMC hydrolysis assay (Figure 2A). Compounds

1 and 2 exhibited ERAP1 L-AMC IC50 of 9.2 and 6.9 μM,
respectively. We confirmed the specificity of these compounds
observed in the MLPCN screen for ERAP1 over homologues
ERAP2 and IRAP. All three compounds are more than 100-
fold more selective for ERAP1 than for ERAP2 (Figure 2B) or
IRAP (Figure 2C), and in some cases, no activity at all on
ERAP2 and IRAP was detected. Compound 3 activated

Figure 1. Screening pathway. The MLPCN library was screened for
alteration of ERAP1 activity. Inhibitors and activators were examined
to remove known problematic scaffolds and moieties (PAINS) as well
as peptidomimetic compounds. Remaining compounds were then
tested for potency with a cutoff half-maximal effective concentration
(EC50) of 10 μM. We observed several candidate compounds
containing coumarinyl groups and removed them out of concern for
false positives. We then counter-screened the compound pools for
activity on ERAP2 and IRAP. Two L-AMC hydrolysis inhibitors (1
and 2) and one L-AMC hydrolysis activator (3) were identified.

Figure 2. Compounds 1, 2, and 3 are highly specific for ERAP1.
Enzyme activity was measured using dipeptide substrate analogue X-
7-amido-4-methylcoumarin (X-AMC), where the amino-terminal
residue X is leucine (ERAP1, IRAP) or arginine (ERAP2),
corresponding to the substrate preference of each enzyme.21

Hydrolysis was measured over a range of compound concentrations
for (A) ERAP1, (B) ERAP2, or (C) IRAP. Activity was normalized to
the activity of the enzyme in the presence of DMSO. Representative
data (mean ± SD, n = 3) from one of two experiments are shown.
Data points were fit using a sigmoidal curve with the top or bottom
value for inhibitor or activator curves, respectively, constrained to
100%. EC50 values shown in Supporting Information, Table S1.
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ERAP1 hydrolysis of L-AMC (Figure 2A, lower panel), with an
AC50 of 4.1 μM and a maximum activity enhancement of 4.1-
fold over control. This compound is a very weak inhibitor of
ERAP2 with an IC50 greater than 200 μM and has no
detectable effect on IRAP activity (Figure 2B,C, lower panels).
We tested the effect of these inhibitors on ERAP1-catalyzed

hydrolysis of a decamer peptide WRCYEKMALK (WK10),51

which represents a more physiologically relevant ERAP1
substrate than L-AMC. ERAP1 efficiently hydrolyzed the N-
terminal tryptophan and released the nonamer product peptide
RCYEKMALK (Figure 3A). Removal of the subsequent amino

acid arginine was inefficient, consistent with ERAP1’s amino-
terminal substrate specificity.1 Here, we quantified product
peptide production by liquid chromatography−mass spec-
trometry (LC−MS) rather than fluorescence, which does not
require introduction of the non-natural fluorescence-quenching
dinitrophenyl maleimide as in the original assay.51,52 Both
compounds 1 and 2 inhibited peptide hydrolysis in a dose-
dependent manner (Figure 3B). Compound 3, identified as an
activator of ERAP1 L-AMC hydrolysis, also inhibited peptide
hydrolysis in a dose-dependent manner (Figure 3B), as
previously observed for short peptides that activate L-AMC
hydrolysis.2 The IC50 values for WK10 peptide hydrolysis
showed the same rank order and relative potency as the

respective IC50 values for L-AMC hydrolysis (Supporting
Information, Table S1).

SAR Studies. Of the compounds identified as inhibitors or
activators of ERAP1 hydrolysis of L-AMC, compound 2 and 3
were selected for SAR analysis. For compound 2, modification
of the N-acetylpiperazine and homocycloleucine moieties
generally resulted in loss of potency of one log or more;
however, substitutions on the aromatic ring were better
tolerated (Table 1, Supporting Information, Figure S2).
Compound 16, wherein the p-tolyl group is replaced with a
4-chlorylphenyl group, showed a small improvement in
potency in both L-AMC and WK-10 peptide hydrolysis assays.
The N-acetyl group on piperazine was critical for the activity,
as analogues with morpholine (compound 20) and N-
phenylpiperazine (compound 21) had no detectable inhibitory
activity (Table 1).
SAR exploration of compound 3 provided several analogues

with similar or slightly improved potency (Table 2, Supporting
Information, Figure S3). Substitutions of the trifluoromethyl
(R1) and methoxy (R2) groups on the two aromatic rings were
largely tolerated but resulted in lower potency. Compound 41,
where the methoxy group was replaced with a chloro group
showed a 5-fold loss in potency, whereas compound 42 with a
bromo substitution was only 2-fold less active than 3.
Replacement of the trifluoromethyl group with a methyl
(compound 44) or fluoro group (compound 45) resulted in
about 8-fold loss in potency, though the unsubstituted
analogue (compound 46) maintained better potency. The
aromatic carboxylic acid appeared to be essential for activation
of ERAP1’s L-AMC hydrolysis activity, as the methyl ester 47
had no detectable activity in this assay, although surprisingly
WK10 peptide hydrolysis inhibition was largely intact. This
was the only compound for which such discordant activity was
observed. Methylation of the sulfonamide nitrogen gave
analogue 49, which was also about 10-fold less active.
Compound 50, with the N-methylpiperazine moiety instead
of piperidine, had equivalent activity to the parent compound 3
(Table 2, Supporting Information, Figure S3).

Mechanism of Action Studies. To help understand the
mechanism of action of these compounds, we evaluated
ERAP1 enzyme activity at various concentrations of substrate
and inhibitors. We used the chromogenic substrate leucine p-
nitroanilide (L-pNA) instead of fluorogenic L-AMC, so that a
wider range of substrate concentrations could be investigated.

Figure 3. Compounds 1, 2, and 3 inhibit ERAP1-catalyzed peptide
hydrolysis. (A) ERAP1 hydrolysis of the N-terminal tryptophan from
the peptide WRCYEKMALK (WK10). MALDI spectrum after 30
min incubation with ERAP1. Calculated masses are shown at top, and
the observed peak m/z is displayed on the graph. (B) Compound
dose−response of ERAP1-catalyzed peptide hydrolysis inhibition.
Representative data (n = 2) normalized to DMSO control condition
shows inhibition of peptide hydrolysis. IC50 values shown in
Supporting Information, Table S1.

Table 1. IC50 Values of Compound 2 and Analogues

compound X R1 R2/R3
ERAP1 L-AMC IC50

(μM)
ERAP2 R-AMC IC50

(μM)
IRAP1 L-AMC IC50

(μM)
ERAP1 WK10 peptide IC50

(μM)

2 N-Ac Me −(CH2)5− 6.9 >200 >200 6.9a

16 N-Ac Cl −(CH2)5− 3.6 >200 >200 4.3
17 N-Ac OMe −(CH2)5− 115a >200 >200 31.8
18 N-Ac F −(CH2)5− >200 >200 >200 ∼165a

19 N-Ac H −(CH2)5− 20.6a >200 >200 ∼135a

20 O Me −(CH2)5− >200 >200 >200 >200
21 N-Ph Me −(CH2)5− >200 >200 >200 ∼124
22 N-Ac Me Me/Me 126 >200 >200 150
23 N-Ac Me −(CH2)2− >200 >200 >200 170a

aPartial inhibition, with less than 90% inhibition observed at the highest concentration tested (see Supporting Information, Figure S2).
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We measured initial rates under steady-state conditions and
analyzed the data using a Michaelis−Menten framework with a
cooperativity term (Hill coefficient) to account for the
allosteric behavior of ERAP1 toward short substrates (see
the Experimental Section).2 L-pNA hydrolysis in the absence
of the inhibitor had the following parameters: h = 1.45 ± 0.15,
Khalf = 1.41 ± 0.16 mM, and Vmax = 17.25 ± 1.05 s−1, where h
is the Hill coefficient, Khalf is the concentration of the substrate
at which the half-maximal rate is observed and is the allosteric
equivalent of the conventional Michaelis constant Km, and Vmax
is the maximum reaction rate (Supporting Information, Table
S2). For compound 1, increasing inhibitor concentrations
resulted in decreased L-pNA hydrolysis activity (Figure 4A).
The apparent Michaelis constant Khalf increased linearly with
increasing inhibitor concentration, without apparent change in
Vmax, consistent with a competitive inhibition mechanism. The
full set of curves were described well by an equation describing

competitive inhibition in an allosteric setting (see the
Experimental Section, competitive allosteric inhibition) Ki =
51.7 ± 4.3 μM (Supporting Information, Table S1). For
compound 2 (Figure 4B), similar behavior was observed, with
fit values for Khalf increasing linearly with inhibitor concen-
tration, fit values for Vmax not significantly changing. As with
compound 1, this behavior is consistent with a competitive
mode of inhibition. Best fit value for Ki was 12.8 ± 1.0 μM
(Supporting Information, Table S1).
For compound 3, increasing concentrations resulted in

increased rather than decreased L-pNA hydrolysis activity,
across a range of substrate concentrations (Figure 5A). This
behavior indicates that compound 3 is acting as a nonessential
activator of L-pNA hydrolysis, with activity (Vmax/Khalf)
increasing up to 1.8-fold over the concentration range tested.
However, different behavior was observed for compound 3
when a full-length peptide (LF9, LVAFKARKF)5 was used as a

Table 2. IC50 Values of Compound 3 and Analogues

ERAP1 L-AMC ERAP2 R-AMC IRAP1 L-AMC ERAP1 WK10 peptide

compound X R1 R2 R3, R4 IC50 (μM) AC50 (μM) (fold)a IC50 (μM) AC50 (μM) (fold)a IC50 (μM) IC50 (μM)

3 CH2 CF3 OMe H, H 4.1 (4.1) >200 >200 5.3
41 CH2 CF3 Cl H, H 21.2 (3.7) >200 >200 15.2
42 CH2 CF3 Br H, H 10.9 (3.3) >200 >200 8.2
43 CH2 CF3 H H, H 35.9 (3.5) ∼140 >200 20.2
44 CH2 Me OMe H, H 32.9 (1.5) NDb >200 7.4
45 CH2 F OMe H, H 29.1 (1.4) 159 >200 8.6
46 CH2 H OMe H, H 11.6 (1.4) 81.2 >200 14.4
47 CH2 CF3 OMe Me, H >200 ∼42 (1.2) >200 6.9
49 CH2 CF3 OMe H, Me 50.3 (2.7) ∼160 ∼160 32.6
50 N-Me CF3 OMe H, H 2.9 (3.1) ND >200 3.0

aFold increase in hydrolysis activity. bND: not determined.

Figure 4.Mechanism of action studies for (A) compound 1 and (B) compound 2. Top, initial rates of L-pNA hydrolysis by ERAP1 in the presence
of various concentrations of the inhibitor. Initial rate versus substrate concentration curves obtained at various inhibitor concentrations were fit to
an allosteric Michaelis−Menten equation to obtain values for Vmax and for Khalf, an allosteric equivalent to Km (see the Experimental Section for
details). Bottom, the resulting values for Khalf and Vmax with uncertainly estimates are plotted as a function of inhibitor concentration to help
determine the inhibitor mechanism of action.
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substrate instead of L-pNA (Figure 5B). Here, we used
coupled enzyme assay to follow removal of the N-terminal
leucine (see the Experimental Section). ERAP1 hydrolysis of
full-length peptides is not cooperative,2,53 and initial rate
curves in the absence of inhibitor were fit with Km = 0.024 ±
0.006 mM. Km values increased linearly with increasing
inhibitor concentration, while Vmax remained essentially
unchanged (Figure 5B). These data were described best by
an equation defining conventional competitive inhibition (see
the Experimental Section, competitive inhibition) with Ki = 3.8
± 0.7 μM (Supporting Information, Table S1).

Molecular Docking and Validation. To help rationalize
the different behaviors observed for compounds 1, 2, and 3,
and to identify possible binding sites, we used an in silico
docking approach. Compound docking was performed using
the Glide module from the Schrödinger software package, and
binding site solutions were further analyzed by running
Embrace minimization on the docked structure. ERAP1 has
been proposed to cycle between open and closed conforma-
tions during the catalytic cycle,2,53,54 and so we used as targets
for the in silico docking procedure coordinates from crystal
structures of ERAP1 in both open (PDB 6MGQ) and closed
(PDB 2YD0) conformations.

Figure 5. Mechanism of action studies for compound 3. Initial rates of (A) L-pNA or (B) LF9 peptide hydrolysis by ERAP1 in the presence of
various concentrations of compound 3. Top, initial rate versus substrate concentration curves obtained at various inhibitor concentrations were fit
to an allosteric Michaelis−Menten equation for L-pNA hydrolysis or a conventional Michaelis−Menten equation for LF9 peptide hydrolysis.
Bottom, the resultant values for Vmax/Khalf (for L-pNA) or for Km and Vmax (for LF9 peptide) with uncertainty estimates are plotted as a function of
compound 3 concentration to help determine the mechanism of action.

Figure 6. In silico docking sites and experimental validation for compound 1. (A) Environment around the preferred docking pose as shown by
LigPlot+.57 Alternate docking pose (in PDB 2YD0) is shown in Supporting Information, Figure S4. Boxes indicate positions of residues mutated to
corresponding ERAP2 or IRAP residues in order to validate the docking pose. (B) Docking pose of compound 1 in the surface structure of open
ERAP1, with domain I shown in light blue, domain II in green, and mutation position in red. (C) L-AMC IC50 values for mutant proteins
(Supporting Information, Table S3). PDB 6MGQ was used for docking.
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For compound 1, the top docking solution for either open or
closed conformations was at the active site, partially over-
lapping with substrates modeled into these structures based on
bound inhibitors (bestatin for 2YD0, phosphinic peptide for
6MGQ). In the top predicted binding pose for the open
conformation docking solution (Figure 6A,B), the inhibitor’s
sulfonamide group engaged the catalytic zinc, similar to the
binding mode observed or predicted for other sulfonamide-
based M1-family peptidase inhibitors.55,56 In the top closed
conformation docking solution, the sulfonamide was displaced
from the zinc center by approximately 4 Å, and the positions of
the indole and difluorobenzene moieties were flipped
(Supporting Information, Figure S4). To help distinguish
these possibilities, we compared the active sites of ERAP1 with
ERAP2 (PDB 6EA4, closed conformation) and IRAP (PDB
4Z7I and PDB 5MJ6, partially open and closed conformations,
respectively) because these proteins were >1000-fold less
sensitive to inhibition by compound 1. We identified residues
in contact with compound 1 for each of the predicted binding
poses and replaced these either with homologous ERAP2 or
IRAP residues or with alanine. Thus, we prepared ERAP1
proteins with a substitution at position T350, predicted to
contact compound 1 indole ring if the open-conformation
docking mode was correct, at position S869, predicted to
contact the indole ring if the closed-conformation docking
mode were correct, or at position S316, predicted to interact
with one of the fluoro groups on the phenyl ring in the closed
but not open-docking mode. ERAP1 mutants T350A, S869Y,
and S316A retained L-pNA hydrolysis activity, although S869Y
activity was reduced fivefold (Supporting Information Figure
S5, Table S2). We measured sensitivity of these mutant ERAP1
proteins for compound 1, using L-AMC inhibition assay
(Figure 6C, Supporting Information Figure S6, Table S3). A
small reduction in potency was observed for T350A. This is
consistent with the docking mode identified for the open

conformer shown in Figure 6A, as well as the observed
competitive mode of action, but given the uncertainties in
docking and the lack of robust effects observed with
mutagenesis, the predicted binding site should be considered
provisional.
For compound 2, the top docking solutions to open and

closed ERAP1 conformers again were found at the active site,
overlapping with the expected substrate binding site. Two very
similar potential binding poses were identified, with the
terminal N-acetylpiperazine carbonyl group coordinating the
catalytic zinc in the open conformer docking solution (Figure
7A,B) and the central urea oxygen coordinating zinc in the
closed conformer solution (Supporting Information, Figure
S7). Again, we identified residues from ERAP1 that contacted
the inhibitor bound in either of the two predicted binding
poses and prepared mutant proteins with residues from either
ERAP2 or IRAP that would be predicted to impact inhibitor
binding: K380T predicted to disrupt contacts with compound
2 in the open conformer binding solution, and S316A, H873M,
and S869Y predicted to disrupt contacts in the closed
conformer binding solution. We also mutated residue T350
to alanine; in ERAP1, this residue contacts the compound 2
cyclohexyl group in either of the two predicted binding poses.
All of the mutants retained activity, although Km and/or Vmax
values were altered 10-fold for K380T (Supporting Informa-
tion Figure S5, Table S2). L-AMC inhibition studies with the
mutant proteins revealed a large effect of K380T, with 80-fold
increase in the IC50 value and a smaller but still substantial 10-
fold increase in IC50 for T350A (Figure 7C, Supporting
Information Figure S6, Table S3). None of the other mutants
appreciably affected compound 2 potency. These results are
consistent with the docking pose identified using the open
conformer of ERAP1 (Figure 7A) but not the pose identified
using the closed conformer (Supporting Information, Figure
S7). The preferred docking pose has the ERAP1 zinc atom

Figure 7. In silico docking sites and experimental validation for compound 2. (A) Environment around the preferred docking site shown as LigPlot
+.57 Alternate docking pose is (in PDB 2YD0) shown in Supporting Information, Figure S7. Boxes indicate positions of residues mutated to
corresponding ERAP2 or IRAP residues to validate the docking pose. (B) Docking pose of compound 2 in the surface structure of open ERAP1,
with domain I shown in light blue, domain II in green, domain IV in pink, and mutation positions in red. (C) L-AMC IC50 values for mutant
proteins (Supporting Information, Table S3). PDB 6MGQ was used for docking.
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coordinated by an N-acetyl carbonyl group,58 substitution of
which in compounds 20 and 21 substantially reduced potency,

and it is possible that replacement of the N-acetylpiperazine
with 4-carboxypiperidine or the corresponding carbamate

Figure 8. In silico docking sites and experimental validation for compound 3. (A) Environment around the preferred docking site shown as LigPlot
+.57 Alternate docking pose is shown in Supporting Information, Figure S8. Boxes indicate positions of residues mutated to corresponding ERAP2
or IRAP residues to validate the docking pose. (B) Docking pose of compound 3 in the surface structure of closed ERAP1, with domain II shown in
green, domain IV in pink, and mutation positions in red, (C) L-AMC AC50 values for mutant proteins (Supporting Information, Table S3). PDB
2YD0 was used for docking.

Figure 9. Compounds 2 and 3 inhibit ERAP1 activity in cellular context. (A) Schematic depiction of the experiment. HeLa cells expressing the
MHC-I protein Kb were infected with recombinant vaccinia virus construct that directs expression and ER-transport of the SIINFEKL peptide with
N-terminal extension LEQLE. ERAP1 must trim the peptide to allow binding to the MHC-I protein. ERAP1 activity is quantified by measuring the
surface MHC-I:SIINFEKL complex with a specific antibody. (B) ERAP1 processing of the N-extended ERAP1-dependent substrate ss-LEQLE-
SIINFEKL or control ERAP1-independent substrate Ub-SIINFEKL, evaluated by comparing MHC-I:SIINFEKL production in cells treated with
the nonspecific zinc peptidase inhibitor leucinethiol (Leu-SH, 50 μM) or vehicle only [dimethyl sulfoxide (DMSO)]. Samples are gated on GFP+
singlets (see Supporting Information, Figure S9) prior to quantitation of 25D1 mean fluorescence intensity (MFI) indicative of the level of surface
Kb:SIINFEKL complex. (C) Compounds 2 and 3 but not compound 1 specifically inhibit ERAP1-dependent cellular processing activity. Percent
inhibition calculated for cells treated with 50 μM compound relative to cells treated with vehicle only. Results from triplicate samples from two
independent assays are shown. Significance evaluated by unpaired two-way Student’s t-test: **p < 0.005; ***p < 0.001. (D) Compounds 2 and 3
are active in cell processing assay in a dose-dependent manner. Normalized MFI values are ratios of ss-LEQLE-SIINFEKL to Ub-SIINFEKL
staining. Data points from three separate titration experiments are plotted together with one global sigmoidal curve calculated for each compound.
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would increase potency, similar to a strategy used to optimize
aminopeptidase N inhibitors.59

For compound 3, the top in silico docking solutions outside
the active site were found at the junction of domains II and IV.
(We did not consider docking solutions with any atom within
6 Å of the catalytic zinc, because compound 3 acts to activate
L-AMC and L-pNA hydrolysis, implying that it binds at a site
distinct from these substrates). One potential binding site
(Figure 8A,B) was found similarly using both open and closed
ERAP1 conformers as docking targets; another potential
binding site with similar docking energy (Supporting
Information Figure S8) was found only using the closed
conformer. For each of the predicted binding sites, we
identified ERAP1 residues interacting with compound 3 that
would be disrupted by substitution of homologous residues
from ERAP2 or IRAP. By this analysis, ERAP1 mutations
K551A and T914Y are predicted to disrupt electrostatic and
hydrogen-bonding interactions with compound 3 bound in the
shared predicted docking site, and S340Y and S342Y are
predicted to disrupt similar contacts with compound 3 bound
in the docking site predicted only in the closed conformation.
Recombinant proteins carrying these mutations individually
had enzymatic parameters similar to those of wild-type ERAP1
(Supporting Information, Figure S5; Supporting Information,
Table S2). A substantial effect was observed only for the
K551A mutation (Figure 8C, Supporting Information, Figure
S6, and Table S3), favoring the shared site as shown in Figure
8A.
Cellular Inhibition Studies. Among potential uses of

specific ERAP1 inhibitors is the application of these
compounds in vivo for therapeutic treatment. To evaluate
potential utility in a cellular context, we tested compounds 1, 2,
and 3 in a cellular assay modified from a previously described
method.3 We infected HeLa cells with a modified vaccinia virus
expressing ss-LEQLE-SIINFEKL, an N-extended, ER-targeted
variant of the ovalbumin-derived MHC-I binding model
peptide epitope SIINFEKL. Presentation of this peptide
requires trimming by ERAP1.11 We measured the amount of
SIINFEKL bound to MHC-I H-2 Kb at the cell surface using
the monoclonal antibody 25D1, which specifically binds this
particular MHC-peptide complex (Figure 9A). As a control for
off-target effects, we used modified vaccinia virus expressing
Ub-SIINFEKL, a ubiquitinated construct where the SIINFEKL
peptide is generated in the cytosol by proteasomal processing.
In this case, the processed peptide is transported to the ER by
the transporter TAP1/2 for loading onto MHC-I, bypassing
the need for ERAP1 processing.11 Treatment of cells with the
ERAP1 inhibitor leucinethiol (Leu-SH) inhibits 25D1 staining
of cells infected with virus carrying ss-LEQLE-SIINFEKL but
has no effect on 25D1 staining of cells transfected with the
ERAP1-independent construct Ub-SIINFEKL (Figure 9B).
Using this approach, we evaluated the cellular efficacy of

compounds 1, 2, and 3. HeLa cells treated with compound 1 at
50 μM exhibited reduced presentation of the 25D1 epitope
derived from the control Ub-SIINFEKL construct, indicative
of an off-target (non-ERAP1) effect, such as alteration in
peptide or MHC expression, peptide loading, or intracellular
transport (Figure 9C). No further inhibition was observed for
the ERAP1-dependent ss-LEQLE-SIINFEKL construct, and
cellular studies of compound 1 were not pursued further.
Compounds 2 and 3 exhibited specific inhibition of ERAP1

in the cellular context. For both compounds, significant
inhibition of ERAP1 processing was observed for the 25D1

epitope derived from the ERAP1-dependent ss-LEQLE-
SIINFEKL construct, but no reduction was observed for the
control Ub-SIINFEKL construct (Figure 9C). The inhibition
was dose-dependent, with compound 2 exhibiting an IC50
value of 45 μM, and compound 3 exhibiting substantially
higher potency with IC50 of 1 μM (Figure 9D).
As an additional specificity test, we evaluated compound 21,

an inactive derivative of compound 2 with N-phenylpiperazine
replacing N-acetylpiperazine, resulting in ∼100-fold decrease
in potency in biochemical L-AMC hydrolysis assay (Table 1).
In the cellular assay, this compound also exhibited weaker
potency than compound 2, with IC50 > 500 μM. We attempted
to similarly investigate compound 47, an inactive derivative of
compound 3, wherein the benzoic acid moiety is converted to
the methyl ester (Table 2). However, cells treated with
compound 47 exhibited substantially reduced presentation in
the Ub-SIINFEKL control condition, indicative of an off-target
inhibitory effect unrelated to ERAP1 and not observed with
compound 3, and so could not be used for validation in this
manner.

Differential Efficacy of Compound 3 on ERAP1
Polymorphic Variants. ERAP1 has several alleles present
at high frequency in the human population, some of which
correlate with susceptibility or resistance to autoimmune
diseases such as ankylosing spondylitis.60 To determine the
ERAP1 polymorphic variants carried by the HeLa cell line used
in Figure 9, we PCR-amplified and sequenced genomic DNA
flanking known single nucleotide polymorphisms (SNPs)61

and found that HeLa cells are heterozygous for two SNPs,
528R/K and 730Q/E, and homozygous for the other SNPs
(see the Supporting Information). To investigate the effect of
these polymorphisms on the potency of compound 3, we
performed L-AMC hydrolysis assay as before, using recombi-
nant ERAP1 variants corresponding to 5SNP, previously used
for structural and enzymatic studies, and common naturally
occurring alleles II and III (Figure 10A). Compound 3

Figure 10. Compound 3 exhibits ERAP1 allele-dependent potency.
ERAP1 hydrolysis activity of L-AMC was measured in two
independent experiments, and data points were pooled, normalized,
and fit with a sigmoidal curve. Reported are derived AC50 with 95%
confidence intervals, and the maximum activation observed for each
allele relative to activity in the absence of the activator, expressed as a
fraction of the baseline. Allele II AC50 is significantly lower, *p <
0.0001 (extra sum-of-squares F test).
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activates all three ERAP1 alleles under these conditions but is a
more potent activator of disease-associated allele II, which it
activates with sub-micromolar AC50 (Figure 10B). This
difference likely is related to the polymorphic site at position
528, which is the only polymorphic position unique to allele II,
where it is present as lysine relative to arginine in the other
alleles.

■ DISCUSSION
We implemented a high-throughput screen for short substrate
inhibitors and activators of ERAP1. Counter-screens against
ERAP2 and IRAP activity and cheminformatic filtering
removed promiscuous compounds and identified three
ERAP1-selective hit compounds. These all inhibited hydrolysis
of a decamer peptide, similar in length to substrates that
ERAP1 digests in vivo. Two compounds also inhibited ERAP1
activity in cellular assay. Docking sites were identified and
validated through mechanism of action studies and by
mutagenesis.
Compounds 1 and 2 were identified as novel non-

peptidomimetic ERAP1-selective inhibitors that competitively
inhibit ERAP1 activity, with predicted binding sites near the
catalytic center overlapping with previously identified binding
sites for peptidomimetic dipeptide and tripeptide substrate
analogues (Figure 11). The highly conserved active site
environment of oxytocinase subfamily members presents an
interesting question of how these compounds maintain
selectivity for ERAP1. Compound 1 is predicted by docking
analysis to bind in a similar location as the nonspecific

aminopeptidase inhibitor bestatin, but its tryptamine moiety
extends far beyond the bestatin’s isoleucine side chain at the
P1′ position, accessing a small pocket lined by the ERAP1
specific residue T350A, and its difluorbenzene moiety binds a
surface adjacent to the S1 site. The preferred docking pose for
compound 2 places its cyclohexyl group in the same location as
the compound 1 indole moiety, explaining the shared
sensitivity to the ERAP1 mutation T350A, and its tolyl
group in a deep pocket not accessed by bestatin (or other
bound substrates).2,7,53,62 This docking pose is supported by
the observed SAR. Substitution of the N-acetylpiperazine
moiety in compound 2, which is predicted to ligand the
catalytic zinc through the N-acetyl oxygen, abrogates
(compound 20) or greatly reduces (compound 21) the
observed inhibition, with substitutions of the cyclohexyl and
tolyl groups having minor effects consistent with disruption of
hydrophobic interactions in the pockets noted above.
The discovery of compound 3 identifies the first nonpeptide

small molecule that allosterically activates ERAP1 hydrolysis
activity of L-AMC. The preferred docking pose for compound
3 places it far from the active site, at a junction between
domains II, III, and IV (green, orange, and pink, respectively)
near a site, where bis−tris-propane was found to bind in a
recent high-resolution crystal structure of ERAP1 bound to a
short peptidomimetic inhibitor.62 SAR analysis supports this
pose. Compound 3 required the aromatic carboxylic acid
group for activation of ERAP1’s L-AMC hydrolysis activity, as
the methyl ester 47 was inactive (Table 2, Supporting
Information, Figure S3). In the preferred docking pose, the
carboxylate forms a salt bridge with Lys551 from domain II,
and mutagenesis of this residue strongly reduces compound 3
inhibition (Figure 8). Based on the competitive mode of
binding observed for compound 3 for full-length peptide
substrates (Figure 5B) and the allosteric activation of ERAP1
by compound 3 observed for L-AMC and L-pNA (Figure 5A),
it is attractive to speculate that compound 3 binds at a site also
occupied by the C-terminal region of long-peptide substrates,
as previously proposed for ERAP1 allosteric activation by short
substrates2 (Supporting Information Figure S1). This pose also
provides a potential explanation for the discordant effects of
compound 47 in L-AMC and WK10 peptide hydrolysis assays,
where esterification of the aromatic carboxylic acid would
interfere with interactions with domain II necessary for
allosteric activation of L-AMC hydrolysis, while retaining
interactions with domain IV necessary for the hypothesized C-
terminal peptide docking. The C-terminal docking site for long
ERAP1 peptide substrates has not yet been definitively
identified, with a separate pocket in domain IV (near the
alternate docking site for compound 3) proposed based on
binding of maleic acid from the crystallization solution62 and
studies of peptide binding by isolated domain IV.7,63 However,
peptides might access different C-terminal binding sites62 and
the competitive nature of inhibition by compound 3 by long-
peptide substrates does not preclude other modes of binding
that do not involve a shared binding site.
Compound 3 is an aryl sulfonamide, which might be

expected to bind to the active site zinc, as previously shown for
other aryl sulfonamide inhibitors of zinc aminopeptidases
including IRAP.55,56 However, this mode of inhibition cannot
explain the behavior observed for 3, as it activates hydrolysis of
L-AMC, and therefore does not occlude the catalytic site. Very
recently, a new small-molecule sulfonamide inhibitor (com-
pound 6ad in Lee et al.)38 has been identified for human

Figure 11. ERAP1 conformations and predicted inhibitor docking
poses. Compounds 1 (A) and 2 (B) bind near the active site, shown
for the open conformation. Interactions in the closed conformation
are similar (not shown). The nonspecific aminopeptidase inhibitor
bestatin (C) binds nearby. Compound 3 binds away from the active
site at a domain interface, with different interactions in the open (D)
and closed (E) conformations. In a recent high-resolution structure of
ERAP1, a buffer component bis−tris-propane binds in a similar site
(F). ERAP1 surface colored by the domain, with domain I in light
blue, domain II in green, domain III in yellow, and domain IV in pink,
with the active site Zn shown as a gray sphere. PDB 6MGQ (open)
and 2YD0 (closed) were used for docking and ribbon representation.
Bestatin is from PDB 2YD0 and bis−tris propane is from PDB 6Q4R.
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aminopeptidase N (CD13) and shown by X-ray crystallog-
raphy to engage zinc through its hydroxamide rather than the
sulfonamide moiety.38

Among the three hit compounds, activator 3 exhibits the
highest potency for ERAP1 in all assays, including cellular
assay. Screening small molecules for modulation of allosteric
activation might be a promising strategy to identify inhibitors
inaccessible by conventional short substrate inhibitor screens,
particularly for enzymes that degrade biological polymers
(proteases, glycosidases, and nucleases) likely to have extended
substrate binding sites. Interestingly, the IC50 observed for
compound 3 was somewhat lower in cellular assay using an
immunodominant MHC-I epitope than measured in bio-
chemical assays using purified ERAP1 and either peptide or
activated amino acid substrates (Supporting Information,
Table S1). Further experimentation would be required to
understand this behavior, but possible explanations include
selective uptake of compound 3 by HeLa cells or the
nonlinearity of the antigen loading process in vivo.
The inhibitory activity of compounds 2 and 3 in intracellular

antigen processing assay suggests that these compounds could
be used to probe the specific role of ERAP1 in vivo, similar to
less-selective peptidomimetic compounds.12 Lack of ERAP1
activity is known to elicit a cell-mediated immune response,9,64

presumably by allowing presentation of antigenic peptides that
are normally degraded by ERAP1, but the immunological and
possible therapeutic relevance of transient specific inhibition is
not well understood. For example, specific ERAP1 inhibition
might modulate a mounting immune response by temporarily
disrupting the MHC-I peptidome.12 This disruption might
impair a T-cell mediated response, which normally expands as
T cells recognize a peptide antigen bound to MHC-I.
Obscuring a peptide antigen in this manner by altering its
trimming could be beneficial if this T-cell response has
deleterious effects, such as in psoriasis65,66 or ankylosing
spondylitis.67 M1 aminopeptidase inhibition has also been
correlated with increased antitumor immune response, another
potential field of interest.13,68 ERAP1 expression is altered in
malignancies of different tissue origins,69 and in cases where
ERAP1 overexpression protects cancerous cells from immune
detection by degrading antigenic peptides, ERAP1 inhibition
may produce a productive immune antitumor response. The
physiological outcome (whether immunomodulation or
immunostimulation) from specific ERAP1 inhibition remains
unclear but discovery of these selective compounds will allow
deeper investigation to proceed.48,70

■ CONCLUSIONS
Three new compounds that specifically inhibit peptide
hydrolysis by the ER-resident zinc aminopeptidase ERAP1
were identified and characterized. All are highly specific for
ERAP1 over the homologous enzymes ERAP2 and IRAP. Two
of the compounds (2 and 3) are active in a cellular context,
inhibiting processing of a virally encoded antigenic peptide for
presentation onto MHC-I molecules. One of the compounds
(3) was identified originally as an activator of L-AMC
hydrolysis but effectively inhibits processing of peptides with
8−13 residues, corresponding to the optimal lengths of
physiologically relevant ERAP1 substrates. Based on docking
and mutagenesis studies, compound 3 appears to act by an
allosteric mechanism, binding at a site distant from the
catalytic center accessible to long but not short substrates.
Compounds 1 and 2 appear to dock in the active site and

inhibit ERAP1 by a competitive mechanism. Compound 3
discriminates between common variants of ERAP1, with sub-
micromolar potency for a key disease-associated allele. We
hope that these compounds may prove useful in continuing
development of ERAP1-specific inhibitors for potential
research and therapeutic applications.

■ EXPERIMENTAL SECTION
General Methods. All reactions were performed under an inert

atmosphere of dry argon or nitrogen either in a flame-dried or oven-
dried glassware or in a glass microwave vial (Biotage, LLC). All
anhydrous solvents were either purchased from Sigma-Aldrich or
dried via passage through a glass contour solvent system (Pure
Process Technology, LLC). All chemicals and reagents were
purchased from TCI, Sigma-Aldrich, or Oakwood Products Inc.

Thin-layer chromatography (TLC) was performed using commer-
cial aluminum-backed silica plates (TLC Silica gel 60 F-254, analytical
chromatography). Visualization was accomplished with UV light.
Flash column chromatography was performed using silica gel (230−
400 mesh) or by reversed-phase flash chromatography on a
CombiFlash purification system (50 g HP C18 Gold column).
Nuclear magnetic resonance (NMR) spectra were recorded on either
a 400 or 500 MHz Bruker AVANCE spectrometer with a dual
carbon/proton cryoprobe. NMR spectra were recorded in deuterated
chloroform or dimethyl sulfoxide. Chemical shifts are reported in
parts per million (ppm) and are referenced to the center line of the
solvent (δ 2.50 and 7.26 ppm with respect to dimethyl sulfoxide-d6
and chloroform-d for 1H NMR and δ 39.52 and 77.16 ppm with
respect to dimethyl sulfoxide-d6 and chloroform-d for 13C NMR).
Coupling constants are given in hertz (Hz). The spin multiplicities are
reported as s = singlet, d = doublet, t = triplet, q = quartet, dd =
doublet of doublet, td = doublet of triplet, and m = multiplet. NMR
data analysis used MNova software. HRMS data were collected on an
LCT Premier (Waters Corp., Milford MA) time-of-flight mass
spectrometer.

The purity of final compounds was determined by analytical HPLC
and was found to be ≥95% pure. Analysis was performed on a Waters
Acquity UPLC system equipped with a Waters Acquity photodiode
array detector and a LCT premier TOF MS detector under the
following conditions: column, Acquity BEH C18 (1.7 μm, 2.1 mm ×
50 mm); solvent A, H2O containing 0.05% formic acid; solvent B,
CH3CN containing 0.05% formic acid; gradient, 5% B to 95% B over
5 min; flow rate, 0.6 mL/min. Purity data for target compounds are
provided in the Experimental Section.

N-(N-(2-(1H-Indol-3-yl)ethyl)carbamimidoyl)-2,5-difluoro-
benzenesulfonamide (1). A mixture of tryptamine hydrochloride 4
(20 mg, 0.10 mmol) and 1H-pyrazole-1-carboximidamide hydro-
chloride 5 (18 mg, 0.12 mmol) in CH3CN (2 mL) was treated with
DIEA (52 μL, 0.30 mmol) under argon. The resulting reaction
mixture was stirred at room temperature (23 °C) for 16−20 h;
progress of the reaction was monitored by LC−MS. Solvent and other
volatiles were removed under reduced pressure, and the residue was
dried under high vacuum. The crude product 6 was dissolved in
acetone (2 mL) and treated with 2,5-difluorobenzene sulfonyl
chloride (21 mg, 0.10 mmol) and NaOH (8 mg, 0.20 mmol). The
reaction mixture was stirred at room temperature for 12 h and then
concentrated under reduced pressure. The residue was purified by
reversed-phase flash chromatography, eluting with H2O and CH3CN
both containing 0.1% TFA (90:10 to 10:90), to give compound 1 (13
mg, 35% yield over two steps) as a viscous oil. 1H NMR (400 MHz,
methanol-d4): δ 7.4 (ddd, J = 7.8, 5.4, 3.2 Hz, 1H), 7.4 (dt, J = 8.0, 1.0
Hz, 1H), 7.3−7.2 (m, 2H), 7.1 (td, J = 9.2, 4.1 Hz, 1H), 7.0 (ddd, J =
8.1, 7.0, 1.2 Hz, 1H), 7.0 (s, 1H), 6.9 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
3.3 (t, J = 7.2 Hz, 2H), 2.9 (t, J = 7.2 Hz, 2H); 13C NMR (101 MHz,
methanol-d4): δ 162.0, 159.0 (dd, J = 245.4, 2.5 Hz), 156.0 (dd, J =
249.8, 2.7 Hz), 138.1, 128.3, 123.8, 122.3, 122.1 (dd, J = 24.5, 8.9
Hz), 119.6, 119.5 (dd, J = 24.7, 8.2 Hz), 119.0, 117.2 (d, J = 27.1 Hz),
112.3, 112.2, 44.7, 26.9; HRMS m/z: [M + H]+ calcd for
C17H17F2N4O2S, 379.1040; found, 379.1043. Purity > 99%.
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General Procedure for the Synthesis of Compound 2 and
Analogues. 1-(1-(4-Acetylpiperazine-1-carbonyl)cyclohexyl)-3-(p-
tolyl)urea (2). A solution of amino acid 7 (143 mg, 1.0 mmol) in
THF−H2O mixture (1:1) (8 mL) was treated with NaOH (80 mg,
2.0 mmol) and di-tert-butyl dicarbonate (262 mg, 1.2 mmol). The
resulting reaction mixture was stirred at room temperature (23 °C)
for 16 h; progress of the reaction monitored by TLC. Upon
completion, the reaction mixture was concentrated to half the original
volume, acidified to pH ≈ 2 using aqueous 1 N HCl, and extracted
with CH2Cl2. The organic layer was dried over MgSO4 and
concentrated to yield the N-Boc-protected amino acid 8.
The abovementioned crude product 8 (243 mg, 1.0 mmol) was

dissolved in CH2Cl2 (10 mL) and treated with HATU (570 mg, 1.5
mmol) and DIEA (0.35 mL, 2.0 mmol) under argon. The mixture was
stirred for 10−15 min at room temperature and then treated with N-
acetylpiperazine (256 mg, 2.0 mmol). After stirring at room
temperature for 16 h, the reaction mixture was concentrated under
reduced pressure. The residue was purified by flash chromatography
on silica gel, eluting with CH2Cl2 and MeOH (100:0 to 90:10), to
yield intermediate 11 (265 mg, 75%) as a white solid.
A solution of compound 11 (35 mg, 0.10 mmol) from the

abovementioned step in CH2Cl2 (2 mL) was treated with TFA (1
mL) at room temperature. After stirring for 1 h, the reaction mixture
was concentrated under reduced pressure, and the excess TFA was
removed azeotropically with toluene. The crude product was
dissolved in CH2Cl2 (2 mL) and treated with DIEA (52 μL, 0.30
mmol) and p-tolyl isocyanate (20 mg, 0.15 mmol). The reaction
mixture was stirred at room temperature for 8 h and then
concentrated under reduced pressure. The residue was purified by
reversed-phase flash chromatography, eluting with H2O and CH3CN
both containing 0.1% TFA (90:10 to 10:90), to provide compound 2
(29 mg, 75% yield) as an off-white solid. 1H NMR (400 MHz,
DMSO-d6): δ 8.39 (s, 1H), 7.22 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.2
Hz, 2H), 6.52 (s, 1H), 3.58 (broad s, 4H), 3.37−3.29 (m, 4H), 2.20
(s, 3H), 1.95 (s, 3H), 1.92 (broad s, 2H), 1.74−1.63 (m, 2H), 1.61−
1.52 (m, 3H), 1.51−1.39 (m, 2H), 1.28−1.14 (m, 1H); 13C NMR
(101 MHz, DMSO-d6): δ 171.6, 168.3, 153.4, 137.6, 130.0, 129.1,
117.6, 57.7, 45.6, 40.8, 32.6, 24.9, 21.2, 21.0, 20.3; HRMS m/z: [M +
H]+ calcd for C21H31N4O3, 387.2396; found, 387.2390. Purity > 99%.
General Procedure for the Synthesis of Compound 3 and

Ana logues . 4 -Me thoxy - 3 - (N - ( 2 - ( p i p e r i d i n - 1 - y l ) - 5 -
(trifluoromethyl)phenyl)sulfamoyl)benzoic Acid (3). A solution of
1-fluoro-2-nitro-4-(trifluoromethyl)benzene 24 (210 mg, 1.0 mmol)
and piperidine (85 mg, 1.0 mmol) in DMF (6 mL) was treated with
K2CO3 (276 mg, 2.0 mmol). The resulting reaction mixture was
heated at 120 °C for 6 h, cooled to room temperature, and extracted
with EtOAc. The organic portion was washed with saturated aqueous
NaCl solution, dried over MgSO4, and evaporated under reduced
pressure. The residue was dissolved in EtOH (8 mL), SnCl2·2H2O
(378 mg, 2.0 mmol) was added, and the mixture was heated at 70 °C
for 1 h. The reaction mixture was cooled to ambient temperature,
treated with saturated aqueous NaHCO3 solution, and extracted with
EtOAc (2×). The combined organic portion was washed with
saturated aqueous NaCl solution, dried over MgSO4, filtered, and
evaporated. The residue was purified by flash chromatography on
silica gel, eluting with CH2Cl2/MeOH, to provide the aniline 32 (192
mg, 79%, over two steps) as an off-white solid.
Thionyl chloride (0.5 mL, excess) was added to 3-(chlorosulfonyl)-

4-methoxybenzoic acid (25 mg, 0.10 mmol) under argon. The
reaction mixture was stirred at room temperature for 16 h, quenched
with methanol, and stirred for an additional 2 h. The reaction mixture
was concentrated under reduced pressure, and the residue was dried
under high vacuum for several hours to provide sulfonyl chloride 37,
which was used as such in the next reaction.
The substituted aniline 32 (24 mg, 0.10 mmol) and crude sulfonyl

chloride 37 (25 mg, 0.10 mmol) were dissolved in pyridine (1 mL),
and the resulting reaction mixture was stirred at room temperature for
12−16 h. Progress of the reaction was monitored by TLC, and upon
completion, the reaction mixture was diluted with EtOAc and washed
with aqueous 1 N HCl. The organic layer was dried over MgSO4 and

concentrated to dryness. The residue was dissolved in the THF−H2O
(1:1) (2 mL) mixture and treated with LiOH·H2O (10 mg, 0.24
mmol). The reaction mixture was stirred vigorously at room
temperature for 6−8 h. Solvents were removed under reduced
pressure, and the residue was purified by reversed-phase flash
chromatography, eluting with H2O and CH3CN (both containing
0.1% TFA), to provide compound 3 (16 mg, 35% over two steps) as a
solid. 1H NMR (500 MHz, DMSO-d6): δ 13.20 (s, 1H), 8.77 (s, 1H),
8.36 (d, J = 2.2 Hz, 1H), 8.15 (dd, J = 8.7, 2.2 Hz, 1H), 7.44 (d, J =
2.0 Hz, 1H), 7.38−7.29 (m, 3H), 3.92 (s, 3H), 2.82−2.72 (m, 4H),
1.73−1.62 (m, 4H), 1.59−1.50 (m, 2H); 13C NMR (126 MHz,
DMSO-d6): δ 165.7, 159.4, 147.5, 136.7, 132.1, 131.5, 125.7, 124.2
(q, J = 32.1 Hz), 123.9 (q, J = 270.4 Hz), 122.9, 122.0, 121.4 (d, J =
4.1 Hz), 114.7 (q, J = 3.9 Hz), 113.4, 57.0, 52.6, 25.8, 23.4; 19F NMR
(471 MHz, DMSO-d6): δ −61.1; HRMS m/z: [M + H]+ calcd for
C20H22F3N2O5S, 459.1202; found, 459. Purity > 99%.

1-(1-(4-Acetylpiperazine-1-carbonyl)cyclohexyl)-3-(4-
chlorophenyl)urea (16). The title compound was synthesized
following the general procedure described above for compound 2.
Off-white solid (8 mg, 73% yield). 1H NMR (400 MHz, DMSO-d6):
δ 8.63 (s, 1H), 7.37 (d, J = 9.1 Hz, 2H), 7.26 (d, J = 9.1 Hz, 2H), 6.62
(s, 1H), 3.59 (broad s, 4H), 3.42−3.28 (m, 4H), 1.96 (s, 3H), 1.92 (s,
2H), 1.68 (t, J = 13.6 Hz, 2H), 1.62−1.52 (m, 3H), 1.51−1.37 (m,
2H), 1.30−1.12 (m, 1H); 13C NMR (101 MHz, DMSO-d6): δ 171.5,
168.3, 153.1, 139.1, 128.6, 124.7, 119.0, 57.7, 45.6, 40.8, 32.5, 24.9,
21.2, 21.0; HRMS m/z: [M + H]+ calcd for C20H28ClN4O3, 407.1850;
found, 407.1843.

1-(1-(4-Acetylpiperazine-1-carbonyl)cyclohexyl)-3-(4-
methoxyphenyl)urea (17). The title compound was synthesized
following the general procedure described above for compound 2.
Off-white solid (25 mg, 65% yield). 1H NMR (400 MHz, DMSO-d6):
δ 8.33 (s, 1H), 7.26 (d, J = 9.0 Hz, 2H), 6.82 (d, J = 9.2 Hz, 2H), 6.49
(s, 1H), 3.70 (s, 3H), 3.59 (broad s, 4H), 3.39−3.31 (m, 4H), 1.97 (s,
3H), 1.93 (broad s, 2H), 1.69 (t, J = 11.9 Hz, 2H), 1.62−1.52 (m,
3H), 1.51−1.39 (m, 2H), 1.29−1.13 (m, 1H); 13C NMR (101 MHz,
DMSO-d6): δ 171.7, 168.3, 154.0, 153.5, 133.2, 119.1, 113.9, 57.6,
55.1, 45.6, 32.6, 28.8, 24.9, 21.1, 21.0; HRMS m/z: [M + H]+ calcd
for C21H31N4O4, 403.2345; found, 403.2352.

1-(1-(4-Acetylpiperazine-1-carbonyl)cyclohexyl)-3-(4-
fluorophenyl)urea (18). The title compound was synthesized
following the general procedure described above for compound 2.
Off-white solid (20 mg, 71% yield). 1H NMR (400 MHz, methanol-
d4): δ 7.37−7.29 (m, 2H), 7.02−6.95 (m, 2H), 3.76 (broad s, 4H),
3.58−3.47 (m, 4H), 2.15−2.03 (m, 5H), 1.93−1.80 (m, 2H), 1.76−
1.49 (m, 5H), 1.41−1.25 (m, 1H); 13C NMR (101 MHz, methanol-
d4): δ 174.8, 171.9, 159.9 (d, J = 240 Hz), 156.0, 136.7, 121.8 (d, J =
7.6 Hz), 116.3 (d, J = 22.6 Hz), 59.9, 47.2, 42.6, 34.2, 26.3, 22.5, 21.1;
HRMS m/z: [M + H]+ calcd for C20H28FN4O3, 391.2145; found,
391.2147.

1-(1-(4-Acetylpiperazine-1-carbonyl)cyclohexyl)-3-phenylurea
(19). The title compound was synthesized following the general
procedure described above for compound 2. Off-white solid (35 mg,
70% yield). 1H NMR (400 MHz, methanol-d4): δ 7.37−7.29 (m,
2H), 7.29−7.18 (m, 2H), 7.01−6.92 (m, 1H), 3.77 (broad s, 4H),
3.59−3.46 (m, 4H), 2.10 (s, 2H), 2.07 (s, 3H), 1.93−1.79 (m, 2H),
1.74−1.64 (m, 3H), 1.63−1.50 (m, 2H), 1.41−1.25 (m, 1H); 13C
NMR (101 MHz, MeOD-d4): δ 174.8, 171.9, 156.0, 140.6, 129.9,
123.6, 119.9, 59.9, 47.2, 42.5, 34.2, 26.3, 22.5, 21.1; HRMS m/z: [M
+ H]+ calcd for C20H29N4O3, 373.2240; found, 373.2242.

1-(1-(Morpholine-4-carbonyl)cyclohexyl)-3-(p-tolyl)urea (20).
The title compound was synthesized following the general procedure
described above for compound 2. Off-white solid (18 mg, 68% yield).
1H NMR (400 MHz, DMSO-d6): δ 8.34 (s, 1H), 7.24 (d, J = 8.3 Hz,
2H), 7.03 (d, J = 8.3 Hz, 2H), 6.48 (s, 1H), 3.57 (s, 4H), 3.50−3.42
(m, 4H), 2.21 (s, 3H), 1.93 (d, J = 13.5 Hz, 2H), 1.75−1.61 (m, 2H),
1.61−1.51 (m, 3H), 1.50−1.36 (m, 2H), 1.27−1.12 (m, 1H); 13C
NMR (101 MHz, DMSO-d6): δ 171.5, 153.3, 137.6, 129.9, 129.1,
117.6, 66.1, 57.6, 40.4, 32.6, 24.9, 21.0, 20.3; HRMS m/z: [M + H]+

calcd for C19H28N3O3, 346.2131; found, 346.2138.
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1-(1-(4-Phenylpiperazine-1-carbonyl)cyclohexyl)-3-(p-tolyl)urea
(21). The title compound was synthesized following the general
procedure described above for compound 2. Off-white solid (20 mg,
68% yield). 1H NMR (400 MHz, DMSO-d6): δ 7.25−7.13 (m, 4H),
6.99 (d, J = 8.1 Hz, 2H), 6.86 (d, J = 8.2 Hz, 2H), 6.76 (t, J = 7.2 Hz,
1H), 3.73 (s, 4H), 3.12−2.96 (m, 4H), 2.18 (s, 3H), 1.97 (d, J = 13.4
Hz, 2H), 1.79−1.65 (m, 2H), 1.63−1.40 (m, 5H), 1.32−1.12 (m,
1H); 13C NMR (101 MHz, DMSO-d6): δ 171.4, 153.3, 150.8, 137.5,
129.9, 129.0, 128.8, 119.1, 117.6, 117.5, 115.6, 57.6, 48.5, 32.6, 24.9,
21.0, 20.2; HRMS m/z: [M + H]+ calcd for C25H33N4O2, 421.2604;
found, 421.2607.
1-(1-(4-Acetylpiperazin-1-yl)-2-methyl-1-oxopropan-2-yl)-3-(p-

tolyl)urea (22). The title compound was synthesized following the
general procedure described above for compound 2. Off-white solid
(22 mg, 67% yield). 1H NMR (400 MHz, DMSO-d6): δ 8.28 (s, 1H),
7.22 (d, J = 8.3 Hz, 2H), 7.01 (d, J = 8.3 Hz, 2H), 6.63 (s, 1H), 3.58
(s, 4H), 3.42−3.28 (m, 4H), 2.20 (s, 3H), 1.96 (s, 3H), 1.39 (s, 6H);
13C NMR (101 MHz, DMSO-d6): δ 171.3, 168.3, 153.8, 137.6, 130.0,
129.0, 117.8, 55.5, 45.6, 40.8, 40.4, 26.5, 21.2, 20.3; HRMS m/z: [M
+ H]+ calcd for C18H27N4O3, 347.2083; found, 347.2080.
1-(1-(4-Acetylpiperazine-1-carbonyl)cyclopropyl)-3-(p-tolyl)urea

(23). The title compound was synthesized following the general
procedure described above for compound 2. Off-white solid (13 mg,
60% yield). 1H NMR (400 MHz, DMSO-d6): δ 8.18 (s, 1H), 7.24 (d,
J = 8.2 Hz, 2H), 7.09 (s, 1H), 7.02 (d, J = 8.2 Hz, 2H), 3.65−3.47 (m,
4H), 3.45−3.35 (m, 4H), 2.21 (s, 3H), 2.00 (s, 3H), 1.25−1.14 (m,
2H), 1.00−0.86 (m, 2H); 13C NMR (101 MHz, DMSO-d6): δ 169.4,
168.5, 154.9, 154.8, 137.3, 130.3, 129.0, 118.1, 118.0, 45.5, 34.6, 21.2,
20.2, 13.9; HRMS m/z: [M + H]+ calcd for C18H25N4O3, 345.1927;
found, 345.1928.
4-Chloro-3-(N-(2-(piperidin-1-yl)-5-(trifluoromethyl)phenyl)-

sulfamoyl)benzoic Acid (41). The title compound was synthesized
following the general procedure described above for compound 3.
Viscous oil (20 mg, 32% yield). 1H NMR (500 MHz, DMSO-d6): δ
8.44 (s, 1H), 8.13 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 7.44
(d, J = 7.7 Hz, 1H), 7.35 (s, 1H), 7.30 (d, J = 8.4 Hz, 1H), 2.75
(broad s, 4H), 1.54 (broad s, 4H), 1.46 (broad s, 2H); 13C NMR
(126 MHz, DMSO-d6): δ 165.6, 150.3, 137.7, 135.5, 135.4, 133.2,
131.9, 131.4, 130.7, 125.4, 124.3 (q, J = 271.6 Hz), 123.4, 122.6,
119.2, 53.0, 25.9, 23.8; 19F NMR (471 MHz, DMSO-d6): δ −60.9;
HRMS m/z: [M + H]+ calcd for C19H19ClF3N2O4S, 463.0706; found,
463.0712.
4-Bromo-3-(N-(2-(piperidin-1-yl)-5-(trifluoromethyl)phenyl)-

sulfamoyl)benzoic Acid (42). The title compound was synthesized
following the general procedure described above for compound 3.
Off-white solid (15 mg, 20% yield). 1H NMR (500 MHz, DMSO-d6):
δ 8.53−8.46 (s, 1H), 8.05−7.95 (m, 2H), 7.45−7.25 (m, 3H), 2.82−
2.68 (broad s, 4H), 1.65−1.52 (broad s, 4H), 1.51−1.40 (broad s,
2H); 13C NMR (126 MHz, DMSO-d6): δ 165.8, 149.4, 139.1, 136.8,
135.2, 132.1, 131.6, 131.3, 124.5, 124.3 (q, J = 271.5 Hz), 123.2,
123.0, 122.6, 117.9, 53.0, 25.9, 23.8; 19F NMR (471 MHz, DMSO-
d6): δ −61.1; HRMS m/z: [M + H]+ calcd for C19H19BrF3N2O4S,
507.0201; found, 507.0205.
3-(N-(2-(Piperidin-1-yl)-5-(trifluoromethyl)phenyl)sulfamoyl)-

benzoic Acid (43). The title compound was synthesized following the
general procedure described above for compound 3. Solid (45 mg,
30% yield). 1H NMR (500 MHz, DMSO-d6): δ 8.38 (s, 1H), 8.08 (d,
J = 7.7 Hz, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H),
7.40 (s, 1H), 7.22 (d, J = 8.5 Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H), 2.69
(broad s, 4H), 1.57 (broad s, 4H), 1.44 (broad s, 2H); 13C NMR
(126 MHz, DMSO-d6): δ 167.9, 149.7, 141.9, 139.5, 135.0, 133.1,
128.6, 128.0, 127.6, 124.8 (q, J = 271.5 Hz), 123.6, 123.3, 120.9,
118.3, 52.5, 25.9, 24.1; 19F NMR (471 MHz, DMSO-d6): δ −60.5;
HRMS m/z: [M + H]+ calcd for C19H20F3N2O4S, 429.1096; found,
429.1098.
4-Methoxy-3-(N-(5-methyl-2-(piperidin-1-yl)phenyl)sulfamoyl)-

benzoic Acid (44). The title compound was synthesized following the
general procedure described above for compound 3. Solid (23 mg,
20% yield). 1H NMR (500 MHz, DMSO-d6): δ 13.20 (s, 1H), 8.56
(s, 1H), 8.38 (d, J = 2.2 Hz, 1H), 8.13 (dd, J = 8.7, 2.2 Hz, 1H), 7.30

(d, J = 8.8 Hz, 1H), 7.13−7.05 (m, 2H), 6.81−6.74 (m, 1H), 3.95 (s,
3H), 2.63−2.60 (m, 4H), 2.12 (s, 3H), 1.70−1.63 (m, 4H), 1.53
(broad s, 2H); 13C NMR (126 MHz, DMSO-d6): δ 165.8, 159.4,
140.3, 136.5, 134.3, 132.0, 131.6, 125.7, 124.4, 122.7, 121.8, 116.5,
113.4, 57.1, 53.5, 26.4, 23.4, 20.9; HRMS m/z: [M + H]+ calcd for
C20H25N2O5S, 405.1484; found, 405.1479.

3-(N-(5-Fluoro-2-(piperidin-1-yl)phenyl)sulfamoyl)-4-methoxy-
benzoic Acid (45). The title compound was synthesized following the
general procedure described above for compound 3. Solid (35 mg,
33% yield). 1H NMR (500 MHz, DMSO-d6): δ 13.26 (s, 1H), 8.74
(s, 1H), 8.38 (d, J = 2.2 Hz, 1H), 8.16 (dd, J = 8.7, 2.2 Hz, 1H), 7.33
(d, J = 8.8 Hz, 1H), 7.29 (dd, J = 8.8, 5.8 Hz, 1H), 7.04 (dd, J = 10.6,
3.0 Hz, 1H), 6.82 (td, J = 8.6, 3.0 Hz, 1H), 3.97 (s, 3H), 2.66−2.61
(m, 4H), 1.72−1.64 (m, 4H), 1.53 (s, 2H); 13C NMR (126 MHz,
DMSO-d6): δ 165.7, 159.4, 158.9 (d, J = 240.8 Hz), 139.0 (d, J = 2.7
Hz), 136.8, 133.7 (d, J = 11.4 Hz), 131.5, 125.4, 124.0, 123.9 (d, J =
9.8 Hz), 113.6, 110.0 (d, J = 22.0 Hz), 103.1 (d, J = 28.0 Hz), 57.2,
53.5, 26.3, 23.4; HRMS m/z: [M + H]+ calcd for C19H22FN2O5S,
409.1233; found, 409.1238.

4-Methoxy-3-(N-(2-(piperidin-1-yl)phenyl)sulfamoyl)benzoic
Acid (46). The title compound was synthesized following the general
procedure described above for compound 3. Solid (45 mg, 30%
yield). 1H NMR (500 MHz, DMSO-d6): δ 13.22 (s, 1H), 8.60 (s,
1H), 8.38 (d, J = 2.2 Hz, 1H), 8.13 (dd, J = 8.7, 2.2 Hz, 1H), 7.30 (d,
J = 8.8 Hz, 1H), 7.26−7.19 (m, 2H), 7.02−6.94 (m, 2H), 3.96 (s,
3H), 2.71−2.64 (m, 4H), 1.72−1.65 (m, 4H), 1.57−1.50 (m, 2H);
13C NMR (126 MHz, DMSO-d6): δ 165.8, 159.4, 142.9, 136.5, 132.1,
131.6, 125.8, 125.1, 123.9, 122.8, 121.9, 116.0, 113.4, 57.1, 53.3, 26.3,
23.5; HRMS m/z: [M + H]+ calcd for C19H23N2O5S, 391.1328;
found, 391.1332.

Methyl 4-Methoxy-3-(N-(2-(piperidin-1-yl)-5-(trifluoromethyl)-
phenyl)sulfamoyl)benzoate (47). The title compound was synthe-
sized following the general procedure described above for compound
3. Viscous oil (25 mg, 30% yield). 1H NMR (500 MHz, DMSO-d6): δ
8.80 (s, 1H), 8.36 (s, 1H), 8.18 (d, J = 8.7 Hz, 1H), 7.44 (s, 1H),
7.39−7.29 (m, 3H), 3.93 (s, 3H), 3.85 (s, 3H), 2.76 (broad s, 4H),
1.65 (broad s, 4H), 1.53 (broad s, 2H); 13C NMR (126 MHz,
DMSO-d6): δ 165.1, 160.2, 154.9, 148.2, 137.0, 135.2, 132.4, 131.7,
126.5, 124.9 (q, J = 271.5 Hz), 122.5, 122.0, 115.6 (q, J = 4 Hz),
114.1, 57.5, 53.0, 52.8, 26.2, 23.9; 19F NMR (471 MHz, DMSO-d6): δ
−61.1; HRMS m/z: [M + H]+ calcd for C21H24F3N2O5S, 473.1358;
found, 473.1363.

4-Methoxy-3-(N-methyl-N-(2-(piperidin-1-yl)-5-(trifluoromethyl)-
phenyl)sulfamoyl)benzoic Acid (49). The title compound was
synthesized by treating compound 47 (46 mg, 0.10 mmol) with
NaH (6.5 mg, 0.15 mmol) and methyl iodide (0.075 mL, 0.12 mmol)
in DMF (2 mL) at room temperature for 18 h. The methyl ester was
hydrolyzed using the method described above for compound 3 and
afforded compound 49 (13 mg, 25% yield over two steps) as a viscous
oil. 1H NMR (500 MHz, DMSO-d6): δ 8.25−8.19 (m, 2H), 7.53 (d, J
= 8.4 Hz, 1H), 7.44 (d, J = 9.3 Hz, 1H), 7.20 (d, J = 8.6 Hz, 1H), 7.01
(s, 1H), 3.99 (s, 3H), 3.28 (s, 3H), 3.06 (broad s, 4H), 1.60 (broad s,
4H), 1.53 (broad s, 2H); 13C NMR (126 MHz, DMSO-d6): δ 166.3,
160.1, 154.2, 136.7, 134.3, 132.5, 128.1, 126.0, 125.5, 124.4 (q, J =
271.0 Hz), 123.6, 123.3, 121.8, 114.0, 57.1, 51.9, 37.9, 26.1, 24.2; 19F
NMR (471 MHz, DMSO-d6): δ −60.5; HRMS m/z: [M + H]+ calcd
for C21H24F3N2O5S, 473.1358; found, 473.1355.

4-Methoxy-3-(N-(2-(4-methylpiperazin-1-yl)-5-(trifluoromethyl)-
phenyl)sulfamoyl)benzoic Acid (50). The title compound was
synthesized following the general procedure described above for
compound 3. Solid (10 mg, 25% yield). 1H NMR (500 MHz, DMSO-
d6): δ 8.36 (s, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.44 (s, 1H), 7.11 (s,
2H), 7.01 (d, J = 8.6 Hz, 1H), 3.77 (s, 3H), 2.85 (broad s, 4H), 2.48−
2.40 (broad s, 4H), 2.20 (s, 3H); 13C NMR (126 MHz, DMSO-d6): δ
163.4, 159.4, 144.4, 135.3, 134.2, 130.7, 127.2, 126.1, 124.0 (q, J =
272 Hz) 123.9, 122.5, 120.6, 116.1, 112.2, 55.8, 53.2, 48.4, 42.3; 19F
NMR (471 MHz, DMSO-d6): δ −60.6; HRMS m/z: [M + H]+ calcd
for C20H23F3N3O5S, 474.1311; found, 474.1315.

Protein Expression and Purification. Human ERAP1, human
ERAP2, and mouse IRAP were expressed recombinantly by
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baculoviral infection of High Five (BTA-TN-5B1-4) Trichoplusia ni
insect cells grown in SFX serum-free media (Hyclone). ERAP1
corresponds to UniProtKB Q9NZ08 with three different sets of allelic
variants (see Figure 10B). ERAP2 corresponds to UniProtKB
Q6P179 with Asn392. IRAP corresponds to the luminal domain of
UniProtKB Q8C129. Expression constructs for ERAP1, ERAP2, and
IRAP contain the endogenous signal sequences for ER translocation
and an additional C-terminal 6xHis tag. Three days after infection by
mixing cells (7 × 105 cells per mL) with 1% (v/v) virus preparation,
the culture supernatant was collected by centrifugation and
concentrated and buffer exchanged >100-fold into binding buffer
(50 mM phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole). After
filtration, His-tagged protein was captured and eluted from Ni-
nitrilotriacetate-agarose resin (Qiagen) in buffer containing 100 mM
imidazole. Enzyme stocks were characterized by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis, and by measuring
L-AMC (Acros Organics) hydrolysis by ERAP1 and IRAP, or R-AMC
(Sigma-Aldrich) hydrolysis activity by ERAP2.
MLPCN Library Screen. HTS reaction conditions were 7 μL per

well in 1536-well plate format. Reactions were carried out using 20
mM Tris pH 7.5, 100 mM NaCl, 0.01% (w/v) bovine serum albumin
(BSA), 0.4% (v/v) DMSO, 1 ng/μL enzyme, and 10.7 μM substrate.
After mixing, plates were incubated for 1 h at room temperature, and
then, fluorescence emission was measured at 450 nm with 380 nm
excitation. Z′-scores ranged from 0.8 to 0.94, using 100 μM
leucinethiol (Sigma-Aldrich) as a positive control for inhibition.
Fluorogenic and Chromogenic Amino Acid Hydrolysis

Assays. For fluorogenic amino acids L-AMC and R-AMC assays,
reactions were carried out in 100 μL per well in black flat-bottom 96-
well polypropylene plates (Greiner Bio-One) in 20 mM Tris-HCl pH
7.5, 100 mM NaCl, 0.01% (w/v) BSA. Enzyme (400 ng ERAP1, 12.5
ng ERAP2 or 40 ng IRAP per well) and hit compounds (200−0.012
μM, 4-fold dilutions were used) were mixed, and then, substrate (final
concentration 100 μM L-AMC for ERAP1 and IRAP, 10 μM R-AMC
for ERAP2) was added to start the reaction. Fluorescence at 380/460
nm was measured using a BMG POLARstar OPTIMA once every 10
min starting after addition of the substrate. Reaction rates were
quantified by calculating the rate of fluorescence change. Each plate
contained controls with DMSO alone, or with 100 μM each
leucinethiol and DTT. All reactions were normalized using these
two conditions as 100 and 0% activity, respectively. To half-maximal
inhibitory or activating concentrations, normalized data points were
fit with a sigmoidal curve constrained to 100% (top) for inhibitors or
100% (bottom) for activators. ERAP1 allelic variants were tested and
analyzed identically.
Peptide Hydrolysis Assay. For measurement of peptide

hydrolysis using mass spectrometry, reactions were carried out in
50 μL volumes in 96 well V-bottom plate format with 20 mM Tris-
HCl pH 7.5, 100 mM NaCl, 0.01% (w/v) BSA. Purified ERAP1 (20
ng/well) and hit compounds (200−0.048 μM, 4-fold dilutions) were
mixed, and then, the substrate peptide (WRCYEKMALK, 10 μM final
concentration, synthesized by 21st Century Biochemicals) was added
to start the reaction. After 10 min, the reaction was stopped by
addition of 25 μL 1.2% TFA. Product peptide (RCYEKMALK) was
quantified using RapidFire LC−MS (Agilent, Pure Honey Tech-
nologies) by summing the area under the curve. Each plate contained
controls with DMSO alone, or with TFA stop solution added prior to
adding ERAP1. All reactions were normalized using these two
conditions as 100 and 0% activity, respectively. IC50 was determined
by fitting normalized data points with a sigmoidal curve constrained
to 100% (top) for inhibitors or 100% (bottom) for activators.
For measurements of peptide hydrolysis using coupled enzyme

assay, ERAP1 (400 ng/well) and compound 3 (0−25 μM, 2-fold
dilutions) were mixed, and then, the substrate LF9 peptide
(LVAFKARKF)5 at a series of concentrations (160−1.25 μM, 2-
fold dilutions) along with 25 μL of coupling reagent was added to
start the reaction. The coupling reagent (25 μL) consisted 131.7 ng
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS, Sigma),
15 ng horseradish peroxidase (HRP, Sigma), and 21 ng L-amino acid
oxidase (Sigma) in 20 mM Tris-HCl pH 7.5, 100 mM NaCl and is

prepared 10 min before starting the reaction. In this assay, the N-
terminal Leu released from LF9 peptide upon hydrolysis by ERAP1 is
oxidized by L-amino acid oxidase to α-ketoisocaproic acid, releasing
hydrogen peroxide which is a substrate for HRP. HRP uses the
hydrogen peroxide to oxidize ABTS that absorbs at 405 nm. After
starting the reaction, absorbance at 405 nm was measured once every
2.5 min for 20 min. Reaction rates were quantified by calculating the
rate of absorbance change over the time course, which was linear
under these conditions. Michaelis−Menten analysis was performed by
fitting the slopes as function of substrate concentration in standard
Michaelis−Menten equation using GraphPad Prism using the
equation, Y = VmaxX/(Km + X), where Y is the initial reaction rate,
Vmax is the maximum enzyme velocity, X is the substrate
concentration, and Km is the substrate concentration needed to
achieve half maximum enzyme velocity.

Enzyme Inhibitor Mode of Action Studies. For mode of action
studies, enzyme kinetics experiments were performed by measuring
the rate of hydrolysis of the L-leucine-p-nitroanilide (L-pNA), a
chromogenic substrate, at different substrate concentrations in the
absence and presence of compounds 1 (200−3.125 μM, 4-fold
dilution), 2 (25−3.125 μM, 2-fold dilution), and 3 (12−0.195 μM, 4-
fold dilution) under same assay conditions as L-AMC hydrolysis. L-
pNA was used rather than L-AMC to allow for investigation of a range
of substrate concentrations that would be precluded by inner filter
and fluorescence quenching effects in fluorescence assay. The
measurements were performed on the BMG POLARstar OPTIMA
plate reader, and initial reaction rates were calculated for all substrate
concentrations from slopes obtained over a time course of 5−10 min.
Initial rates were fit to an allosteric (cooperative) sigmoid model,
using GraphPad Prism software, according to the equation Y =
(VmaxX

h)/(Kprime + Xh), where X is the substrate concentration, Y is
the initial reaction rate, Vmax is the reaction rate at infinite time, and h
is the Hill coefficient. Kprime is a parameter related to Km and is
calculated with the equation Kprime = Khalf

h, where Khalf is the
concentration of the substrate that produces a half-maximal enzyme
velocity. For competitive mode of action of inhibitors 1 and 2, the
complete data set of initial rates of L-pNA hydrolysis at different
inhibitor concentrations were fit to a competitive allosteric inhibition
model, using GraphPad Prism software using the equation Y =
VmaxX

h/(Khalf
h(1 + Ih/Ki

h) + Xh), where I is inhibitor concentration
and Ki is the inhibition constant, while Y, h, Kprime, Khalf, and Vmax are
the same as described for the allosteric sigmoidal model. For mode of
action of analysis of compound 3 (25−1.56 μM, 2-fold dilution), the
complete data set of slopes and substrate concentrations for the LF9
peptide (160−1.25 μM, 2-fold dilutions) hydrolysis reaction in the
presence and absence of the inhibitor were fit to competitive
inhibition equation using GraphPad Prism, Y = VmaxX/(KmObs + X),
where KmObs = Km(1 + [I]/Ki), I is inhibitor concentration, and Ki is
the inhibition constant, while Y, X, Vmax, and Km are the same as
described before.

In Silico Docking. Compound structures with appropriate
geometry were generated initially using the PRODRG server.71

Docking simulations and energy minimization was performed using
Schrödinger Maestro software package.72 Compound structures were
prepared for docking using LigPrep (pH 7.5 ± 0.5) and docked using
Glide onto either a closed structure of ERAP1 allele II based on PDB
ID 2YD053 or an open structure of ERAP1 allele IV based on PDB ID
6MGQ which were both prepared for ligand docking using Prime. A
search volume encompassing the entire enclosed surface of ERAP1
concurrent with the active site was used (ligand diameter midpoint
search volume 40 Å × 40 Å × 40 Å). Compounds 1 and 2 were
docked without any excluded volume. Compound 3 docking enforced
a 6 Å spherical exclusion volume centered on the active-site zinc atom,
as this compound is known to activate short substrate hydrolysis;
therefore, the active site is likely not occluded upon binding of
compound 3. Docking solutions were then inspected, and one
solution per compound was selected for further energy minimization
using Embrace, using the OPLS3 force field, PRCG method, 2500
maximum iterations, converge on gradient, a convergence threshold of
0.05, and the energy difference mode.
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Cellular Antigen Processing Assay. HeLa cells stably
expressing H-2 Kb were grown to 90% confluency in 24 well plates
and infected with recombinant vaccinia virus containing a cassette to
express the ovalbumin epitope SIINFEKL at the C-terminus of
ubiquitin or a cassette which contains the same epitope preceded by
an ER translocation signal sequence and the sequence LEQLE, which
are immediately N-terminal to the SIINFEKL epitope in the
ovalbumin sequence. Both viral strains also express GFP with an
IRES translation start site in frame with the SIINFEKL epitope. At the
time of infection, cells were treated with the inhibitor. After 16−24 h,
the cells were pipetted off the plate and stained with 25D1 antibody
specific for SIINFEKL in complex with H-2 Kb, followed by Alexa
Fluor 647-goat anti mouse secondary antibody (Thermo Fisher).
Cells were then fixed in 4% formalin and analyzed by flow cytometry
by gating on singlet GFP+ population and quantifying Alexa 647
median fluorescence intensity. Two experiments used 10-fold
dilutions of inhibitors (50 μM, 5 μM, 500 nM, 50 nM, and 5 nM),
and one experiment used 2-fold dilutions in the relevant region (50,
25, 12.5, 6.25, 3.125 μM).
The ERAP1 polymorphisms carried by the HeLa cell line were

determined by DNA sequencing of PCR amplicons surrounding the
polymorphic sites. HeLa cells were washed twice with ice-cold PBS,
and the cell lysates were digested overnight at 55 °C with lysis buffer
[10 mM NaCl, 10 mM Tris-HCl pH 7.5, 10 mM ethylenediaminete-
traacetate (EDTA), 0.5% SDS and 0.4 mg/mL PK]. Genomic DNA
was subjected to phenol/CHCl3 extraction and followed precipitation
with 1/10 vol of 3 M NaOAc and 2 vol of 100% EtOH. After a wash
with 70% EtOH, genomic DNA was resuspended in 10 mM Tris-HCl
5 mM EDTA pH 8.0 and its concentration and purification were
tested by NanoDrop. Each DNA sample (100 ng) was used as the
template for conventional PCR. Forward and reverse primers (5′ to
3′) are AAATGGGTGATGTGTCTGCC & TCAAAAG-
CAAGGTTCCATCC for exon 10, CATGATAGGTGATTTAA-
TAACTGCTTG & TTTTCACATTCCTCCTTGAATTAAC for
exon 11, and TACTGGTCCCTGTTTCCCTG & AAACAGAAAA-
GATGCCCTTCA for exon 14. The PCR products were sent for
sequencing to VBC Biotech in Austria.
Data Analysis. Data fitting was performed using Graphpad Prism

7.73 Structural modeling data were analyzed, and figures were
prepared using PyMOL.74
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Y. S.; Gutieŕrez-de-Terań, H.; Ng, L.; Pham, V.; Sav̈marker, J.;
Lundbac̈k, T.; Jenmalm-Jensen, A.; Andersson, H.; Engen, K.;
Rosenström, U.; Larhed, M.; Åqvist, J.; Chai, S. Y.; Hallberg, M.
Binding to and inhibition of insulin-regulated aminopeptidase by
macrocyclic disulfides enhances spine density. Mol. Pharmacol. 2016,
89, 413−424.
(23) Niwa, M.; Numaguchi, Y.; Ishii, M.; Kuwahata, T.; Kondo, M.;
Shibata, R.; Miyata, K.; Oike, Y.; Murohara, T. IRAP deficiency
attenuates diet-induced obesity in mice through increased energy
expenditure. Biochem. Biophys. Res. Commun. 2015, 457, 12−18.
(24) Park, B. M.; Cha, S. A.; Han, B. R.; Kim, S. H. Angiotensin IV
stimulates high atrial stretch-induced ANP secretion via insulin
regulated aminopeptidase. Peptides 2015, 63, 30−37.
(25) Hammer, G. E.; Gonzalez, F.; Champsaur, M.; Cado, D.;
Shastri, N. The aminopeptidase ERAAP shapes the peptide repertoire
displayed by major histocompatibility complex class I molecules. Nat.
Immunol. 2006, 7, 103−112.
(26) Serwold, T.; Gaw, S.; Shastri, N. ER aminopeptidases generate
a unique pool of peptides for MHC class I molecules. Nat. Immunol.
2001, 2, 644−651.
(27) Umezawa, H.; Aoyagi, T.; Suda, H.; Hamada, M.; Takeuchi, T.
Bestatin, an inhibitor of aminopeptidase B, produced by actino-
mycetes. J. Antibiot. 1976, 29, 97−99.
(28) Aoyagi, T.; Tobe, H.; Kojima, F.; Hamada, M.; Takeuchi, T.;
Umezawa, H. Amastatin, an inhibitor of aminopeptidase A, produced
by actinomycetes. J. Antibiot. 1978, 31, 636−638.
(29) Stratikos, E.; Stern, L. J. Antigenic peptide trimming by ER
aminopeptidases−insights from structural studies. Mol. Immunol.
2013, 55, 212−219.
(30) Taylor, A.; Peltier, C. Z.; Torre, F. J.; Hakamian, N. Inhibition
of bovine lens leucine aminopeptidase by bestatin: number of binding
sites and slow binding of this inhibitor. Biochemistry 1993, 32, 784−
790.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.9b00293
J. Med. Chem. 2020, 63, 103−121

119

http://dx.doi.org/10.1021/acs.jmedchem.9b00293


(31) Wilkes, S. H.; Prescott, J. M. The slow, tight binding of bestatin
and amastatin to aminopeptidases. J. Biol. Chem. 1985, 260, 13154−
13162.
(32) Chan, W. W.-C. L-leucinthiol - a potent inhibitor of leucine
aminopeptidase. Biochem. Biophys. Res. Commun. 1983, 116, 297−302.
(33) Bienvenue, D. L.; Bennett, B.; Holz, R. C. Inhibition of the
aminopeptidase from Aeromonas proteolytica by L-leucinethiol:
kinetic and spectroscopic characterization of a slow, tight-binding
inhibitor-enzyme complex. J. Inorg. Biochem. 2000, 78, 43−54.
(34) Huntington, K. M.; Bienvenue, D. L.; Wei, Y.; Bennett, B.;
Holz, R. C.; Pei, D. Slow-binding inhibition of the aminopeptidase
from Aeromonas proteolytica by peptide thiols: synthesis and
spectroscopic characterization. Biochemistry 1999, 38, 15587−15596.
(35) Papakyriakou, A.; Zervoudi, E.; Theodorakis, E. A.; Saveanu, L.;
Stratikos, E.; Vourloumis, D. Novel selective inhibitors of amino-
peptidases that generate antigenic peptides. Bioorg. Med. Chem. Lett.
2013, 23, 4832−4836.
(36) Stamogiannos, A.; Papakyriakou, A.; Mauvais, F.-X.; van
Endert, P.; Stratikos, E. Screening identifies thimerosal as a selective
inhibitor of endoplasmic reticulum aminopeptidase 1. ACS Med.
Chem. Lett. 2016, 7, 681−685.
(37) Vanga, S. R.; Sav̈marker, J.; Ng, L.; Larhed, M.; Hallberg, M.;
Åqvist, J.; Hallberg, A.; Chai, S. Y.; Gutieŕrez-de-Terań, H. Structural
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