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Polymorphic positions 349 and
725 of the autoimmunity-
protective allotype 10 of ER
aminopeptidase 1 are key in
determining its unique
enzymatic properties
Galateia Georgaki1,2, Anastasia Mpakali 1,2, Myrto Trakada1,
Athanasios Papakyriakou2 and Efstratios Stratikos1,2*

1Laboratory of Biochemistry, Department of Chemistry, National and Kapodistrian University of
Athens, Athens, Greece, 2National Centre for Scientific Research Demokritos, Athens, Greece
Introduction: ER aminopeptidase 1 (ERAP1) is a polymorphic intracellular

aminopeptidase with key roles in antigen presentation and adaptive immune

responses. ERAP1 allotype 10 is highly protective toward developing some forms

of autoimmunity and displays unusual functional properties, including very low

activity versus some substrates.

Methods: To understand the molecular mechanisms that underlie the biology of

allotype 10, we studied its enzymatic and biophysical properties focusing on its

unique polymorphisms V349M and Q725R.

Results: Compared to ancestral allotype 1, allotype 10 is much less effective in

trimming small substrates but presents allosteric kinetics that ameliorate activity

differences at high substrate concentrations. Furthermore, it is inhibited by a

transition-state analogue via a non-competitive mechanism and is much less

responsive to an allosteric small-molecule modulator. It also presents opposite

enthalpy, entropy, and heat capacity of activation compared to allotype 1, and its

catalytic rate is highly dependent on viscosity. Polymorphisms V349M and Q725R

significantly contribute to the lower enzymatic activity of allotype 10 for small

substrates, especially at high substrate concentrations, influence the cooperation

between the regulatory and active sites, and regulate viscosity dependence, likely

by limiting product release.

Conclusions: Overall, our results suggest that allotype 10 is not just an inactive

variant of ERAP1 but rather carries distinct enzymatic properties that largely stem

from changes at positions 349 and 725. These changes affect kinetic and

thermodynamic parameters that likely control rate-limiting steps in the

catalytic cycle, resulting in an enzyme optimized for sparing small substrates

and contributing to the homeostasis of antigenic epitopes in the ER.
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Introduction

Polymorphic variation in immune system genes underlies the

variability of immune responses in natural populations and

predisposition to infections, cancer, and autoimmunity. Among

the most genetically variable biochemical pathways of the immune

system is the pathway of antigen processing and presentation. The

major histocompatibility class I molecules (MHC-I) are highly

polymorphic with tens of thousands of haplotypes discovered to

date (1), which influence the binding of small peptides derived from

the degradation of intracellular or endocytosed extracellular

proteins. The complexes of MHC-I with these peptides are

displayed on the cell surface of all somatic cells and constitute a

snapshot of the cell proteome (2). Changes in displayed peptides

may indicate infection or cellular transformation and are

recognized by specific receptors on cytotoxic T cells initiating

cascades that lead to the death of the recognized cell. Intracellular

aminopeptidases, such as endoplasmic reticulum aminopeptidase 1

(ERAP1), prepare the peptidic cargo of MHC-I by trimming the N-

terminus of precursor peptides down to the optimal length or over-

trimming mature peptides limiting their opportunity to bind onto

MHC-I (3).

ERAP1 is primarily found in the ER of most somatic cells and is an

integral part of the antigen processing and presentation pathway (3). Its

activity can regulate the repertoire of peptides that are bound and

presented by MHC-I molecules (collectively referred to as the

immunopeptidome) and can thus regulate adaptive immune

responses in both health and diseases. ERAP1 function has been

linked to the predisposition to several autoinflammatory diseases of

autoimmune etiology (in particular MHC-I-opathies (4)), the efficacy

of immune responses to several infections (5, 6) as well as to the efficacy

of cancer immunotherapy (7), and as a result, it is an emerging

pharmacological target (8, 9). ERAP1 is also polymorphic, and

several missense coding single-nucleotide polymorphisms (SNPs)

have been associated with predisposition to disease (10) while

inducing significant changes in enzymatic function (11, 12). The

nine most common ERAP1 SNPs are, however, not distributed

randomly in the human population but rather form a few common

allotypes (13, 14). These ERAP1 allotypes present significant functional

differences that may underlie their association with disease

predisposition (14). Of the 10 most common ERAP1 allotypes,

allotype 10 (often referred to as Hap10) is a strong functional outlier

that is found in approximately 22% of humans and has been reported

to be protective for some forms of autoimmunity such as psoriasis and

Behçet’s disease (15, 16). ERAP1 allotype 10 has been shown to have

much lower enzymatic activity (up to 60-fold) when measured using

some substrates (14). This has led several researchers to refer to ERAP1

allotype 10 as a sub-active or even an inactive ERAP1 variant (16–18).

However, a recent study by our group following the parallel trimming

of hundreds of peptides in vitro suggested that Hap10 is not inactive

but rather has distinct substrate specificity (19). The molecular basis of

the unique enzymatic properties of this important ERAP1 allotype is

currently poorly understood. Still the inspection of the amino acid

composition of common ERAP1 allotypes indicates that allotype 10

consists of two SNPs that are unique only to this allotype, namely,

V349 and Q725 (Table 1).
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In this study, we used kinetic and biophysical analyses to

investigate the properties of allotype 10 in comparison to the

ancestral allotype 1. We focused our comparison on positions 349

and 725 which are unique to allotype 10 under the hypothesis that

these SNPs may be critical in shaping the properties of this allotype.

Our results suggest that allotype 10 displays distinct kinetic and

thermodynamic properties including allosteric behavior and an

altered connection between the regulatory and active sites.

Positions 349 and 725 are important for determining the activity

range of allotype 10 but do not determine its allosteric kinetic

behavior. Overall, our data indicate that allotype 10 is an ERAP1

variant optimized to trim larger peptides while sparing smaller

ones, which would place this allotype in a unique position to

influence both antigen presentation and peptide homeostasis in

the ER.
Materials and methods

Plasmids

The coding sequence for ERAP1 allotype 1 and allotype 10

containing a C-terminal 10-His purification tag next to a TEV

recognition site was obtained by custom gene synthesis (BioCat

GmbH, Heidelberg). The final construct has a length of 960 amino

acids and a molecular weight of 109,585 kDa (allotype 1) or 109,553

kDa (allotype 10). The codon-optimized ERAP1 gene was

synthesized and sub-cloned into a pFastBac1 vector using BamH1

and XhoI to generate pFASTBAC1-ERAP1_Hap1 and

pFASTBAC1-ERAP1_Hap10 as shown below (signal sequence is

underlined, TEV recognition site is underlined in bold font and His

tag in italics, and common SNPs in bold).

pFASTBAC1-ERAP1_Hap1: MVFLPLKWSLAIMSFLLSSLLA

LLTVSTPSWCQSTEASPKRSDGTPFPWNKIRLPEYVIPVHYDL

LIHANLTTLTFWGTTKVEITASQPTSTIILHSHHLQISRAT

LRKGAGERLSEEPLQVLEHPPQEQIALLAPEPLLVGLP

YTVV IHYAGNL S ET FHGFYK STYRTKEGELR I LA S
TABLE 1 SNP composition of common ERAP1 allotypes.

Allotype

Amino acid composition at each SNP

56 127 276 346 349 528 575 725 730

1 (ancestral) E P I G M K D R Q

2 E R I G M K D R Q

3 E R I G M K D R E

4 E R I G M R D R E

5 E R I D M R D R E

6 E P I G M R D R E

7 K P I G M R D R E

8 E P M G M R D R E

9 E P M G M R N R E

10 E P I G V R N Q E
fr
ontiers
Data were taken from (14). Polymorphic positions unique to allotype 10 are highlighted.
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TQFEPTAARMAFPCFDEPAFKASFSIKIRREPRHLAISN

MPLVKSVTVAEGLIEDHFDVTVKMSTYLVAFIISDFESVS

KITKSGVKVSVYAVPDKINQADYALDAAVTLLEFYED

YFSIPYPLPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEK

SSAS SKLG I TMTVAHELAHQWFGNLVTMEWWND

LWLNEGFAKFMEFVSVSVTHPELKVGDYFFGKCFD

AMEVDALNSSHPVSTPVENPAQIREMFDDVSYDKGACILNM

LR EY L S ADA FK SG I VQY LQKH S YKNTKNED LWD

SMA S I C P TDGVKGMDGFC S R SQH S S S S S HWHQE

GVDVKTMMNTWTLQKGFPLITITVRGRNVHMKQEHY

MKG SDGAPDTGY LWHVP LT F I T S K SDMVHRF L L

K T K T D V L I L P E E V EW I K F N V GMNG Y Y I V H Y E D

DGWDSLTGLLKGTHTAVS SNDRASL INNAFQLVS

IGKLS I EKALDL SLYLKHETE IMPVFQGLNEL IPMY

KLMEKRDMNEVETQFKAFL IRLLRDL IDKQTWTD

EG S V S ERMLR SQ L L L L ACVHNYQPCVQRAEGY F

R K W K E S N G N L S L P V D V T L A V F A V G A Q S T E G

WDFLYSKYQFSL S STEKSQ IEFALCRTQNKEKLQW

LLDESFKGDKIKTQEFPQILTLIGRNPVGYPLAWQFL

RKNWNKLVQKFELGSS S IAHMVMGTTNQFSTRTR

LEEVKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKN

FDKIRVWLQSEKLERMGSENLYFQSHHHHHHHHHH

pFASTBAC1-ERAP1_Hap10: MVFLPLKWSLAIMSF

LLSSLLALLTVSTPSWCQSTEASPKRSDGTPFPWNK

IRLPEYVIPVHYDLLIHANLTTLTFWGTTKVEITASQ

P T S T I I L H S HH L Q I S R A T L R K G AG E R L S E E P L Q V

LEHPPQEQIALLAPEPLLVGLPYTVVIHYAGNLSETF

HGFYKSTYRTKEGELRILASTQFEPTAARMAFPCFDE

PA FKA S F S I K I R R E P RHLA I SNMPLVK SVTVAEG L

IEDHFDVTVKMSTYLVAF I I SDFESVSK ITKSGVKV

SVYAVPDK INQADYALDAAVTLLEFYEDYFS I PYP

LPKQDLAAIPDFQSGAMENWGLTTYRESALLFDAEKSSA

SSKLGITVTVAHELAHQWFGNLVTMEWWNDLWLNEGFAK

FME FV SV SVTHP E LKVGDY F FGKC FDAMEVDAL

N S S H PV S T P V EN PAQ I R EM FDDV S YDKGAC I L N

MLR EY L SADAFK SG I VQY LQKH SYKNTKNEDLW

D SMA S I C P T D G V K GMDG F C S R S Q H S S S S S HWH

Q E G V D V K TMMN TWT L Q R G F P L I T I T V R G R N V

HMKQEHYMKGSDGAPDTGYLWHVPLTF IT SK SN

M V H R F L L K T K T D V L I L P E E V E W I K F N V G M

N G Y Y I V H Y E D D GWD S L T G L L K G T H T A V S S N D

RASL INNAFQLVS IGKLS I EKALDLSLYLKHETE IMP

VFQGLNEL I PMYKLMEKRDMNEVETQFKAFL I R L

LRDL IDKQTWTDEGSVS EQMLRSE L L L LACVHNY

QPCVQRAEGYFRKWKESNGNLSLPVDVTLAVFAVG

AQSTEGWDFLYSKYQFSLSSTEKSQIEFALCRTQNKEKLQWLL

DESFKGDKIKTQEFPQILTL IGRNPVGYPLAWQFLR

KNWNKLVQKFELGSSSIAHMVMGTTNQFSTRTRLEE

VKGFFSSLKENGSQLRCVQQTIETIEENIGWMDKNFDKI

RVWLQSEKLERMGSENLYFQSHHHHHHHHHH
Peptides

Peptides were custom-synthesized by JPT Peptide Technologies

GmbH (Berlin, Germany), validated by mass spectrometry, and
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were >95% pure as judged by reverse-phase HPLC (chromolith

C-18 column, Merck).
Site-directed mutagenesis

Mutagenesis reactions to introduce the two single mutations

into ERAP1 HAP10 WT (V349M and Q725R) as well as the double

one (V349M and Q725R) were performed using the Quickchange II

kit (Agilent Technologies) according to the manufacturer’s

instructions. Primers were designed with the Quick-change

Primer Design tool (http://www.genomics.agilent.com). The initial

template was the pFastBacI-ERAP1 HAP10 WT plasmid. The

sequences of primers were (5′−3′) as follows:
V349M FW: CAAGCTGGGTATCACCATGACCCT

CGCTCACGAAC

V3 4 9M REV : CTTCGTGAGCGACGGTCATGG

TGATACCCAGCTTG

Q725R FW: CGAAGGCAGCGTGTCTGAAAGAATG

CTCCGTTCTGAACTC

Q725R REV: GAGTTCAGAACGGAGCATTCTTTCAGA

CACGCTGCCTTCG

After each mutagenesis reaction, the selected mutation was

verified by sequencing (VBC Genomics, Austria). To generate the

double mutant, the Q725R mutant was used as a template to

introduce the V349M mutation.
Construction of recombinant baculoviruses

All recombinant baculoviruses were constructed using the Bac-

to-Bac System by Invitrogen Life Technologies according to the

manufacturer’s instructions. The plasmids carrying the desired

mutations (donor plasmids) were transformed into competent E.

coli DH10Bac cells which carry the bacmid that encodes for the

mature baculovirus. Upon transposition of the gene of interest from

the donor plasmid into the bacmid, the recombinant bacmid

harboring the gene of interest is generated. The transformed cells

were plated in Luria broth (LB) agar petri dishes containing the

appropriate antibiotics (50 mg/mL kanamycin, 7 mg/mL gentamicin,

and 10 mg/mL tetracycline) as well as 100 mg/mL Bluo-gal and 40 mg/
mL IPTG for the blue-white screening. White colonies indicate the

clones harboring the recombinant bacmid with donor insertion. The

white phenotype was verified by re-streaking of a colony to a fresh

petri dish containing the same selection reagents. One colony was

selected and grown overnight in liquid LB cultures with antibiotics to

amplify the bacmid. On the following day, the culture was collected

and centrifuged at 4,000 rpm for 20 min. The cell pellet was

resuspended in 100 mM Tris (pH 8.0), 8% sucrose, and 10 mM

EDTA in the presence of RNase A (100 mg/mL) and lysozyme (50 mg/
mL), and the mixture was incubated at room temperature for 10 min.

The cells were then lysed with 1% SDS in Tris-EDTA buffer, and after

10 min of incubation at 37°C, potassium acetate (5 M) was added to

the mixture. After centrifugation to remove the debris, the DNA in

the supernatant was precipitated with isopropanol. The pellet was

washed with 70% EtOH, air-dried, and resuspended in Tris- EDTA
frontiersin.org
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buffer (pH 8.0). The gene’s transposition was verified by PCR,

according to the manufacturer’s instructions. The bacmid DNA

was then transfected to insect Sf9 adherent cells, grown in SF900II

serum-free medium (Life Technologies). For transfection, the

Cellfectin II reagent (Invitrogen) was used according to the

manufacturer’s instructions. The cells were allowed to grow in six-

well plates during the following days, and once the signs of viral

infection were obvious (4–10 days), the supernatant was collected by

centrifugation (4,500 rpm, 5 min, RT) and filtered using 0.2-mm
filters (Merck Millipore). The collected supernatant, comprising the

P0 viral stock, was then used to amplify the viral titer by infecting Sf9

insect cells in T75 flasks. Once the cells exhibited significant signs of

infection, the culture’s supernatant was collected, comprising the P1

viral stock. This stock was used to infect Hi5 insect cells in suspension

cultures to produce the P2 viral stock, characterized by higher viral

titer, which was then used for all protein expression.
Protein expression and purification

The recombinant enzymes were produced by infecting Hi5

insect cell cultures (50–100 mL) with the P2 baculovirus stock in

a 1:25–1:50 v/v ratio. The culture’s supernatant was collected 72 h

post-infection. All pFastBacI constructs used to express ERAP1

allotypes contain a C-terminal 10-His tag, which allows protein

purification by immobilized metal affinity chromatography using

Ni-NTA Sepharose. Cell supernatant is incubated with the Ni-beads

in the presence of 20 mM imidazole in phosphate buffer at pH = 7.0,

washed, and protein-eluted using increasing concentrations of

imidazole buffers. Fractions of 1–1.5-mL volume were collected,

and the enzymatic activity was measured using a kinetic assay that

follows the hydrolysis of a small fluorogenic substrate (see below).

The fractions containing the purified enzyme were dialysed

overnight against a buffer containing 10 mM HEPES, 100 mM

NaCl, pH = 7.0, or buffer exchanged using a HiTrap 5-mL desalting

column (Cytiva). The final concentration of the purified

recombinant enzyme was calculated by densitometry on SDS-

PAGE using a protein of known concentration as a reference.
Fluorogenic enzymatic assay

The aminopeptidase activity of the recombinant ERAP1 was

measured by following the change in the fluorescence signal produced

upon hydrolysis of the fluorescent substrate L-leucine-7-amido-4-

methylcoumarin (L-AMC, Sigma-Aldrich) or the change in

absorbance during the hydrolysis of the chromogenic substrate L-

leucine-p-nitroanilide (L-pNA, Sigma-Aldrich). In the first case, the

fluorescence was measured at 460 nm, whereas the excitation was set

at 380 nm. In the second case, the absorbance was measured at 405 nm.

Measurements were performed on a TECAN infinite M200 microplate

fluorescence reader or the microplate reader Synergy H1 by BioTek. The

buffer used consisted of 20 mM HEPES pH=7.0, 150mM NaCl and

0.002% Tween20. The specific enzymatic activity (mol product (AMC)/

mol enzyme/s) was calculated using a standard curve for AMC. The

enzymatic activity was calculated by the slope of the kinetic gradient.
Frontiers in Immunology 04
To measure the activation of small substrate trimming by

GSK849, the change in the fluorescent signal produced upon

digestion of the substrate L-AMC was also followed. A threefold

dilution series (1/3log scale) of the modulator was made in reaction

buffer consisting of 20 mM HEPES, pH = 7.0, 150 mM NaCl, and

0.002% Tween20, containing a final concentration of 1% DMSO,

upon dilutions of the stock solution of GSK849 (in 100% DMSO) in

the reaction buffer. The dilution series of the compound was applied

in duplicates in a 96-well black plate. The enzyme/substrate mix was

prepared in the reaction buffer so that the substrate’s final

concentration in the reaction would be 50 mM and the enzyme

concentration is 10 nM for HAP1 and HAP10 variants and 50 nM

for wild-type HAP10. The enzymatic activity was calculated for

every concentration point from the slope of the kinetic data,

normalized to control (1% DMSO), and plotted in Graph Pad

Prism 8.0 by applying the log(agonist) vs. response–variable slope

(four parameters) non-linear fit.
Peptide trimming followed by HPLC

Subsequently, 10 mM of peptide was used for each digestion

reaction in a final reaction volume of 100 mL in a buffer containing

50 mM HEPES, pH = 7.0, and 150 mM NaCl. For the digestion of

the 9-mer peptide, the enzymes were tested at the following

concentrations: 4 nM for HAP1, 10 nM for HAP10 variants, and

20 nM for HAP10 wild-type. For the digestion of the 10-mer

peptide, the enzyme concentration used was 1 nM for HAP1, 2

nM for HAP10 variants, and 10 nM for HAP10. All reactions were

performed in triplicates and incubated for 1 h at 37°C in a water

bath upon the addition of the enzyme. After the incubation, the

reactions were quenched by adding 100 mL of 1% trifluoracetic acid

(TFA) solution and kept on ice until analysis. The reactions were

analyzed by reverse-phase HPLC (Chromolith C-18 column,

Merck) by following the absorbance at 220 nm. A linear gradient

elution system was used (solvent A, 0.05% TFA and 5% ACN;

solvent B, 0.05% TFA and 50% ACN). The reaction’s progression

was calculated by integrating the area under each peak. The

percentage of the area of the product’s peak (P) to the sum of the

area of the remaining substrate (S) plus the product (P) peaks,

expressed as (P/(P + S) * 100%), was used to calculate the moles of

product generated which was used to determine the specific

enzymatic activity.
Michaelis–Menten analysis

Michaelis–Menten analysis was carried out for the hydrolysis of

the small chromogenic substrate L-pNA by following the reaction’s

rate for different substrate concentrations (0.1 – 6 mM). Serial

dilutions were prepared in Eppendorf tubes at an intermediate

concentration (three times higher than the final desired

concentration), and 50 mL of each concentration point was put in a

96-well plate in duplicates. The enzyme was diluted in the reaction

buffer (20 mMHEPES, pH = 7.0, 150 mMNaCl, 0.002% Tween20) so

that the final concentration upon addition of 100 mL in the well would
frontiersin.org
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be 10 nM. All measurements of absorbance were taken in the

microplate reader Synergy H1 of Biotek at 405 nm. The specific

enzymatic activity was calculated for every substrate concentration by

calculating the slope of the kinetic data. The specific activities were fit

to a classical Michaelis–Menten or an allosteric (cooperative) model,

depending on the quality of fit, using GraphPad Prism software.

For the allosteric model, the fit was performed using the

equation Y = (Vmax * X * h)/(Kprime + X * h), where X is the

substrate concentration, Y the initial reaction rate, Vmax is the

reaction rate at infinite time, and h is the hillslope.

To define the mechanism of action of the phosphinic pseudo-

peptide transition state analogue DG013A, the Michaelis –Menten

experiment was performed as described above, with the addition of

different concentrations of the inhibitor: 10, 20, and 30 nM (final

concentrations). The inhibitor was added to the enzyme/buffer

solution before the addition of 100 µL in the plate, already

containing 50 mL of the substrate’s serial dilutions.
Eyring analysis

The enzymatic rate for the hydrolysis of L-AMC by ERAP1

variants was measured at 6 different temperature points: 25°C,

28°C, 31°C, 34°C, 37°C, and 40°C for HAP1 and HAP10’s variants

and 28°C, 31°C, 34°C, 37°C, 40°C, and 43°C for HAP10 wt. All

measurements were carried out in triplicates using the microplate

reader Synergy H1 of BioTek. For HAP1 and HAP10 variants,

50 mM of L-AMC and 10 nM of enzyme were used as final

concentrations in a 150-mL final volume. For wild-type HAP10, a

final concentration of 50 nM of enzyme was used. Before each

measurement, the substrate, enzyme solutions, and the measurement

plate were pre-incubated at the required temperature for 10min. The

specific enzymatic rate was calculated for each temperature as

described before. For Eyring analysis, the data were fit in Graph

Pad Prism according to the following equation:

Y = 23:7 −
½DH + Cp*(X − 298:15)�

8:31*X
+
½DS + Cp* ln (

X
298:15 )�

8:31

where Y = ln(kcat/T) and X = temperature expressed in Kelvin

(K), DH and DS correspond to the enthalpy and entropy of

activation, respectively, and Cp is the heat capacity of activation.

The value 23.7 corresponds to ln(kb/h), where kb is Boltzmann’s

constant and h is Plank’s constant. The value 8.31 is the gas

constant, R, and 298.15 corresponds to the reference temperature,

T0 = 25°C (298.15K).
Effects of solvent viscosity to enzymatic
turnover rate

To characterize the viscosity effect of the solvent on the

enzymatic activity of ERAP1 variants, the turnover rate (kcat) of

the enzymatic reactions for the cleavage of L-pNA was measured in

buffers with various glycerol concentrations at 25°C. Four different

glycerol concentrations were tested: 0%, 9%, 18%, and 27% (v/v).
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Michaelis–Menten analysis was carried out to determine the

turnover rate in each case as described in the “Materials and

methods” . Michaelis–Menten analysis for the highest

concentration of glycerol resulted in poor fits and was therefore

not used for downstream calculations. The concentration of

enzymes used was 10 nM for Hap1 and for Hap10 carrying the

double mutation (V349M and Q725R), 30 nM for wild-type Hap10,

and 15 nM for the single-mutation-carrying variants (V349M,

Q725R). The ratios kcat(0)/kcat(h), where kcat(0) and kcat(h) are

the turnover rates in the absence and presence of glycerol,

respectively, were plotted as a function of the relative viscosity

(hrel) at the tested temperature, calculated based on previously

reported viscosity values of aqueous solutions (20). The data were

fitted in Graph Pad Prism using Equation (2): kcat(0)/kcat(h)= m*

(hrel-1)+1, wherem is the slope and represents the degree of the rate

dependency on viscosity.
Results

To investigate the relative contribution of the polymorphic

positions 349 and 725 to the unusual functions of ERAP1 allotype

10, we used site-directed mutagenesis to generate ERAP1 allotype

10 variants V349M and Q725R as well as the double variant V349M

Q725R, expressed the recombinant proteins in insect cells after

infection with the appropriate recombinant baculovirus, and

purified them by affinity chromatography as described in the

“Materials and methods” section. Figure 1A shows a schematic

representation of the locations of the mutated residues relative to

the ERAP1 active site, and Figure 1B shows the SDS-PAGE analysis

of the ERAP1 variants generated for this study. The sequences of the

constructs used are shown in the “Materials and methods” section.

To evaluate the role of ERAP1 allotypes and specifically the role

of polymorphic positions 349 and 725 on catalytic rates, we used the

recombinant ERAP1 variants shown in Figure 1B to follow the

trimming of three model peptides. We chose peptides of different

lengths since ERAP1 peptide trimming is length dependent (22).

Thus, we tested (i) the 9mer antigenic peptide YTAFTIPSI from the

Gag-Pol polyprotein of the human immunodeficiency virus 1 (23),

(ii) the 10mer precursor LRVYEKMALY of an HLA-A*03 ligand,

and (iii) the 11mer precursor VSVRSRRCLRL of the antigenic

peptide VRSRRCLRL from the human ADAMTS-like protein 5

(24) (Figure 2). The specific activity for the trimming of the 9mer

peptide varied by almost 100-fold between the two ERAP1 allotypes,

consistent with previous observations (14) and the widely held

notion that allotype 10 is a sub-active or non-functional allotype.

Mutating positions 349 and 725 of allotype 10 to the corresponding

amino acids found in allotype 1 resulted in ERAP1 variants with

enhanced activity, about 10-fold for each mutation and up to 20-fold

for the double mutant, although the variants were still significantly

less active than allotype 1. When testing the trimming of a 10mer

substrate, the situation was strikingly reversed, and allotype 10 was

no longer less active but rather presented up to twofold higher

activity. The mutations resulted in a decrease of activity, and the

double mutant was found to be about as active as allotype 1. When
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trimming an 11mer peptide, allotype 10 was about twofold less

active than allotype 1, and the mutations resulted in an additive

rescuing of this loss in activity. These experiments suggest a complex

framework of activities for each ERAP1 allotype that is consistent

with results previously obtained from a single-point kinetic analysis

of a peptide library derived from the SARS-CoV-2 S1 spike

glycoprotein (19). Our results do, however, highlight that the

allotype-10-specific SNPs at positions 349 and 725 are important

for shaping the activity of ERAP1—in particular, for the trimming of

9mer antigenic peptides. This complex landscape of substrate-

dependent activity is a hallmark of ERAP1 (25) and is likely due

to extensive atomic interactions between the peptide side-chains and

the substrate cavity of the enzyme as demonstrated by X-ray
Frontiers in Immunology 06
crystallography (26), which are highly dependent on the length

and the sequence of the peptide.

To further examine the functional differences between ERAP1

allotypes and polymorphisms at locations 349 and 725, we

performed a series of kinetic and thermodynamic analyses using

typical dipeptide substrates. We chose to focus our analysis on

dipeptide substrates to minimize the well-established effect of

peptide sequence on ERAP1 enzymatic kinetics which

complicates interpretation and instead put emphasis on the

events occurring in the catalytic center of ERAP1. We first

measured specific rates of hydrolysis for substrates L-AMC

(fluorogenic) and L-pNA (chromogenic) (Figures 3A, B). In both

cases, allotype 1 was more active compared to allotype 10 and, more
FIGURE 1

(A) Schematic representation of the ERAP1 crystal structure of allotype 1 [PDB ID 6Q4R (21)] showing the active site where the catalytic zinc(II) atom
is located (shown as a magenta sphere) and bound pseudopeptidic inhibitor (depicted as green sticks) as well as the location of the two polymorphic
locations that are unique to ERAP1 allotype 10 (shown in yellow sticks). The dotted lines indicate the distance (in Å) of the polymorphic amino acids
349M and 725R from the active site (12.7 and 27.1 Å away from the catalytic zinc atom, respectively). (B) SDS-PAGE showing the purified ERAP1
allotypes and variants used in this study.
FIGURE 2

Specific enzymatic activity for the trimming of the N-terminal residue of three model peptides by ERAP1 allotypes 1 and 10 as well as variants of
ERAP1 allotype 10. (A) Peptide YTAFTIPSI, (B) peptide LRVYEKMALY, and (C) peptide VSVRSRRCLRL. Stars indicate statistical significance (p-values) for
differences between allotype 1 and allotype 10 and between allotype 10 and variants. *: p < 0.05, **: p < 0.005, ***: p < 0.0005, ****: p < 0.00005.
ns: not significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1415964
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Georgaki et al. 10.3389/fimmu.2024.1415964
specifically, 38-fold more active for L-AMC and eightfold more

active for L-pNA. Introduction of the mutations V349M and

Q725R partially rescued the reduced activity of allotype 10,

although this was more clear in the L-pNA assay in which the

effect of the mutations was additive. Overall, the relative activities

between allotypes and mutants resemble the motif seen for the 9mer

peptide but not for larger peptides, consistent with previous

observations that nine amino acids is an important length cutoff

for the activity of ERAP1 (22).

Michaelis–Menten (MM) analysis further highlighted the

differences between the two allotypes (Figure 3C). The dependence

of catalytic activity on substrate concentration for allotype 1 fits a

classical MMmodel with a calculated kcat of 1.7 ± 0.1 s-1. In contrast,

allotype 10 can only be fit to an allosteric sigmoidal model with a

calculated kcat of 1.8 ± 0.2 s-1. This indicates that the observed

differences between these two allotypes are ameliorated at high

substrate concentrations and that the low apparent catalytic

turnover of allotype 10 is not due to overall lower catalytic

efficiency but rather due to a requirement for allosteric activation

by the substrate. Interestingly, the introduction of the V349M and

Q725R mutations to allotype 10 did not result in a change of the
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allosteric behavior but did result in a much higher kcat, especially for

the Q725R variant (Figure 3D). Overall, MM analysis suggested that

the relative contribution of allotypic variation to enzyme activity is

highly dependent on substrate concentration, an important

parameter that has not been evaluated before. Given that the

substrate concentrations of ERAP1 in the cell are not known, this

finding suggests that the interpretation of allotypic differences in

cellulo may be heavily influenced by the unknown local

concentrations of the peptides being analyzed.

Considering the significant mechanistic differences revealed by

MM analysis, we used a transition state analogue to further probe the

catalytic mechanism of ERAP1. DG013A is a pseudophosphinic

tripeptide that is a transition-state analogue for metallo-

aminopeptidases, optimized for ERAP1 and homologous ERAP2

and IRAP (27), which has been extensively used as a tool

compound for inhibiting ERAP1 in several systems (28). A crystal

structure of DG013A with ERAP1 is available and revealed a

canonical binding mode resembling the tetrahedral intermediate of

the LTA4 hydrolase catalytic mechanism (29, 30). This binding mode

would be consistent with competitive inhibition kinetics. Indeed the

MM analysis of the effect of DG013A on the kinetic parameters of
FIGURE 3

Specific activity of trimming of the model dipeptidic substrates Leu-AMC (A) and Leu-pNA (B) by ERAP1 allotypes and variants at positions 349 and
725. (C) Michaelis–Menten analysis of ERAP1 allotypes and variants using the model dipeptidic substrate Leu-pNA. (D) Turnover number (kcat) of
ERAP1 variants (mol substrate/mol enzyme s-1) derived from the Michaelis–Menten fit shown in (C). Statistical significance (p-values) of differences
between allotypes 1 and 10 and allotype 10 and its variants are indicated within each panel. *: p < 0.05, **: p < 0.005, ***: p< 0.0005,
****: p < 0.00005.
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allotype 1 suggested a major effect on the KM, consistent with

competitive inhibition (Figures 4A, F). Surprisingly, the same

analysis for allotype 10 revealed a non-competitive inhibition

mechanism with major effects on the kcat of the enzyme

(Figures 4B, F). Although at first glance this may appear to

contradict with the binding site of the inhibitor, this unusual

behavior has been reported before for systems where multiple

conformations are in equilibrium with each other (31, 32),

something previously proposed for ERAP1 (33). Furthermore, the

allosteric behavior of the MM curve was not affected by the presence

of the inhibitor. The introduction of the V349M or Q725R mutations
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did not affect this allosteric behavior nor the non-competitive nature

of the inhibition (Figures 4C–F). This analysis thus concludes that

allotypes 1 and 10 present significant mechanistic differences in how

they recognize the transition state of small substrates and that these

differences are not determined by the polymorphisms at positions

349 and 725.

Motivated by the surprising behavior of the transition-state

analogue, we decided to probe the regulatory site of ERAP1 by

utilizing a previously characterized allosteric modulator of ERAP1,

named GSK849 (34). This compound was discovered by a high-

throughput screening campaign as an ERAP1 activator, although it
FIGURE 4

(A–E) Michaelis–Menten analysis of the effect of the transition-state analogue inhibitor DG013A on the kinetics of trimming of Leu-pNA by ERAP1
allotypes and variants. (F) calculated enzymatic parameters KM and Vmax from the fits in (A–E).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1415964
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Georgaki et al. 10.3389/fimmu.2024.1415964
is a competitive inhibitor for longer peptides (34). GSK849 binds to

the regulatory site of ERAP1, which is located more than 30 Å away

from the catalytic center, a site that can accommodate the C-

terminus of many peptide substrates and can allosterically

enhance ERAP1 activity through networks of correlated residue

motions (26). Titration of GSK849 while following L-AMC

hydrolysis resulted in about 3.5-fold activation of allotype 1

(Figure 5A). Activation of allotype 10 was only evident at higher

concentrations of GSK849 and reached similar levels as allotype 1,

although it was not possible to clearly define a plateau at achievable

compound concentrations. Surprisingly, both mutations resulted in

much higher levels of activation of up to 15-fold. We conclude that

the polymorphic positions 349 and 725 are important for the

communication between the regulatory and active sites.

Given the large effect of these polymorphic positions on the

activation of ERAP1 by this allosteric modulator, we also examined its

effect on the trimming of the 9mer peptide shown in Figure 2A. In

Figure 5B, we show the percent inhibitory effect of 10 mMGSK849 on

the trimming of the N-terminus of the peptide YTAFTIPSI by ERAP1

allotypes and mutants. The inhibitor was effective in blocking most of

the trimming by allotype 1 but had little effect on allotype 10 as

previously shown (14). The V349M mutation recovered the ability of

GSK849 to inhibit ERAP1 allotype 10, whereas Q725R had no effect;

the double mutant mirrored the effect of the V349M polymorphism.

Overall, we find that the V349M polymorphism, but not the Q725R

polymorphism, affected the inhibition capability of GSK349,

suggesting that the two polymorphisms have different effects on the

communication between the regulatory and active sites when using

longer peptidic substrates.

Given the surprising extent of differences in kinetic

parameters between ERAP1 allotypes, we hypothesized that

these changes may be due to changes in the thermodynamics of

the catalytic reaction. To test this hypothesis, we measured the

temperature–rate dependency of the enzymatic reactions

by performing Eyring analysis for the hydrolysis of Leu-AMC.
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This analysis allows the determination of the thermodynamic

properties of the system, namely, the enthalpy of activation DH‡

and the entropy of activation DS‡. Eyring plots follow the ln(kcat/

T) as a function of temperature, which usually corresponds to a

straight line (35). The slope of this line is proportional to the

enthalpy of activation DH‡, and the intercept is related to the

entropy of activation DS‡. Indeed this was observed for allotype 1,

as shown in Figure 6A. The linear relationship implies that the

enthalpy of activation and the entropy of activation are constants

over the temperature range studied. In contrast, we observed

significant deviations in linearity for allotype 10 and its V349M

or Q725R variants (Figure 6A), which indicate that DH‡ and DS‡

may vary with temperature. This behavior has been interpreted to

indicate a non-zero heat capacity of activation (DCp‡), a statistical
thermodynamic property that describes the temperature

dependency of DH‡ and DS‡, and expresses the difference in the

system’s heat capacity between the transition and the ground

states (36). All of these three parameters (enthalpy, entropy, and

heat capacity of activation) were determined by fitting the data to

Equation (1), as described in the “Materials and methods” section,

and the results are shown in Figures 6B–D.

Overall, this analysis indicated major thermodynamic differences

between allotypes 1 and 10 with only a limited contribution of

positions 349 and 725. In particular, allotype 10 and its variants

exhibited a much higher enthalpy and entropy of activation and a

highly negative heat capacity of activation. Negative DCp‡ values have
been reported for enzymes when the chemical reaction is rate-

limiting, resulting in non-linear Eyring plots (37). The surprisingly

large differences between allotype 1 and allotype 10 and variants

suggest a complex reaction pathway with multiple stages in which the

observed rate constant is dominated by the slowest stage, which can

vary between allotypes.

Diffusion can be a rate-limiting step for some enzymatic

reactions. To explore whether diffusional steps influence the

enzymatic reaction catalyzed by ERAP1 and if these are affected by
FIGURE 5

(A) Effect of the allosteric inhibitor GSK849 on the activity of ERAP1 allotypes and variants when following the trimming of the dipeptidic substrate
Leu-AMC. Data are normalized to control (enzymatic reaction in the absence of the compound). (B) Effect of GSK489 on the specific rate of ERAP1
allotypes and variants for the trimming of the 9mer antigenic epitope YTAFTIPSI. P-values for comparisons of allotype 1 to 10 and allotype 10 to its
variants are shown.
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allotypic variation, we determined the solvent viscosity effect on the

enzymatic rate by performing a kinetic solvent viscosity effect analysis

(KSVE). KSVE analysis gives insight on whether the reaction is

bottlenecked by diffusion-controlled steps, starting at initial substrate

association throughout product release (38). We calculated the ratio

of kcat compared to a reference viscosity and plotted the results as a

function of viscosity (Figure 7A). For all ERAP1 allotypes tested,

there was a large positive slope, suggesting that the ERAP1-catalyzed

reaction is strongly influenced by diffusion (Figure 7B). The

calculated slope was higher for allotype 10 compared to allotype 1,

but it was greatly reduced by the introduction of the mutations

V349M and Q725R. Thus, we conclude that ERAP1 catalytic

turnover is bottlenecked by a step that is highly dependent on

solvent viscosity, and this is greatly affected by the allotype 10

polymorphisms V349M and Q725R. A positive slope in the KSVE

graph has been observed in cases where the bottleneck is product

release. Given that product release from the closed ERAP1

conformation requires a substantial conformational change (the

closed conformation does not provide direct access to the external

solvent), we interpret this result to suggest that this allotypic variation

affects the conformational opening of ERAP1.
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Discussion

Polymorphic variation in ERAP1

Several SNPs in ERAP1 have been associated with

predisposition to disease, most notably autoimmunity, but more

recently also with cancer, and in many cases, this association comes

in epistasis with specific HLA alleles that were already known to

predispose to disease, suggesting a functional interaction (10, 39).

Indeed the functional effects of several SNPs are related to antigenic

peptide trimming, thus providing a mechanistic link to disease

pathogenesis through aberrant antigen presentation, albeit other

mechanisms, including ER stress and protein misfolding, have also

been proposed (40–43). A hallmark of ERAP1 SNPs is that they are

all located away from the active site and are found in particular sets

(allotypes) within the population (13, 14). Recent analyses suggest

that these allotypes consist of SNPs that synergize to give rise to

functional properties. The most notable is allotype 10, which is

shared among 22.4% of Europeans, associates with a protective

phenotype for autoimmunity, and has been shown to be sub-active

against some peptide substrates (15). More detailed analysis,
FIGURE 6

(A) Effect of temperature on the activity of ERAP1 allotypes and variants. Curves were fit to the Eyring equation as described in the “Materials and
methods” section. (B–D) Calculated parameters for the enthalpy of activation, heat capacity of activation, and entropy of activation based on the fits
shown in (A). Error bars represent the standard error, derived from the 95% confidence interval of the thermodynamic parameters, as calculated
from the fit to the Eyring equation.
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however, revealed that allotype 10 carries distinct substrate

specificity (14) which is very difficult to decipher due to the

complicated enzyme–substrate interactions for ERAP1 (26). Thus,

unravelling the mechanisms behind the functional properties of

allotype 10 is crucial for a deep understanding of the role of ERAP1

in the development of autoimmunity as well as in adaptive immune

response to cancer.
ERAP1 conformational transitions are part
of the catalytic cycle

ERAP1 has been crystallized in two distinct conformations,

termed the “open” and the “closed”, which differ on the accessibility

of the catalytic site and of the large internal cavity to the external

solvent. The closed conformation has been proposed to feature a

more structurally optimized catalytic site, resulting in higher

catalytic rates, and the open conformation has been proposed to

be important for initial substrate capture, especially for large

peptide substrates. The transition between these conformations is

likely to be central to the ERAP1 catalytic cycle (29), and molecular

dynamics calculations have suggested a relatively shallow energetic

landscape that can be modified by common SNPs (33, 44). A

possible explanation for the experimental observations described

here is that combinations of SNPs as found in allotypes, such as

allotype 10, synergize to shape this energetic landscape, affecting the

conformational equilibrium and dynamics to regulate turnover

rates. The interplay of this energetic landscape with substrates can

also further finetune substrate-specific activities. Given the results

presented here, a more thorough re-examination of ERAP1

molecular dynamics in the context of specific allotypes and

substrates is warranted to provide a more solid structural

framework to understand their functional repercussions.
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Fundamental mechanistic differences
between ERAP1 allotypes suggest
alterations in rate-limiting steps

Our results suggest highly significant mechanistic differences

between the ancestral allotype 1 of ERAP1 with the autoimmunity-

protective allotype 10. Allotype 10 is much less active but only for

shorter substrates (9mers and dipeptides) and exhibits allosteric

kinetics, reduced communication between the regulatory and active

sites, non-competitive kinetics of inhibition by a transition state

analogue, and very high viscosity dependence. Furthermore,

thermodynamic analysis revealed an opposite motif in enthalpy,

entropy, and heat capacity of activation. The higher absolute value

of the activation enthalpy, coupled with the lower absolute value of the

activation entropy exhibited by allotype 10, suggests that the catalytic

step is characterized by a higher free activation energy, according to

the Gibbs equation. This finding aligns with the lower enzymatic rates

for the processing of small substrates observed in this allotype. These

observations suggest that the catalytic processing of small substrates

for allotype 10 is fundamentally different than for allotype 1. This, at

first examination, appears paradoxical. The peptide bond cleavage

catalysis by zinc aminopeptidases is well established, and the

mechanism used by LTA4 hydrolase has been proposed to apply

also for ERAP1 (30). It would be highly surprising if SNPs located

away from the active site directly affect catalytic mechanisms on the

atomic level such as substrate hydration effects as suggested by the

altered heat capacity of activation (35). Rather, a multi-step

mechanism comprising several conformational changes that

generate specific kinetic bottlenecks may constitute a better

framework to understand these effects. In other systems, high

dependence of the reaction rates on viscosity has been interpreted

to suggest that product release is rate-limiting (38). Indeed product

release from the closed conformation can be easily envisaged to

be a rate-limiting step in ERAP1 since it would require a transition
FIGURE 7

(A) Solvent viscosity effect on the enzymatic rate of ERAP1 variants. Data points below relative viscosity of 2.0 were fit to the solvent viscosity effect
(KSVE) equation described in the “Materials and methods” section. (B) Slope values of the KSVE fit for ERAP1 variants, representative of the solvent
viscosity effect. Error bars represent the standard error, derived from the 95% confidence interval of the KSVE plots.
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to a more open conformation. Thus, a switch from one rate-limiting

step to another between ERAP1 allotypes may result in significant

differences in experimentally measured kinetics and thermodynamics

since the experiments may be reporting a different step in the catalytic

pathway that is rate-limiting. The relatively flat and shallow energetic

landscape described for the ERAP1 conformational equilibrium can

empower this effect considering that small energy changes can easily

reshape this landscape by altering local minima (29, 33). In this

context, the changes in thermodynamic parameters reported here may

not necessarily signify changes in reaction mechanism but rather

constitute “apparent” changes due to the state of the conformational

ensemble in solution which may be shifted depending on the allotype

due to different molecular dynamics of domain closure (29).
Role of polymorphic positions at 349
and 725

The analyses presented here suggest a clear but not absolute role

of the allotype-specific polymorphic positions 349 and 725 in shaping

allotype 10 enzymatic properties. These two SNPs appear to largely

regulate ERAP1 activity and, at least partially, be responsible for the

low activity of allotype 10 for smaller substrates. On the contrary,

these positions do not appear to define the allosteric behavior of

allotype 10 which may be mediated by other positions that affect

mechanisms such as K528R (11). Interestingly, these positions
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appear to influence the cooperation between ERAP1’s regulatory

and active sites and regulate viscosity dependence by affecting

product release kinetics. While the atomic contributions of these

effects may not be directly obvious, a close inspection of the atomic

neighborhood of these positions in the crystal structures of the open

and closed conformation of ERAP1 can provide some insight

(Figure 8). Both of these polymorphic positions are adjacent to

side-chains that switch configurations during the transition from

open to closed conformation and reversely. Specifically, R725 is

within 6 Å of K338, a residue that drastically switches position upon

transition to the closed conformation of ERAP1 (Figures 8A, B).

During this transition, these two charged side chains would come

into close proximity, forming repulsive ionic interactions that may

increase the energy barrier and alter the equilibrium between the two

conformations, promoting the closed conformation. In contrast,

Q725, which is carried exclusively by allotype 10, lacks the positive

charge, thus negating this interaction. This could result in the enzyme

favoring more open states, enabling the more efficient processing of

longer peptides. Similarly, M349 makes atomic interactions with

Y399 that flip to a different configuration upon the open-to-closed

transition (Figures 8C, D). Substitution by the much shorter V349

would diminish this interaction again, altering the conformational

equilibrium. While these insights are useful for establishing a

framework for the enzymatic effects of these SNPs, a more detailed

molecular dynamics study at the atomic level will be necessary

to help us gain a deeper understanding of the repercussions of
FIGURE 8

Schematic representations of key amino acids near ERAP1 polymorphic positions 725 (A, B) and 349 (C, D) in the two known conformations of
ERAP1, the open (A, C) and the closed (B, D). Red arrows indicate amino acid side chains that undergo significant translocations between the two
ERAP1 conformations.
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these amino acid substitutions, which is a goal for a future study by

our group.

The results presented here delineate a framework for

understanding the role of ERAP1 allotype in antigenic peptide

selection in health and disease. Our data stress that allotype 10 is not

a loss-of-function allotype as sometimes described in the literature

(15–18) but rather an allotype with unique substrate interactions

stemming from changes in the conformational dynamics of the

enzyme which help define the rate-limiting steps of the catalytic

cycle. Of particular biological interest is the consistent finding that

allotype 10 has a much lower enzymatic activity for smaller

substrates. ERAP1 has been described to specialize in trimming

extended precursors of antigenic peptides that are longer than 10

amino acids in length (22) by employing a molecular ruler

mechanism that relies on concurrent occupation of the regulatory

or adjacent sites and the active site (26, 29). While this mechanism

helps spare smaller peptides from over-trimming and essential

destruction, it is not absolute, and ERAP1 can indeed destroy

many shorter antigenic peptides. In addition, ERAP1 can

contribute to peptide homeostasis in the ER by recycling peptides

that do not bind onto MHCI. Thus, an ERAP1 allotype with low

activity against shorter peptides while retaining the activity versus

larger precursors may provide additional time for some antigenic

peptides to bind onto nascent MHC-I while, at the same time,

leading to an increase of free peptide concentration in the ER. This

can result in changes in the repertoire of presented peptides (the

immunopeptidome) by favoring the binding of length-optimized

peptides, which can reduce antigenicity stemming from longer-

length, less stably bound peptides (45). At the same time, altered ER

peptide homeostasis can affect ER protein folding, especially for the

more unstable MHC-I alleles such as the ankylosing spondylitis-

predisposing HLA-B27, or affect the ER stress by altering unfolded

protein responses (40). In either case, allotype 10 is sufficiently

distinct in properties to constitute a potential product of host–

pathogen balancing selection in human populations (6, 46).

The interpretation of our findings in the context of the

functioning of the human immune system in vivo should be

performed with care due to specific limitations of our work as a

result of study design. We focused on the in vitro characterization of

small substrate trimming by the enzymes to understand their

underlying basic kinetic and thermodynamic properties. While

this was necessary to dissect basic enzyme properties from

complex enzyme–substrate interactions important for a large

substrate selection, these properties may be modified due to

atomic interactions with some larger substrates and may have to

be re-evaluated in that context. Furthermore, interpolating the

effects of allotypic variation on enzymatic function inside the cell

assumes a similar expression level for ERAP1 allotypes. This may

not be always the case, and indeed previous studies have suggested

that ERAP1-coding SNPs can influence expression levels (47).

While it is not known if this applies to specific ERAP1 allotypes,

it is not unlikely and should be considered when interpreting

functional results, given that enzyme concentration is a major
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factor in determining enzyme kinetics. Finally, it is currently

unknown how interactions between ERAP1 and other proteins in

the ER, such as the chaperone ERp44 (48), modify its enzymatic

activity. Regardless of these limitations, a robust understanding of

the fundamental properties of ERAP1 as such is an obligatory step

to build a more detailed framework of its functions in the more

complex cellular setting. In this context, our findings highlight that

interpretations of ERAP1 functions in cellular or in vivo systems

should be performed with caution, acknowledging the lack of

knowledge of key parameters, such as substrate concentration.

In summary, we present evidence of key mechanistic differences

that underlie the functional spectrum of the autoimmunity-

protective ERAP1 allotype 10, highlighting the important role of

two allotype-unique SNPs at positions 349 and 725. Allotype 10

appears to constitute a unique functional ERAP1 allotype,

optimized for lower activity against shorter substrates which is

induced by tweaking of specific kinetic and thermodynamic

parameters that likely control rate-limiting steps involved in the

conformational equilibrium and dynamics of the enzyme. ERAP1

allotypic variation is emerging to be a key contributor to the

variability of adaptive immune responses in close synergy with

MHC-I polymorphic variation. Future studies will be necessary to

fully understand the impact and necessity of this polymorphic

variability and how it can influence therapeutic applications that

focus on modulating antigen presentation (9).
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17. Takeno M. The association of Behçet’s syndrome with HLA-B51 as understood
in 2021. Curr Opin Rheumatol. (2022) 34:4–9. doi: 10.1097/BOR.0000000000000846

18. Guasp P, Barnea E, Gonzalez-Escribano MF, Jimenez-Reinoso A, Regueiro JR,
Admon A, et al. The Behcet’s disease-associated variant of the aminopeptidase ERAP1
shapes a low-affinity HLA-B*51 peptidome by differential subpeptidome processing. J
Biol Chem. (2017) 292:9680–9. doi: 10.1074/jbc.M117.789180

19. Stamatakis G, Samiotaki M, Temponeras I, Panayotou G, Stratikos E. Allotypic
variation in antigen processing controls antigenic peptide generation from SARS-CoV-
2 S1 spike glycoprotein. J Biol Chem. (2021) 297:101329. doi: 10.1016/j.jbc.2021.101329

20. Segur JB, Oberstar HE. Viscosity of glycerol and its aqueous solutions. Ind Eng
Chem. (1951) 43:2117–20. doi: 10.1021/ie50501a040

21. Giastas P, Neu M, Rowland P, Stratikos E. High-resolution crystal structure of
endoplasmic reticulum aminopeptidase 1 with bound phosphinic transition-state
analogue inhibitor. ACS Med Chem Lett. (2019) 10:708–13. doi: 10.1021/
acsmedchemlett.9b00002

22. Chang SC, Momburg F, Bhutani N, Goldberg AL. The ER aminopeptidase,
ERAP1, trims precursors to lengths of MHC class I peptides by a “Molecular ruler”
Mechanism. Proc Natl Acad Sci U S A. (2005) 102:17107–12. doi: 10.1073/
pnas.0500721102

23. Altfeld MA, Livingston B, Reshamwala N, Nguyen PT, Addo MM, Shea A, et al.
Identification of novel HLA-A2-restricted human immunodeficiency virus type 1-
specific cytotoxic T-lymphocyte epitopes predicted by the HLA-A2 supertype peptide-
binding motif. J Virol. (2001) 75:1301–11. doi: 10.1128/JVI.75.3.1301-1311.2001

24. Arakawa A, Siewert K, Stöhr J, Besgen P, Kim S-M, Rühl G, et al. Melanocyte
antigen triggers autoimmunity in human psoriasis. J Exp Med. (2015) 212:2203–12.
doi: 10.1084/jem.20151093

25. Evnouchidou I, Momburg F, Papakyriakou A, Chroni A, Leondiadis L, Chang S-
C, et al. The internal sequence of the peptide-substrate determines its N-terminus
trimming by ERAP1. PLoS One. (2008) 3:e3658. doi: 10.1371/journal.pone.0003658

26. Giastas P, Mpakali A, Papakyriakou A, Lelis A, Kokkala P, Neu M, et al.
Mechanism for antigenic peptide selection by endoplasmic reticulum aminopeptidase
1. Proc Natl Acad Sci U S A. (2019) 116(52):26709–16. doi: 10.1073/pnas.1912070116

27. Zervoudi E, Saridakis E, Birtley JR, Seregin SS, Reeves E, Kokkala P, et al.
Rationally designed inhibitor targeting antigen-trimming aminopeptidases enhances
antigen presentation and cytotoxic T-cell responses. Proc Natl Acad Sci U S A. (2013)
110:19890–5. doi: 10.1073/pnas.1309781110

28. Georgiadis D, Mpakali A, Koumantou D, Stratikos E. Inhibitors of ER
aminopeptidase 1 and 2: from design to clinical application. Curr Med Chem. (2018)
26(15):2715–29. doi: 10.2174/0929867325666180214111849

29. Maben Z, Arya R, Georgiadis D, Stratikos E, Stern LJ. Conformational dynamics
linked to domain closure and substrate binding explain the ERAP1 allosteric regulation
mechanism. Nat Commun. (2021) 12:5302. doi: 10.1038/s41467-021-25564-w

30. Kochan G, Krojer T, Harvey D, Fischer R, Chen L, Vollmar M, et al. Crystal
structures of the endoplasmic reticulum aminopeptidase-1 (ERAP1) reveal the
molecular basis for N-terminal peptide trimming. Proc Natl Acad Sci U S A. (2011)
108:7745–50. doi: 10.1073/pnas.1101262108

31. Blat Y. Non-competitive inhibition by active site binders. Chem Biol Drug Des.
(2010) 75:535–40. doi: 10.1111/j.1747-0285.2010.00972.x

32. Pesaresi A. Mixed and non-competitive enzyme inhibition: underlying
mechanisms and mechanistic irrelevance of the formal two-site model. J Enzyme
Inhib Med Chem. (2023) 38:2245168. doi: 10.1080/14756366.2023.2245168

33. Papakyriakou A, Stratikos E. The role of conformational dynamics in antigen
trimming by intracellular aminopeptidases. Front Immunol. (2017) 8:946. doi: 10.3389/
fimmu.2017.00946

34. Liddle J, Hutchinson JP, Kitchen S, Rowland P, Neu M, Cecconie T, et al.
Targeting the regulatory site of ER aminopeptidase 1 leads to the discovery of a natural
product modulator of antigen presentation. J Med Chem. (2020) 63:3348–58.
doi: 10.1021/acs.jmedchem.9b02123

35. MaChado TFG, Gloster TM, Da Silva RG. Linear eyring plots conceal a change
in the rate-limiting step in an enzyme reaction. Biochemistry. (2018) 57:6757–61.
doi: 10.1021/acs.biochem.8b01099

36. Hobbs JK, Jiao W, Easter AD, Parker EJ, Schipper LA, Arcus VL. Change in heat
capacity for enzyme catalysis determines temperature dependence of enzyme catalyzed
rates. ACS Chem Biol. (2013) 8:2388–93. doi: 10.1021/cb4005029
frontiersin.org

https://doi.org/10.1093/nar/gkz950
https://doi.org/10.1016/S0065-2776(02)80012-8
https://doi.org/10.1016/S0065-2776(02)80012-8
https://doi.org/10.1016/j.coi.2012.10.001
https://doi.org/10.1016/j.coi.2012.10.001
https://doi.org/10.1136/ard-2022-222852
https://doi.org/10.1136/ard-2022-222852
https://doi.org/10.1038/ni.1629
https://doi.org/10.1093/hmg/ddq401
https://doi.org/10.1073/pnas.1804506115
https://doi.org/10.1073/pnas.1804506115
https://doi.org/10.1016/j.cbpa.2014.08.007
https://doi.org/10.1080/14728222.2020.1751821
https://doi.org/10.1016/j.molimm.2016.08.005
https://doi.org/10.1016/j.molimm.2016.08.005
https://doi.org/10.4049/jimmunol.1003337
https://doi.org/10.4049/jimmunol.1300598
https://doi.org/10.1097/BOR.0000000000000189
https://doi.org/10.1016/j.jbc.2021.100443
https://doi.org/10.1016/j.jbc.2021.100443
https://doi.org/10.4049/JIMMUNOL.2100686
https://doi.org/10.1136/ard-2022-222277
https://doi.org/10.1097/BOR.0000000000000846
https://doi.org/10.1074/jbc.M117.789180
https://doi.org/10.1016/j.jbc.2021.101329
https://doi.org/10.1021/ie50501a040
https://doi.org/10.1021/acsmedchemlett.9b00002
https://doi.org/10.1021/acsmedchemlett.9b00002
https://doi.org/10.1073/pnas.0500721102
https://doi.org/10.1073/pnas.0500721102
https://doi.org/10.1128/JVI.75.3.1301-1311.2001
https://doi.org/10.1084/jem.20151093
https://doi.org/10.1371/journal.pone.0003658
https://doi.org/10.1073/pnas.1912070116
https://doi.org/10.1073/pnas.1309781110
https://doi.org/10.2174/0929867325666180214111849
https://doi.org/10.1038/s41467-021-25564-w
https://doi.org/10.1073/pnas.1101262108
https://doi.org/10.1111/j.1747-0285.2010.00972.x
https://doi.org/10.1080/14756366.2023.2245168
https://doi.org/10.3389/fimmu.2017.00946
https://doi.org/10.3389/fimmu.2017.00946
https://doi.org/10.1021/acs.jmedchem.9b02123
https://doi.org/10.1021/acs.biochem.8b01099
https://doi.org/10.1021/cb4005029
https://doi.org/10.3389/fimmu.2024.1415964
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Georgaki et al. 10.3389/fimmu.2024.1415964
37. Van Der Kamp MW, Prentice EJ, Kraakman KL, Connolly M, Mulholland AJ,
Arcus VL. Dynamical origins of heat capacity changes in enzyme-catalysed reactions.
Nat Commun. (2018) 9:1177. doi: 10.1038/s41467-018-03597-y

38. Gadda G, Sobrado P. Kinetic solvent viscosity effects as probes for studying the
mechanisms of enzyme action. Biochemistry. (2018) 57:3445–53. doi: 10.1021/
acs.biochem.8b00232

39. Reeves E, Wood O, Ottensmeier CH, King EV, Thomas GJ, Elliott T, et al. HPV
epitope processing differences correlate with ERAP1 allotype and extent of CD8(+) T-
cell tumor infiltration in OPSCC. Cancer Immunol Res. (2019) 7:1202–13. doi: 10.1158/
2326-6066.CIR-18-0498

40. Tran TM, Gill T, Bennett J, Hong S, Holt V, Lindstedt AJ, et al. Paradoxical
effects of endoplasmic reticulum aminopeptidase 1 deficiency on HLA-B27 and its role
as an epistatic modifier in experimental spondyloarthritis. Arthritis Rheumatol
Hoboken NJ. (2023) 75:220–31. doi: 10.1002/art.42327

41. Chen L, Ridley A, Hammitzsch A, Al-Mossawi MH, Bunting H, Georgiadis D,
et al. Silencing or inhibition of endoplasmic reticulum aminopeptidase 1 (ERAP1)
suppresses free heavy chain expression and Th17 responses in Ankylosing spondylitis.
Ann Rheumatol Dis. (2016) 75:916–23. doi: 10.1136/annrheumdis-2014-206996

42. Babaie F, Mohammadi H, Salimi S, Ghanavatinegad A, Abbasifard M, Yousefi
M, et al. Inhibition of ERAP1 represses HLA-B27 free heavy chains expression on
polarized macrophages and interrupts NK cells activation and function from
Frontiers in Immunology 15
ankylosing spondylitis. Clin Immunol Orlando Fla. (2023) 248:109268. doi: 10.1016/
j.clim.2023.109268

43. Yang X, Garner LI, Zvyagin IV, Paley MA, Komech EA, Jude KM, et al.
Autoimmunity-associated T cell receptors recognize HLA-B*27-bound peptides.
Nature. (2022) 612:771–7. doi: 10.1038/s41586-022-05501-7

44. Stamogiannos A, Koumantou D, Papakyriakou A, Stratikos E. Effects of
polymorphic variation on the mechanism of endoplasmic reticulum aminopeptidase
1. Mol Immunol. (2015) 67:426–35. doi: 10.1016/j.molimm.2015.07.010

45. Hammer GE, Gonzalez F, James E, Nolla H, Shastri N. In the absence of
aminopeptidase ERAAP, MHC class I molecules present many unstable and highly
immunogenic peptides. Nat Immunol. (2007) 8:101–8. doi: 10.1038/ni1409

46. Klunk J, Vilgalys TP, Demeure CE, Cheng X, Shiratori M, Madej J, et al.
Evolution of immune genes is associated with the black death. Nature. (2022) 611:312–
9. doi: 10.1038/s41586-022-05349-x

47. Costantino F, Talpin A, Evnouchidou I, Kadi A, Leboime A, Said-Nahal R, et al.
ERAP1 gene expression is influenced by nonsynonymous polymorphisms associated
with predisposition to spondyloarthritis. Arthritis Rheumatol. (2015) 67:1525–34.
doi: 10.1002/art.39072

48. Hisatsune C, Ebisui E, Usui M, Ogawa N, Suzuki A, Mataga N, et al. ERp44
exerts redox-dependent control of blood pressure at the ER. Mol Cell. (2015) 58:1015–
27. doi: 10.1016/j.molcel.2015.04.008
frontiersin.org

https://doi.org/10.1038/s41467-018-03597-y
https://doi.org/10.1021/acs.biochem.8b00232
https://doi.org/10.1021/acs.biochem.8b00232
https://doi.org/10.1158/2326-6066.CIR-18-0498
https://doi.org/10.1158/2326-6066.CIR-18-0498
https://doi.org/10.1002/art.42327
https://doi.org/10.1136/annrheumdis-2014-206996
https://doi.org/10.1016/j.clim.2023.109268
https://doi.org/10.1016/j.clim.2023.109268
https://doi.org/10.1038/s41586-022-05501-7
https://doi.org/10.1016/j.molimm.2015.07.010
https://doi.org/10.1038/ni1409
https://doi.org/10.1038/s41586-022-05349-x
https://doi.org/10.1002/art.39072
https://doi.org/10.1016/j.molcel.2015.04.008
https://doi.org/10.3389/fimmu.2024.1415964
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Polymorphic positions 349 and 725 of the autoimmunity-protective allotype 10 of ER aminopeptidase 1 are key in determining its unique enzymatic properties
	Introduction
	Materials and methods
	Plasmids
	Peptides
	Site-directed mutagenesis
	Construction of recombinant baculoviruses
	Protein expression and purification
	Fluorogenic enzymatic assay
	Peptide trimming followed by HPLC
	Michaelis–Menten analysis
	Eyring analysis
	Effects of solvent viscosity to enzymatic turnover rate

	Results
	Discussion
	Polymorphic variation in ERAP1
	ERAP1 conformational transitions are part of the catalytic cycle
	Fundamental mechanistic differences between ERAP1 allotypes suggest alterations in rate-limiting steps
	Role of polymorphic positions at 349 and 725

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


