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Abstract

The aminopeptidase, ERAP1, trims peptides for MHC class | presentation, influencing the degree
and specificity of CD8+ T cell responses. Single nucleotide polymorphisms (SNP) within the
exons encoding ERAPI are associated with autoimmune diseases and cervical carcinoma, but it is
not known whether they act independently or as disease-associated haplotypes. We sequenced
ERAPI from 20 individuals and show that SNP occur as distinct haplotypes in the human
population, and that these haplotypes encode functionally distinct ERAP1 alleles. Using a wide
range of substrates, we are able to demonstrate that for any given substrate, distinct ERAP1 alleles
can have “normal”, “hypo-", or “hyper-" functional; and that each allele has a trend bias towards
one of these three activities. Thus, the repertoire of peptides presented at the cell surface for
recognition by CTL is likely to depend on the precise combination of both MHC class | and
ERAP1 alleles expressed within an individual, and has important implications for predisposition to
disease.

Introduction

Major Histocompatibility complex class | (MHC 1) molecules display peptides of 8-10mer
amino acids in length at the cell surface for immune surveillance by circulating cytotoxic T
cells (CD8+ T cells). MHC | samples the intracellular proteome and presents peptides
derived from self-proteins, including those that are aberrantly expressed in cancer, as well as
proteins originating from intracellular viruses and bacteria. Cytosolic proteases, including
the proteasome, generate peptides with a precise C terminus but a mixture of N-terminally
extended intermediates (1-3), which are then transported into the endoplasmic reticulum
(ER) by the transporter associated with antigen processing (TAP). Here, further processing
in the form of N-terminal peptide trimming by ERAP1 can occur, with the net result of
increasing the frequency of peptides that are of an appropriate length to bind to MHC |
(4-7). Some antigenic peptides can be destroyed or “over-processed” by ERAP1 (8),
indicating that ERAP1 has a role as an antigenic peptide editor, influencing the peptide
repertoire displayed at the cell surface (9-11). In humans, ERAP2, a homologue of ERAP1
is also able to perform this function (4).

The ability of ERAP1 to trim N-terminal amino acids from epitope precursors has been
shown to depend on the amino acids present, which are removed at vastly different rates,
forming a distinct hierarchy (12). This specificity ultimately defines the abundance of
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presented peptide antigens which in turn can shape the immunodominance of CD8+ T cell
responses to pathogens and cancer (11, 13). Recent genome wide association studies
(GWAS) have identified polymorphisms encoded within ERAPI linked to many diseases
such as cervical carcinoma and the autoimmune diseases, ankylosing spondylitis (AS),
multiple sclerosis and psoriasis (14-17). The link between AS and £ERAPI is interesting
since a strong association between AS and HLA-B27 has been known for 40 years with 95%
of AS individuals being HLA-B27 positive. Furthermore, ERAPI is only associated with AS
in HLA-B27 individuals (18). ERAP1 and HLA-B27 intersect in the antigen processing
pathway supporting a role for ERAP1 peptide trimming in disease pathogenesis. Individual
amino acid changes within ERAP1, corresponding to the SNPs linked with disease, resulted
in a reduction in peptide trimming activity for K528R, R725Q and Q730E ERAP1
molecules, but not D575N (18-20). These studies did not examine the effect of multiple
SNPs/haplotypes on the ability of ERAP1 to trim peptide precursors or their effects on
amino acid specificity. Genetic association studies have identified £RAPI SNP haplotypes
(K528/D575/R725), (K528/D575/Q730E) and ERAPI/ERAPZ haplotypes (Q730/K528
ERAPI and K392N ERAP2) as being associated with AS (21-23). These studies examined
haplotypes containing only some of the five SNPs identified in the original GWAS study
and did not examine their function. Therefore the extent to which these five SNPs assemble
into haplotypes and whether the ERAP1 alleles encoded by the different ERAPI haplotypes
have different functions is not known. We have identified nine naturally occurring ERAP1
haplotypes from individuals, based on the five disease associated SNPs. The ERAP1 alleles
encoded by these haplotypes displayed three generic activities (efficient, hypo- and hyper-
functional) based on the precise substrate specificity of each allele highlighting the
importance of ERAP1 alleles in the generation of the peptide repertoire.

Materials and Methods

Subjects

This study was performed, with informed consent for all samples, according to the protocol
approved by National Research Ethics Services and Southampton Research Ethics
committee (study reference number RHM MED 0869 and rec reference 09/H0504/88).
Study title ‘ERAP1 (ERAAP) polymorphisms linked to disease susceptibility’. Samples
were recruited from the Department of Rheumatology, University Hospital Southampton
NHS Foundation Trust and obtained in the Southampton National Institute for Health
Research Wellcome Trust Clinical Research Facility, University Hospital Southampton
NHS Foundation.

ERAPL1 isolation and generation of ERAP1 sequence variant E320A

RNA purified from 2 x 108 CEM (human T cell lymphoblast-like cell line) cells with
RNeasy mini kit (Qiagen) or 200ul blood with ZR whole-blood RNA prep (Zymo Research)
was used to generate cDNA with the Transcriptor High Fidelity cDNA synthesis kit
(Roche). ERAP1 was amplified from cDNA using KOD Hot Start DNA polymerase
(Merck) and the following primers: 5" primer (EcoR/ site in italics), 5'-
GACGAATTCATGGTGTTTCTGCCCCTCAAATG-3'; 3' primer (X#ol site in italics), 5'-
GACCTCGAGCATACGTTCAAGCTTTTCAC-3' (Sigma). The PCR amplification product
was cloned into the vector pcDNAS3.1 (Life Technologies). These cloned ERAP1 subject
alleles were sequenced to identify polymorphic variants and used in functional studies. Site
directed mutagenesis (SDM) was used to generate the ERAP1 E320A non-functional variant
using the WT cloned ERAP1 vector construct with KOD Hot Start DNA polymerase and the
following primers (mutated nucleotide in italics): E320A 5'-
CTGGTGCTATGGCAAACTGGGGACTG-3" and 5'-
CAGTCCCCAGTTTGCCATAGCACCAG-3'.
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DNA constructs

The ES-SHLS, ES-X5-SHLS8 and ES-X6-SHL8 DNA constructs all encode the ER targeting
signal sequence and have been described previously (9, 24). ES-X-SHLS8 constructs were
generated by the incorporation of an additional amino acid into the ES-SHL8 construct using
the following primers: 5'-GCAGTCTGCAGCGCGNNSAGCATCATCAACTTCG-3' and
5-CGAAGTTGATGATGCTSNMCGCGCTGCAGACTGC-3" where N = any nucleotide
and S = C or G, resulting in amino acids being represented. Constructs were sequence
verified and the most frequent codon for each amino acid chosen for use where possible.

Cell lines, transfection and T cell activation assays

An Erapl-deficient fibroblast cell line (a gift from Dr. Nilabh Shastri, University of
California at Berkeley, Berkeley, CA) used for all transfection experiments were cultured as
described previously (9). Culture conditions for B3Z T cell hybridoma and H-2KP-L cells
have been described before (24). Erapl-deficient fibroblasts were transfected with 1ug of
each ERAP1 allele and ES-AIVMK-SHL8 (X5-SHL8) or ES-LEQLEK-SHL8 (X6-SHLS8)
minigene construct (25) (pcDNA3.1) or SCT using FUGENE 6 (Roche). Where N-terminal
amino acid specificity was assessed, 0.05ug of each ERAP1 allele and 0.05ug of each X-
SHL8 minigene construct were transfected together in a 96 well plate. After 48 hours, cells
were harvested and incubated overnight with the LacZinducible B3Z T cell hybridoma,
specific for the recognition of SHL8/H-2KP complexes at the cell surface. Intracellular LacZ
was measured with the substrate chlorophenolred-B-D-galacto-pyrannoside (Roche) by its
absorbance at 595 nm and 655 nm as reference.

Single chain trimer constructs

H-2Kb/SL8 disulfide trap single chain trimer construct (a gift from Dr. T.H. Hansen,
Washington University, St. Louis, MO) was cloned into pcDNA3.1 with £coRV and Nod.
A lysine residue preceding SL8 was added by PCR using the following primers: (lysine is in
italics) 5'-GACCGGTTTGTATGCTAAAAGTATCATTAATTTCG-3' and 5'-
CGAAATTAATGATACT TTTAGCATACAAACCGGTC-3'. SDM of lysine to histidine
within SL8 and glycine to lysine within the linker between peptide and oM was performed
using the following primers: (mutated nucleotides in italics) K-H, 5'-
CTATCATTAATTTCGAACATCTTAAATGCGGTGCTAGC-3' and 5'
GCTAGCACCGCATTTAAGATGTTCGAAATTAATGATAG-3"; G-K, 5'-
CATTAATTTCGAACATCTTAAATGCGGTGCTAGCGGTGG-3' and 5'-
CCACCGCTAGCACCGCATTTAAGATGTTCGAAATTAATG-3'.

Peptide extracts, HPLC and MS analysis

Peptides of various sequences were synthesized (GL Biochem) and their structures
confirmed by mass spectrometry. Endogenous peptides were extracted from transfected
Erapl-deficient fibroblasts after 48 hours. Transfected Erap1-deficient fibroblasts were
lysed in 10% formic acid supplemented with 10uM irrelevant peptide, boiled for 10 min and
passed through a 10KDa filter (Millipore). The filtrate was then fractionated by RP-HPLC
(Shimadzu) on a 2.1mm x 250mm C18 column (Vydac) over a gradient of 15-40%
acetonitrile. Flow rate was maintained at 0.25ml/min and 150pl fractions collected in 96-
well plates and dried. Trypsin (50ug/ml; Sigma) was added to fractions to release SHL8
from N-terminally extended precursors and analyzed with B3Z T cell hybridoma and
H-2KP-L cells as APCs. For SCT experiments carboxypeptidase B (1U/ml; Merck) was
added to fractions following RP-HPLC fractionation to remove lysine from the peptide C-
terminus. For peptide mass analysis, peptide extracts or elutions were fractionated by RP-
HPLC as above and detected by mass spectrometry (Shimadzu). The presence of SHL8K
(m/z = 1100) and IHL7K (m/z = 1013) peptides was determined using LC solutions software
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(Shimadzu). Synthetic peptides and buffer only runs were analyzed in identical conditions to
establish retention times and the absence of sample cross-contamination.

Immunoprecipitation and immunoblots

Expression of ERAP1 was determined by immunoblot. Erap1-deficient transfected
fibroblasts were lysed in 0.5% Nonidet P-40, 150mM NaCl, 5mM EDTA and 20mM Tris
pH7.4 supplemented with phenylmethylsulfonyl fluoride and iodoacetamide (Sigma).
Proteins were separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane
(GE healthcare). Immunoblots were probed with anti-human ERAP1 (AF2334, R&D
Systems) or anti-glyceraldehyde 3-phosphate dehydrogenase (Abcam) antibodies followed
by HRP-conjugated secondary antibody and SuperSignal West Pico or Femto
chemiluminescent substrate (Thermo Scientific). For immunoprecipitation, lysates (107 cell
equivalents) were incubated with anti-H-2KP antibody Y3 immobilized on protein G
Dynabeads (10pg antibody/5mg beads; Life technologies). The beads were washed and
dynabead bound SCT were incubated with trypsin (50ug/ml) for 3 hours at 37°C.
Dynabeads were removed and the supernatant collected and analyzed by western blot or
HPLC/MS.

Statistical Analysis

One-way ANOVA with Dunnett’s post-test was performed for analysis of differences
between multiple groups and control (GraphPad prism, www.graphpad.com).

Results

ERAP1 alleles have different trimming activities

In order to determine the impact on trimming function of SNPs within ERAPI in the context
of naturally occurring haplotypes, we used molecular cloning to isolate and sequence
ERAPI genes from 20 individuals. This revealed a diverse array of ERAPI haplotypes,
mostly comprised of multiple SNP combinations based on the five SNPs with strongest
disease association (Table I). The most common ERAPI haplotype observed (cloned from
CEM cells and volunteers) was identical to the previously characterized £ERAPI gene (NM
001198541.1) and termed wild-type (WT) ERAP1. To assess the trimming function of the
ERAP1 alleles encoded by these haplotypes, we used the well characterized SIINFEHL
(SHL8) murine model system in which an ER targeted (using an ER translocation signal)
five amino acid N-terminally extended precursor AIVMK-SIINFEHL (X5-SHL8) was
transfected into Erapl deficient cells along with the ERAP1 alleles (26). The expression of
trimmed SHL8 presented by H-2KP at the cell surface was measured by coculturing
transfected cells with the SHL8-specific T cell hybridoma B3Z, allowing a direct assessment
of the trimming activity of ERAP1 alleles. Trimming activity in Erapl-deficient cells was
<10% of that seen in WT cells following transfection with X5-SHL8 (Fig. 1A). Transfection
of the WT ERAP1 sequence restored trimming activity to a level comparable to WT cells
(Fig. 1A). As a negative experimental control the active sitt GAMEN motif, responsible for
N-terminal recognition of peptide substrate, was mutated (E320A) to produce a non-
functional variant (Fig. 1A and B). Some residual trimming and SHLS8 presentation is
observed in Erapl-deficient cells, its source is unclear but may be from aberrant signal
peptidase cleavage or an ERAP1-independent pathway (26). We transfected Erapl-deficient
cells with X5-SHL8 and ERAP1 alleles and confirmed expression by western blot
(Supplemental Fig. 1). Figure 1B and C show that two alleles M349V and M349V/D575N/
R725Q were able to trim X5-SHLS as efficiently as WT, with other alleles showing a
reduced capacity. In particular, the 5SNP, R725Q/Q730E and K528R/R725Q alleles were
least able to generate the epitope, with all three showing <30% of WT activity (Fig. 1B and
C).
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Functional classes of ERAP1

To investigate the poor trimming phenotypes and directly assess the fate of the antigenic
precursors in cells, we analyzed peptide extracts by reverse-phase HPLC (Fig. 2). This
method has been shown to reveal trimming intermediates at steady state, thus allowing us to
identify the stage during sequential N-terminal trimming that was most affected by the
polymorphisms (26). In Erap1-deficient cells transfected with X5-SHL8 and WT ERAP1,
two peptide peaks were identified following RP-HPLC fractionation, corresponding to K-
SHLS8 (fraction 23) and SHLS8 (fraction 29) (Fig. 2A). The peptide peak at fraction 23
originates from the capture of the N-terminal peptide trimming intermediate K-SHL8 by
H-2DP (27). Conveniently, this allowed us to determine the relative efficiency of the
cleavage of K-SHLS8 to SHL8 by ERAP1 variants by assuming that more K-SHL8 would be
captured by H-2DP when the K-SHL8 to SHLS cleavage was less efficient. By contrast,
when cells were transfected with E320A ERAP1 only a single peak corresponding to
untrimmed precursor X5-SHLS8 at fraction 40 was observed (Fig. 2B); confirming loss of
function as a result of the active-site mutation. The alleles M349V and M349V/D575N/
R725Q ERAP1 revealed peptide profiles consistent with trimming activity similar to WT
(Figs. 2C and 2D). Analysis of 5SNP, K528R, M349V/K528R and K528R/Q730E ERAP1
revealed three peaks corresponding to untrimmed X5-SHL8, K-SHL8 and SHLS indicating
a reduced ability to trim precursor peptide (Figs. 2E-H). In all cases the ratio of K-SHLS8 to
SHLS8 was greater than for WT (7.6, 5.4, 6.8 and 7.5 respectively compared to 4.4),
consistent with their reduced ability to trim peptide precursors and indicating an inability to
efficiently trim the final lysine residue. Analysis of R725Q/Q730E and K528R/R725Q
ERAP1 revealed a different pattern altogether, characterized by very small K-SHL8 and
SHLS8 activity peaks representing <5% of the amount of trimmed product seen with WT
(Figs. 21 and 2J). The absence of additional peaks corresponding to untrimmed (X5-SHLS)
or partially trimmed peptides is consistent with a hyperactive function for these variants. We
therefore conclude that ERAP1 alleles can be grouped into three functional classes; i)
efficient, ii) hypo or iii) hyper-active trimmers.

Hyper-functional ERAP1

To test the hypothesis that R725Q/Q730E ERAP1 “over-trims” peptide precursors we
utilized a disulfide trap single-chain MHC | construct, dt-SCT. This consists of peptide
linked with -2-microglobulin (B,M) and MHC heavy chain in which the peptide is further
tethered at its C-terminus to the MHC binding groove by introducing a disulfide bond
between Y84C and a second cysteine within the peptide-BoM linker (28). We transfected a
construct containing SIINFEHL (SHLS8) peptide, dt-SHL8 into Erap1-deficient cells, which
was presented at the cell surface and stimulated B3Z T cells (Fig. 3A). When WT or 5SNP
ERAPL is co-expressed in these cells B3Z stimulation was unchanged. By contrast, R725Q/
Q730E transfection resulted in a 50% decrease in B3Z stimulation suggesting SHL8
destruction by over-trimming (Fig. 3A). To further investigate this we generated a dt-SCT
with an N-terminal extension (dt-KSHL8) which would require trimming in order for it to be
presented to B3Z T cells. Disulfide trap-KSHL8 expressing Erapl-deficient cells stimulated
B3Z poorly (Fig. 3B) consistent with the inability of B3Z to recognize N-terminally
extended peptides (Supplemental Fig. 2). When WT ERAP1 was co-expressed B3Z
stimulation increased (Fig. 3B), suggesting that WT ERAPL1 is able to trim the N-terminal
extension from the tethered KSHL8. Co-expression of 5SNP ERAP1 did not alter B3Z
stimulation compared to vector, confirming its hypo-functionality. Transfection of R725Q/
Q730E in dt-KSHL8 expressing cells led to a 70% reduction in B3Z stimulation compared
to vector indicating barely detectable levels of optimally trimmed peptide (Fig. 3B). This is
consistent with destruction of the SHL8 epitope moiety within the dt-KSHLS8 construct by
overtrimming.
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To gather more direct evidence for hypo and hyperfunctionality among ERAP1 variants, we
introduced a trypsin cleavage site one amino acid downstream of the authentic C-terminus of
SHLS in the dt-SCT by substitution of lysine for glycine within the peptide-p,M linker. This
allowed us to recover peptide from the SCT using trypsin following immunopurification
from cells. Disulfide trap-KSHL8K molecules were transfected into Erap1-deficient cells,
immunopurified and eluted peptides fractionated by RP-HPLC. Fractions were treated with
carboxypeptidase B to remove the C terminal lysine revealing a single peak of B3Z activity
corresponding to SHL8K (fraction 16; Fig. 3C). When WT ERAP1 was transfected into dt-
KSHLS8K expressing cells the amount of SHL8K observed was 3-fold greater than vector
alone (Fig. 3D). Transfection of 5SNP ERAP1 showed an equivalent amount of SHL8K
recovered compared to vector only, thus confirming the hypoactivity of 5SNP to trim
peptide precursor. The use of trypsin prior to fractionation means we are unable to recover
KSHL8K which, based on the results shown in Figure 2, we would expect to be elevated.
When R725Q/Q730E was transfected, the amount of SHL8K observed was significantly
reduced (>80% reduction; Fig. 3D) providing further evidence that R725Q/Q730E ERAP1
was over trimming the peptide precursor. We used mass spectrometry to identify peptide
species eluted from the dt-KSHL8K molecules following RP-HPLC fractionation. A peak
corresponding to the mass of SHL8K was the major species eluted from WT transfected
cells, and was greatly reduced in the R725Q/Q730E transfectants (Fig. 3E). Further analysis
of eluted peptides revealed a peak corresponding to IHL7K (IINFEHLK) as a unique
product in the R725Q/Q730E transfectants (Fig. 3E) confirming the over-trimming function
of this variant.

Amino acid specificity of defined ERAP1 alleles

To examine whether the ability of alleles to generate SHL8 was dependent on the sequence
of the N-terminal precursor, we substituted AIVMK for LEQLEK (X6-SHLB8) containing
one additional amino acid and consisting of mostly polar/charged amino acids compared to
the mostly hydrophobic AIVMK extension. Figure 4A shows that, as for X5-SHL8, most of
the alleles showed a reduced ability to generate the final SHL8 epitope from X6-SHL8
compared to WT. Interestingly, however, M349V/K528R and K528R/Q730E, which were
poor trimmers of X5-SHL8 (~40% activity of WT), were able to efficiently process X6-
SHLS8. Conversely, M349V and M349V/D575N/R725Q, which trimmed X5-SHLS8 well,
showed a significant reduction in X6-SHLS8 trimming (<40% of WT activity). This
demonstrated that the activity of these alleles was dependent on substrate sequence, and
prompted us to investigate substrate specificity in more detail.

To fine map amino acid trimming by alleles we utilized the ER targeted SHL8 peptide with
a single amino acid extension representing 18 of the 20 amino acids (X-SHL8) transfected
together with each ERAP1 allele. When we assessed the efficiency of SHL8 generation from
each X-SHLB8 substrate, we identified allele-specific signatures that could be broadly
divided into three groups, shown in Table Il and Figure 4B: i) K528R/R725Q, R725Q/
Q730E, 5SNP and M349V/D575N/R725Q were unable to generate SHL8 from the majority
of amino acid precursors, ii) M349V and M349V/K528R were intermediate and could
generate SHL8 from some precursors well (>75% of WT activity) and others poorly (<50%
of WT activity), and iii) K528R and K528R/Q730E which, like WT, generated SHL8 well
from most precursors. It is important to emphasize that this assay is not able to determine
whether the lack of SHL8 presentation was due to an excess or an absence of trimming.
However, it is notable that the alleles R725Q/Q730E, which we have shown to over-trim K-
SHLS8 (Fig. 3), and K528R/R725Q, which from cell surface and RP-HPLC analysis also
exhibits an over-trimming phenotype (data not shown), were found to have the lowest ability
to generate SHL8 from all X-SHLS8 substrates (Table I1), suggesting that these alleles over-
trim the majority of amino acid precursors. Interestingly, for both of these alleles, there are
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substrates where SHLS8 is generated at similar levels to WT (Met and Ala for K528R/
Q730E; lle for R725Q/Q730E). This suggests that a given allele may have a range of
activities for different N-terminal amino acids such that some are rapidly hydrolyzed and
others slowly.

Examination of the contribution of individual SNPs to X-SHL8 outcomes showed that the
SNP with the strongest effect was R725Q. All alleles containing this SNP (K528R/R725Q),
R725Q/Q730E, M349V/D575N/R725Q, 5SNP) showed poor trimming phenotypes when
assayed across the whole range of X-SHLS8 substrates, and no other SNP was uniquely
associated with a poor trimming phenotype.

Discussion

Using molecular cloning, we identified nine discrete £RAPI haplotypes based on the five
disease associated SNPs. This confirms the polymorphic nature of £RAPI and suggests that
many different haplotypes may have a role in the pathology of linked diseases. Imputation
and permutation haplotype studies have shown an association of ERAPI and ERAP1L/2
haplotypes with AS (21-23). Interestingly, although these studies did not examine all five
SNPs examined here, the AS associated £RAPI haplotypes (K528/D575/R725), (K528/
D575/Q730E) and (Q730/K528 ERAPI and K392N ERAP2) are represented in the
haplotypes we observe, albeit being represented by more than one observed haplotype in
some instances: i) K528/D575/R725 = WT or M349V; ii) K528/D575/Q730E = R725Q/
Q730E; iii) Q730/K528 = WT, M349V or M349V/D575N/R725Q). Thus highlighting the
importance of sequencing haplotypes to identify polymorphic variants. Examination of the
trimming of model N-terminally extended substrates, X5- and X6-SHLS8, revealed
differences between ERAP1 alleles encoded by haplotypes and their ability to generate
SHLS, in a substrate-dependent way. Mapping of N-terminal amino acid trimming by
ERAP1 alleles revealed a complex picture with a range of trimming abilities found among
alleles for a given substrate and within alleles for a range of substrates. WT ERAP1 was
found to have the greatest capacity to generate SHL8 from N-terminally extended precursors
with the hierarchy of amino acid specificity showing a similar profile to those identified in
previous studies using recombinant enzyme and in living cells (4, 12, 29), with any
differences most likely reflecting the particular assay of choice (living cells versus
recombinant enzymes and microsomal extracts). It is worth noting also that the results of
previous trimming assays using transfected Hela cells (12) may be confounded by
endogenous ERAP1 alleles (WT and K528R/Q730E; data not shown). In addition, mouse
cells lack ERAP2, which is expressed in HeLa cells and has been suggested to associate
with ERAP1 in human cells (4). This may therefore impact on the capacity of ERAP1 to
generate peptide epitopes, and reflect differences observed with the previous study of
ERAP1 activity (12). Although, no ERAP1-deficient human cells are available, any
assessment of ERAPL1 allele activity in human cells may be confounded by the presence of
ERAP2.

Further analysis of precursor specificity shows that most variation in the generation of SHL8
between ERAPL1 alleles is observed with substrates containing N-terminal Cys, His, Trp,
Asn or Asp showing these amino acids to be the most sensitive to allelic variation in
ERAPL. Analysis of N-terminal amino acid trimming specificity across alleles shows the
amino acids Met, Val and Ala are good substrates for SHL8 generation. By contrast, Arg,
Pro and Phe were poor substrates with very little SHL8 generated from these precursors.
Interestingly, amino acids, Cys and Asp, were only generated well by WT ERAP1 with poor
generation by all other alleles. These analyses show that the chemical property of an amino
acid does not determine whether it is a good substrate or not, however in general,
hydrophaobic residues are hydrolyzed more efficiently.
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Comparison of allele trimming profiles indicated that a range of N-terminal amino acid
trimming activities may exist within individual alleles. With an array of trimming activities
(some trimmed rapidly, others slowly), those alleles with activities skewed to being fast are
therefore likely to over-trim whereas those skewed to being slow are likely to under-trim.
This observed range in ERAP1 allele trimming activities may reflect an evolutionary
process driving trimming diversity, ensuring optimal peptide epitope generation within the
population to combat disease; a similar mechanism is evident for the diversity of MHC |
alleles. Therefore the more extreme phenotypes we have identified, such as hypo and hyper-
active trimmers, may more commonly be found with alleles that trim well in the population.
Instances where aberrant trimming alleles co-exist in an individual may therefore predispose
them to disease. Furthermore, our data agree with the previously identified AS associated
haplotypes which also encode ERAP1 alleles with poor trimming functions (R725Q/Q730E
(22), M349V or M349V/D575N/R725Q (23) and M349V (21); although the latter two may
also encode the efficient WT ERAP1 allele), indicating a link between poor ERAP1 function
and disease.

Recent crystal structures (20, 30) reveal an interesting link between SNPs and their effects
on trimming capacity. M349V is located within the active site and although it is unlikely to
directly interact with the peptide substrate, the amino acid substitution may alter the ability
to form the correct catalytic conformation. Alleles which contain M349V trim amino acids
poorly indicating a key role in active site maintenance. Both K528R and D575N are situated
at domain junctions important for the conformation changes required for peptide trimming
to occur. Similarly to M349V, alleles containing D575N have poor trimming functions,
indicating its significance in allowing ERAP1 to adopt the correct conformation for
trimming. By comparison, the K528R allele has an intermediate trimming phenotype
suggesting a lesser role for K528R, although, like D575N, when K528R is present in
multiple SNP alleles the trimming phenotype is also poor. Despite good structural data for
ERAPL1 very little is understood about its mechanism of action. In particular, it is not known
whether the regulatory domain of ERAP1 (which contains the R725 and Q730 residues), or
the MHC | peptide binding groove acts as the “molecular ruler” extracting peptides from an
iterative cycle of hydrolysis when the appropriate length is reached. Relevant to this is our
observation that ERAP1 trimmed the single-chain construct efficiently despite the lack of a
free C-terminus, and the strong likelihood that the C-terminal amino acid of the peptide-
substrate was bound tightly in the peptide-binding groove of MHC I. This does not support a
model involving an interaction between ERAP1 and the free C-terminus of peptide substrate
(31). Trimming of small substrates such as dipeptides (unable to engage the peptide binding
pocket of ERAP1) has been shown, indicating that engagement of the peptide binding
pocket is not essential for trimming to occur (4). The ability of ERAP1 to trim the tethered
peptides is most likely dependent on access to the N-terminus and related to MHC | affinity.
This may therefore reflect a balance between ERAP1 and MHC 1 for peptide binding based
on affinities. For an epitope of the correct length for MHC | binding (8-10mer) the affinity is
greater for MHC | than ERAP1 binding and therefore no further trimming occurs. However,
an N-terminally extended peptide would have lower affinity for MHC I and allow binding to
ERAP1, a mechanism similar to the model described by Kanaseki et a/(26). The dt-SCT-
SL8 system does not reflect the normal situation in the ER, but the identification of over-
trimming in a system which should minimize the ability of ERAP1 to access peptides
provides an alternative mechanism for ERAP1 trimming. The finding that R725Q/Q730E
over-trims peptides tethered to MHC | suggests that SNPs may increase ERAP1 affinity for
peptides allowing further trimming of cognate epitopes thus destroying them. It is worth
noting that R725Q, which had the strongest negative effect on trimming and was uniquely
included in all the alleles that were poor at generating SHL8 from all X-SHLS8 substrates, is
located within the regulatory domain of ERAP1 which has been proposed to interact with
the peptide substrate (31). The observed effects of ERAP1 alleles on X-SHL8 and dt-SCT
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substrates may be confounded by an alteration in the competition from other endogenous
peptides for ERAP1 in transfected cells. However, the data shown from peptide extracts and
the trimming phenotypes for X5-SHL8 and dt-SCT experiments (where peptides are not
competing for MHC) is more consistent with a direct effect of the ERAP1 alleles on peptide
substrates. In addition, analysis of peptides presented in cells expressing 5SNP ERAP1
revealed longer peptides compared to cells expressing WT ERAP1; this is consistent with
our observations that WT is an efficient trimmer whereas 5SNP is hypo-functional (32).

The role of disease associated SNPs on ERAP1 function has been investigated previously;
single SNPs have been found to reduce trimming activity for K528R, R725Q and Q730E
(18, 19), but no study has investigated their affect within naturally occurring alleles. We
have found that SNPs do not act independently and that their effect on ERAP1 function
when assessed individually is not an accurate predictor of their effect when in the context of
a naturally occurring allele. For example we found that, when assayed on X5-SHLS, a
modest reduction in function seen for R725Q was amplified when additional M349V,
K528R or Q730E substitutions were introduced; and although the K528R change alone
reduces activity by 50%, in combination with D575N, it generates an allele (albeit one
which we have not observed in our sample of 20 genomes) with activity close to WT
(Supplemental Fig. 3). Accordingly, disease association is likely to be considerably stronger
when analyzed at the level of ERAP1 function than at the level of SNPs. The extent to
which ERAP1 alleles exhibit the same trimming phenotypes for different peptide substrates
is not known. However, examination of the K528R allele with the same amino acid
extension, but different peptide backbone, shows that variation in trimming efficiency
occurs when compared to WT (19). Comparison of K528R allele trimming capacity between
studies shows that trimming of some amino acid substrates are similar such as Leu (equal or
enhanced compared to WT; (19)), whereas others such as Typ are different (40% reduction
versus equal compared to WT; (18)). These observed differences in K528R trimming may
reflect the different assays employed (recombinant ERAP1 and different ERAP1 isoforms).
This indicates that other factors such as the MHC binding affinity of peptides may influence
the trimming phenotype of ERAPL1 alleles. Further investigation using other peptide
substrates is therefore required. Precisely how differential ERAP1 function might underpin
disease pathology in, for example ankylosing spondylitis or psoriasis is a matter of
speculation, but this study indicates how epitope presentation might be influenced by
ERAP1 genotype and thus impact on CTL and NK cell function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thetrimming activity of identified ERAP1 alleles

(A) Erapl-deficient fibroblasts were transfected with X5-SHL8 and WT or E320A ERAP1
and assayed for trimming by stimulation of the LacZ-inducible, SHL8/KP-specific B3Z T
cell hybridoma. As a control for ERAP1 trimming B6 fibroblasts were transfected with X5-
SHLS8 only and assayed for trimming as above. (B) Erapl-deficient fibroblasts transfected
with X5-SHL8 and WT (e), E320A (o), or identified ERAP1 alleles M349V, K528R,
M349V/K528R, M349V/D575N/R725Q, K528R/R725Q, K528R/Q730E, R725Q/Q730E or
5SNP (a) and were titrated and assayed for trimming as above. Data shown in each panel is
from the same experiment representative of six independent experiments. (C) Erapl-
deficient fibroblasts were transfected with ERAP1 alleles and X5-SHLS8, as above, and the
relative maximum B3Z response compared to WT calculated. Bars show results pooled from
at least six experiments + SEM (***; £<0.001, ns; not significant).
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(A-J) Erapl-deficient fibroblasts were transfected with X5-SHL8 and ERAP1 alleles (@)
identified from individuals. Peptide extracts from transfected fibroblasts were fractionated
by RP-HPLC, pretreated with trypsin to allow detection of N-terminally extended SHL8
analogs and assayed with B3Z T cell hybridoma and H-2KP-L cells as APCs. Retention
times of synthetic SHL8, K-SHL8 and X5-SHL8 peptides are marked with arrows. Fractions
from runs of buffer alone were assayed in parallel to exclude the possibility of sample carry
over between runs (o). HPLC elution profiles are representative of individual ‘runs’ from

four experiments.
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Figure 3. Hyper-active ERAPL alleles destroy peptides by over-trimming

Erapl-deficient fibroblasts were transfected with dt-SHL8 (A) or dt-KSHLS8 (B) and empty
vector, WT, 5SNP or R725Q/Q730E ERAPL, titrated and assayed for stimulation of B3Z T
cell hybridoma as in Figure 1. (C) Peptides eluted from dt-KSHL8K expressed by Erap1-
deficient fibroblasts by trypsin following immunopurification by anti-H-2KP antibody Y3
were fractionated by RP-HPLC. Fractions were untreated (A) or pretreated with
carboxypeptidase B (@) to allow detection of SHL8 and assayed with B3Z and H-2KP-L
cells as APCs. Downward arrow indicates the peak elution of SHL8K. Fractions from mock
injection (o) were performed as in Figure 2. (D) Peptides eluted from Erap1-deficient
fibroblasts transfected with dt-KSHL8K and WT (e), vector (¥), 5SNP (4) or R725Q/
Q730E (m) were fractionated by RP-HPLC as in C. Data are representative of four
experiments. (E) Chromatogram of RP-HPLC fractionated peptides eluted from Erapl-
deficient fibroblasts transfected as in (D) at mass fragments m/z = 1100; SHL8K (left panel)
and m/z = 1013; IHL7K (right panel). Downward arrows indicate the retention time of
SHL8K and IHL7K peptides. Data are representative of three experiments.
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Figure 4. Fine specificity of N-terminal amino acid trimming by ERAP1 alleles

(A) Erapl-deficient fibroblasts transfected with X6-SHL8 and WT, E320A, or ERAP1
alleles M349V, K528R, M349V/K528R, M349V/D575N/R725Q, K528R/R725Q, K528R/
Q730E, R725Q/Q730E or 5SNP were assayed for trimming and the relative maximum B3Z
response compared to WT calculated. Bars show results pooled from at least six experiments
+ SEM (***; P<0.001, ns; not significant). (B) Erap1-deficient fibroblasts were transfected
with the indicated ERAP1 allele together with X-SHL8 minigenes representing 18 amino
acids and assessed for generation of SHL8 by B3Z activation. The relative presentation of
SHL8 was compared to that observed for Erapl-deficient fibroblasts transfected with WT
ERAP1 and ES-M-SHLS8. Dashed lines indicate 50% of ES-M-SHL8 generation. Data are
pooled from three separate experiments.
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Table |
I dentity of ERAPL haplotypesin the samples studied

SNP
rs2287987 | rs30187 | rs10050860 | rs17482078 | rs27044
M349v) | (ks28r) | (O57EN) | (R725Q) | (Q730E)

WT t/M t/K c/D c/R a9/Q

5SNP oV o/R tN tQ o/E

K528R/Q730E /M o/R o/D oR o/E

K528R t/M c/R c/D c/R 9/Q

Haplotype M3‘}g\7’g:5’g75'\‘ N K N YQ e

K528R/R725Q /M oR o/D tQ g0

R725Q/Q730E M K c/D tQ o/E

M349v c/vV t/K c/D c/R 9/Q

M349V/K528R oV oR c/D oR 9/Q

AS* association 14 49 12 4.0 16
(P-value) x1074 x1076 x1074 x1075 x1076
Frequency % 77123 32/68 75/25 76/24 26/74

(WT/variant)

Lower case letter denotes anti-sense strand base pair and upper case letter denotes the amino acid at this position.

*
Ankylosing Spondylitis
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Table Il
Relative amino acid trimming efficiency compared to WT ERAP1

syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnue| Joyiny sispund JIAd adoin3 ¢

Allele SHL 8 generation compared to WT from X-SHL8 Total SHLS
o
75-100% 50-75% 0-50% generation
K528R/R725Q F,M, AP N EHKTILRYV, 345.4
L,C,D,W,Q,S
5SNP QP M,V LEAWH,TI 366.9
N,R,F,C,D,K,S
R725Q/Q730E P M, A W, I, R V,L,D,E H,K,T, 378.7
S,C,QN,F
M349V/D575N P M, A Q,S, R V,L E,W,HK, 383.9
IR725Q T,1,C,D,N,F
M349V RM, QI V,E,A KT L,D,W,N,S,C, 436.9
H,F,P
M349V/KS528R QLRF M,L,D,E,AH TN, [ V,WKcCP 533.6
S
K528R/Q730E | H,R,F,P, M, W, V,L,E K, Q,I C.D A 6916
TN, S
K528R L AWK,SR, V,D,H c 862.6
F.PMEQ,T,I,
N

+
Total SHL8 generation is the sum of SHL8 generated from all N-terminal amino acids.

WT =950.7
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