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The Endoplasmic reticulum aminopeptidase I (ERAP1) trims
peptides to their optimal size for binding to Major Histo-
compatibility Complex class I proteins. The natural poly-
morphism of this enzyme is associated with ankylosing
spondylitis (AS) in epistasis with the major risk factor for
this disease, HLA-B*27, suggesting a direct relationship
between AS and HLA-B*27-bound peptides. Three polymor-
phisms that affect peptide trimming protect from AS:
K528R, D575N/R725Q, and Q730E. We characterized and
ranked the effects of each mutation, and their various com-
binations, by quantitative comparisons of the HLA-B*27
peptidomes from cells expressing distinct ERAP1 variants.
Five features were examined: peptide length, N-terminal
flanking residues, N-terminal residues of the natural li-
gands, internal sequences and affinity for B*27:05. Polymor-
phism at residue 528 showed the largest influence, affecting
all five features regardless of peptide length. D575N/R725Q
showed a much smaller effect. Yet, when co-occurring with
K528R, it further decreased ERAP1 activity. Polymorphism
at residue 730 showed a significant influence on peptide
length, because of distinct effects on trimming of nonamers
compared with longer peptides. Accordingly, multiple fea-
tures were affected by the Q730E mutation in a length-de-
pendent way. The alterations induced in the B*27:05 pep-
tidome by natural ERAP1 variants with different K528R/
Q730E combinations reflected separate and additive effects
of both mutations. Thus, the influence of ERAP1 on HLA-
B*27 is very diverse at the population level, because of the
multiplicity and complexity of ERAP1 variants, and to the
distinct effects of their co-occurring polymorphisms, lead-
ing to significant modulation of disease risk among HLA-
B*27-positive individuals. Molecular & Cellular Proteom-
ics 17: 10.1074/mcp.RA117.000565, 1308–1323, 2018.

ERAP1 is a polymorphic aminopeptidase of the endoplas-
mic reticulum expressed in all individuals, whose best char-

acterized function is to trim peptides to their proper length for
Major Histocompatibility Complex Class I (MHC-I)1 molecules
(1, 2). The absence of this enzyme results in substantially
altered MHC-I peptidomes characterized by longer and lower
affinity peptides, and reduced MHC-I expression (3–8). Major
features of ERAP1 include its capacity to cleave virtually all
peptide bonds except those involving Pro, a preference for
hydrophobic N-terminal (P1) residues, low efficiency toward
acidic and basic ones (9–12), and, uniquely among amino-
peptidases, a limitation of its activity determined by substrate
length, a feature known as the molecular ruler mechanism.
This consists in that the enzyme efficiently trims 10-mers and
longer peptides, but its activity toward 9-mers is significantly
reduced, becoming virtually inactive for shorter peptides (13).
Natural ERAP1 variants are complex allotypes characterized
by multiple amino acid changes arising by single nonsynony-
mous single nucleotide polymorphisms (SNPs), some of
which affect the enzymatic activity. There are 10 major ERAP1
variants in human populations, usually referred to as ERAP1
haplotypes (Hap), or combinations of SNPs, designated as
Hap1 to Hap10 (14).

The association of ERAP1 polymorphism with ankylosing
spondylitis (AS) in epistasis with the major risk factor for this
disease, HLA-B*27, was revealed by genome-wide associa-
tion studies (15, 16), and was followed by similar findings in
other MHC-I associated diseases, such as psoriasis (17) and
Behçet’s disease (18). The association with AS follows a
two-mutation model consistent with a primary protective ef-
fect of the K528R change and a secondary effect of D575N/
R725Q, the latter tagged by the rs10050860 SNP, at codon
575. HLA-B*27-positive individuals homozygous for both
polymorphisms are about 25% less likely to develop AS that
individuals homozygous for the corresponding risk alleles
(16). A recent study suggests that the association of
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rs10050860 may be accounted for by strong linkage disequi-
librium with a splice-altering variant, rs7063, influencing pro-
tein levels (19).

Multiple studies that analyzed the association of natural
ERAP1 haplotypes with AS, reviewed in (14), showed that one
or more of the Hap1-Hap3 haplotypes, all including the risk
polymorphisms at residues 528, 575, and 725, were associ-
ated with increased risk of AS, whereas Hap10, including the
protective polymorphisms at all three positions, was protec-
tive. In early genetic studies the Q730E polymorphism
showed one of the highest associations with AS, Q730 being
the risk variant (15, 20). These studies did not specifically
address the linkage disequilibrium among missense polymor-
phisms within the ERAP1 gene. A more recent fine mapping
study (21) restricted the AS susceptibility region of ERAP1 to
a relatively short span of DNA, including both the missense
SNPs rs30187 (K528R) and rs10050860 (D575N), but not
rs27044 (Q730E), raising the possibility that the latter might
not be directly involved in AS.

The epistatic association of ERAP1 with AS and other in-
flammatory diseases (22) suggests a pathogenetic role of
peptide processing, emphasizing the need to characterize
the effects of ERAP1 polymorphism on MHC-I bound pep-
tidomes. The issue is not simple because of the distinct
influence of individual polymorphisms on the enzymatic ac-
tivity of ERAP1 and the likely interplay of effects of these
changes in the natural ERAP1 haplotypes. This is suggested
by observations that the activity of a given ERAP1 variant
is the result of its combination of polymorphic residues
(23, 24). These studies pointed to the necessity of directly
defining the effect of natural ERAP1 haplotypes on the
HLA-B*27 peptidome in live cells with distinct ERAP1
backgrounds.

Two previous studies from our laboratory addressed this
issue (25, 26), demonstrating the significant influence of
disease-associated ERAP1 variants on the HLA-B*27 pep-
tidome. They also showed a dominant effect of the K528R
change over D575N/R725Q, in agreement with in vitro studies
showing that polymorphism at residue 528 is a major deter-
minant of ERAP1 activity (27–29). Yet, our earlier studies used
a relatively low-resolution peptidomic approach, which in-
volved the direct identification of a reduced number of pep-
tides, limiting statistical assessments and the detection of
effects on the peptidome to the very major ones. Moreover, in
the first of those studies (25), the presence of ERAP2 was not
fully considered. This enzyme trims basic and few other P1
residues (10, 22), is also involved in the processing of MHC-I
ligands (10, 30–32), is not expressed in at least 25% of

individuals (33) and has a significant influence on the HLA-
B*27 peptidome (34, 35).

Thus, in the present study we undertook a systematic
and comprehensive analysis of the effects of AS-associated
ERAP1 polymorphism on the HLA-B*27 peptidome. We com-
pared the B*27:05 peptidomes from ERAP2-positive cells ex-
pressing distinct ERAP1 haplotypes by means of a homoge-
neous and high-resolution immunopeptidomic approach.
Through the identification of several thousands of peptides
from each cell line obtained in uniform conditions, we were
able to characterize ERAP1-dependent changes affecting
multiple features of the peptidome with high reliability and
statistical strength. By selecting cell lines with ERAP1 variants
showing different combinations of polymorphic residues, we
could assign distinct effects to individual disease-associated
changes, rank their relative contribution to shaping the HLA-
B*27 peptidome, and define the interactive effects among co-
occurring polymorphisms in the natural ERAP1 haplotypes.

MATERIALS AND METHODS

Cell Lines, and Western Blots—Four HLA-B*27:05-positive lym-
phoblastoid cell lines (LCL) were used in this study: LCL 6370 (HLA-
A*02, *68; B*27:05, *44; C*02, *07), LG2 (HLA-A*02, B*27:05, C*01),
P50 (HLA-A*23, *24; B*27:05, *14; C*02, *08) and C1R05 (B*27:05,
*35:03low, C*04) (Table I). The latter is a transfectant line derived from
HMy2.C1R cells, which are defective in their endogenous HLA-A, B
genes (36). The four cell lines are ERAP2-positive and express similar
levels of this enzyme (26, 35). They are homozygous at the ERAP1
locus and express distinct ERAP1 allotypes (26, 34). The cells were
cultured in RPMI 1640 medium with 10% fetal bovine serum (Biowest,
Nuaillé, France), 25 mM HEPES buffer, 2 mM L-glutamine, penicillin and
streptomycin. ME1 (IgG1), an anti-HLA-B*07/B*27/B*22 monoclonal an-
tibody (mAb) that recognizes HC/�2m/peptide complexes (37), was
used for immunopurification of HLA-B*27. Among the non-B*27 MHC-I
molecules expressed in the cell lines used in this study, ME1 is known
to have a weak cross-reaction only with HLA-B*14 (38, 39). Besides this
antibody, W6/32 (IgG2a), which recognizes a monomorphic determi-
nant of HLA-A,B,C molecules (40) was used in flow cytometry.

Western blotting was done and quantified as previously described
(25), using the mAbs 6H9, 3F5 (both from RD systems, Minneapolis,
MN), and GTU88 (Sigma) to reveal ERAP1, ERAP2 and �-tubulin,
respectively.

Flow Cytometry—About 2 � 105 cells where washed twice with 200
�l of PBS, centrifuged at 1500 RPM for 2 min. and incubated with 50 �l
of ME1 or W6/32 for 20 min at 4 °C (10 and 20 �g/ml respectively). The
cells were washed twice with 200 �l of PBS, incubated with FITC-
conjugated anti-mouse IgG secondary antibody (eBioscience, San Di-
ego, CA) at 1 �g/ml for 20 min. at 4 °C, and washed twice with PBS. The
detection was made using a FACSCalibur instrument (BD Bioscinece,
San José, CA) with CellQuest Pro version. All data were analyzed using
the FlowJo software, version 7.5 (Tree Star, Inc, Ashland, OR).

Isolation of HLA-A*B*27:05-bound Peptidomes—About 1 � 109

cells were lysed at 4 °C in 150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1%
Igepal CA-630 (Sigma-Aldrich) and a mixture of protease inhibitors
(Roche, Mannheim, Germany). After centrifugation, the supernatant
was passed through a column containing the ME1 mAb bound to
CNBr-activated Sepharose 4B (GE Healthcare, Buckinghamshire, UK)
and washed with 20 column volumes each of 20 mM Tris-HCl, pH 8.0
containing: 1) 150 mM NaCl, 2) 400 mM NaCl, 3) 150 mM NaCl, and 4)
40 column volumes of buffer without NaCl. Peptides were eluted with
1% TFA (Sigma-Aldrich) at room temperature, filtered through Vivas-

1 The abbreviations used are: MHC-I, Major Histocompatibility
Complex class I; AS, ankylosing spondylitis; E:S, enzyme/substrate;
IR, intensity ratio; L-AMC, Leu-7-amido-4-methyl-coumarine; mAb,
monoclonal antibody, P(-1), N-terminal flanking residue; P1, N-termi-
nal residue; SNP, single nucleotide polymorphism.
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pin 2, cutoff 5000 Da (Sartorius Stedim Biotech, Gottingen, Germany),
concentrated in a SpeedVac and subjected to reversed phase purifi-
cation using OMIX tips (Varian Inc. Palo Alto, CA) by elution with 50%
acetonitrile, 0.1% TFA in water. The eluted peptides were dried and
stored at �20 °C. For each LCL, three preparations were independ-
ently obtained from the same cell amounts.

Mass Spectrometry—The recovered peptides were analyzed in a
Q-Exactive-Plus mass spectrometer fitted with Ultimate 3000 RSLC
nanocapillary UHPLC (Thermo Fisher Scientific, Waltham, MA). The
peptides were resolved on a capillary column (75 �m ID and �20 cm
long) pressure packed as in (41) with C18 reversed-phase 3.5 �m
beads (Reprosil-C18-Aqua, Dr. Maisch GmbH, Ammerbuch-Entrin-
gen, Germany), using a 7–28% acetonitrile gradient with 0.1% formic
acid during 180 min followed by 28–95% during 15 min. The flow rate
was 0.15 �l/min. The dynamic exclusion was set to 20 s and the
automatic gain control value for the full MS was set to 3 � 106. The
selected masses were fragmented from the survey scan of mass-to-
charge ratio (m/z) 300–1800 AMU at resolution 70,000. Data was
acquired using a data-dependent “top-10” method, fragmenting the
peptides by higher-energy collisional dissociation. MS/MS spectra
were acquired starting at m/z 200 with a resolution of 17,500. The
target value of the MS/MS was set to 1 � 105 and the isolation
window to 1.8 m/z. The maximum injection time was set to 100 ms
and normalized collision energy to 25 eV. No fragmentation was
performed for peptides with unassigned precursor ion charge states
or charge states of four and above. The peptide match option was set
to Preferred. Fragmented masses were dynamically excluded from
further selection for fragmentation for 20 s.

Experimental Design and Statistical Rationale—HLA-B*27-bound
peptides were isolated from three independent preparations of each
of the four LCL used in this study, to provide for biological replicates.
About 1 � 109 cells were used for each preparation. The peptides
were fragmented by mass spectrometry, as detailed above, and their
sequences were assigned, from the MS/MS spectra, using the Max-
Quant software (version 1.5.0.25) (42) with the Andromeda search
engine (43) and the human UniProt/Swiss-Prot database (release
2015_07, 20197 entries) under the following parameters: precursor
ion mass and fragment mass tolerance 20 ppm, false discovery rate
(FDR) 0.05 for peptide-spectrum matching. N-terminal acetylation,
Gln-to-pyroglutamic cyclation and Met oxidation were included as
variable modifications. No fixed modifications were included. Identi-
fications derived from the reverse database and known contaminants
were eliminated. Neither the specificity of proteases used to generate
peptides, nor the missed/nonspecific cleavages permitted applied to
our analysis, as it concerns peptides endogenously generated in live
cells. Peptides in the length range of 8 to 14 amino acid residues,
corresponding to most MHC-I ligands, with Arg or Gln at peptide
position (P) 2, which is the major anchor motif of HLA-B*27, were
assigned as B*27:05 ligands. This selection removes most of the
contaminant peptides unrelated to MHC-I and to non-B*27 MHC-I
ligands.

To assess the effect of the ERAP1 background in each LCL on the
B*27:05 peptidome we carried out quantitative comparisons of the
shared ligands between cell line pairs. Six such comparisons were
carried out, each one addressing the effects of ERAP1 polymorphisms
(Table I). Prior to these comparisons, the ion peak intensity of each
peptide in each cell line was normalized to the total intensity of the ion
peaks corresponding to all the identified peptides in that cell line after
filtering for length and P2 residues as described above, so that the
intensity of irrelevant signals was not considered. This normalization
also corrects for differences in peptide yields arising, for instance, from
distinct HLA-B*27 expression among cell lines. The normalization was
done in each individual experiment and the normalized ion peak inten-
sities assigned to the peptides from each cell line were the mean values

from the three experiments. The ratio between the normalized intensi-
ties of a given peptide in the two cell lines (IR) was taken as an indication
of the relative amounts of that peptide.

The shared peptides between any given cell line pair were classi-
fied as follows. Those that were more abundant in one cell line,
relative to the other (IR�1.0), were subdivided in those with IR�1.0 to
1.5 (hereafter abbreviated as IR�1.0–1.5) and those with IR�1.5. The
former subset included the peptides with similar or slightly increased
levels in one cell line relative to the other. The IR�1.5 subset included
those peptides showing higher expression differences in each cell line
compared with the other. This classification is based on our previous
studies showing that ERAP1/ERAP2-dependent differences in MHC-I
peptidomes are best revealed among peptides in the IR�1.5 subset
and are usually attenuated or absent altogether in the IR�1.0–1.5
group. This is expected from the fact that quantitative effects of
ERAP1 polymorphism on MHC-I ligands should be mainly observed
among peptides showing larger differences in relative amounts be-
tween the cell lines compared. The relationship of this classification to
the statistical significance of the differences in peptide amounts was
established by means of Volcano plots for each pairwise comparison.
In these analyses the Student’s t test was used to assess the statis-
tical significance of the expression differences of individual peptides
in the two cell lines compared.

Recombinant ERAP1 Proteins and Hydrolytic Assay—The purifica-
tion of recombinant ERAP1 proteins and the hydrolysis assay with
the fluorogenic substrate Leu-7-amido-4-methyl-coumarine (L-AMC)
were carried out exactly as previously described (23).

Classification of Amino Acid Residues According to ERAP1 Sus-
ceptibility—Amino acid residues were classified according to their
susceptibility to ERAP1 (12), as ERAP1-susceptible (A, C, L, M, Y),
intermediate (F, G, H, I, N, Q, S, T), or resistant (D, E, K, P, R, V, W),
as previously described (25).

Binding Affinity—Theoretical binding affinities of B*27:05 ligands
were calculated using the NetMHCcons 1.1 Server (http://www.cbs.
dtu.dk/services/NetMHCcons/), which integrates three different algo-
rithms, as described elsewhere (44).

Statistical Analyses—Differences in peptide length and residue fre-
quencies were assessed by the �2 test with Bonferroni correction,
when applicable. Differences in binding affinity were analyzed by the
Mann-Whitney U test. The Student’s t test was used to assess the
statistical significance of the expression differences of individual pep-
tides among cell lines. p � 0.05 was considered as statistically
significant in all cases.

RESULTS

ERAP1, ERAP2, and HLA-B*27 Expression in HLA-B*27:05
Positive Cell Lines—Although the expression of ERAP1 and
ERAP2 in the four cell lines used in this study were separately
assessed in previous reports (26, 35), their relative protein
levels were jointly determined by Western blotting in the con-
text of the present study (Fig. 1A–1B). For ERAP1 they were
the following: LCL 6370 (100), LG2 (75 � 7), P50 (80 � 10),
C1R05 (54 � 5). ERAP2 expression was similar in the four cell
lines, as previously reported.

Total MHC-I expression was highest in the C1R05 trans-
fectant, followed by P50, and was lowest and similar for LCL
6370 and LG2 (Fig. 1C). Accordingly, HLA-B*27 expression
was highest for C1R05, followed by LG2 and P50. LG2 is
homozygous for HLA-B*27 and its expression was roughly
double compared with the heterozygous LCL 6370. Although
P50 is also heterozygous for HLA-B*27, its relatively high
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FIG. 1. ERAP1, ERAP2 and MHC-I expression in LCL. A, Expression of ERAP1 proteins in the indicated cell lines. A representative
experiment (top) and the mean � standard deviation of 3 independent analyses (bottom) are shown. The results are expressed as the amounts
of ERAP1 relative to the cell line with the highest expression of the enzyme. B, ERAP2 protein expression in the same cell lines; conventions
are as in panel A, except that a single experiment (top) and its quantization (bottom) is shown, because the similar expression of ERAP2 in these
four cell lines was previously reported (26, 35). C, Flow cytometry analysis of the surface expression of MHC-I antigens in LCL 6370 (. . . . ),
C1R05 (_____), LG2 (.-.-.-), and P50 (—), as assessed with the W6/32 mAb. A representative measurement (top) and the mean � standard
deviation of triplicate samples (bottom) is shown, with mean fluorescent values made relative to the cell line with the highest MHC-I expression.
D, Flow cytometry analysis of the surface expression of HLA-B*27 as assessed with the ME1 mAb. Conventions are as in panel C. Note that
P50 expresses HLA-B*14, which shows some reactivity with ME1.
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staining with ME1 is explained both by the higher overall
expression of MHC-I molecules (Fig. 1C) and by the moderate
cross-reaction of ME1 with HLA-B*14 (38, 39), which is also
expressed in this cell line.

Identification of HLA-B*27:05 Ligands Presented in Various
ERAP1 Contexts—The B*27:05 peptidomes from LCL 6370,
LG2, C1R05 and P50, isolated from three independent prep-
arations for each cell line, were analyzed by MS. A total of
9162 peptides with 8 to 14 amino acid residues and Arg2 or
Gln2 were assigned as B*27:05 ligands in one or more of
the four LCL, of which 6894 (LCL 6370), 6094 (LG2), 7205
(C1R05), and 6620 (P50) were detected in the individual cell
lines (supplemental Table S1). The molecular weight and
length distributions of the identified B*27:05 ligands were very
similar among cell lines, although a small increase of 9-mers,
and a corresponding decrease of longer peptides, was ob-
served in LG2 (supplemental Fig. S1).

Quantitative Effects of ERAP1 Polymorphism on the B*27:05
Peptidome—In the following analyses we examined the ef-
fects of distinct ERAP1 polymorphisms on the amounts of
B*27:05 ligands. To this end, we compared the B*27:05 pep-
tidomes from ERAP2-positive cell line pairs differing in their
ERAP1 variants. Six such comparisons were carried out (Ta-
ble I) using the experimental strategy described above (see
Methods: Experimental Design and Statistical rationale). We
focused on the shared peptides between any given cell line
pair. The intensity ratio of a given peptide in the two cell lines,
IR, was taken as an indication of the relative amounts of that
peptide in both cell lines (supplemental Table S1).

The peptides that were more abundant in one cell line,
relative to the other (IR�1.0), were subdivided in those with
IR�1.0–1.5 and those with IR�1.5 (supplemental Table S2).
The relationship of this classification to the statistical signifi-
cance of the differences in peptide amounts is shown in
supplemental Fig. S2. Peptides found only in one of the two
cell lines were excluded from these analyses and were sep-
arately analyzed.

In all comparisons five features were analyzed: peptide
length, N-terminal flanking residues (P-1), which reflect influ-
ence on epitope generation, P1 residues, which reflect influ-
ence on epitope destruction, residue frequencies at positions
downstream the N terminus, which reflect additional peptide
alterations, and theoretical binding affinity, which reflects
global peptidome optimization. We have previously demon-
strated that ERAP1/2-independent effects between LCL have
no detectable effect on the HLA-B*27 peptidome in our ex-
perimental setup (25, 34, 35). A summary of the statistically
significant differences observed in the peptide features ana-
lyzed in all pairwise comparisons, which are described in
detail below, is given in Table II.

LCL 6370/LG2 (Hap2/Hap3)—This comparison allowed us
to assess the effect of the Q730E change in ERAP1 (Table I).
The peptides with IR�1.0 showed a significantly higher per-
centage of peptides �9-mers (8-mers were �1% in all cases)
in LG2 (E730), and a corresponding decrease of longer pep-
tides, relative to LCL 6370 (Q730) (Fig. 2A). This difference
was larger between the IR�1.5 subsets, and virtually nonex-
istent between the IR�1.0–15 subsets of both cell lines (sup-
plemental Fig. S3A). No differences were observed in the P(-1)
frequencies, indicating that the Q730E change has little influ-
ence on epitope generation as a function of the susceptibility
of P(-1) residues to ERAP1 (Fig. 2B, supplemental Fig. S3B). In
contrast, a decrease of P1 residues with high susceptibility to
this enzyme was found in the IR�1.5, but not in the IR�1.0–
1.5 subset of LG2 (supplemental Fig. S3C). The same effect
was observed among the whole set of predominant peptides
(IR�1.0) from this cell line, which included both subsets (Fig
2C). In this and all subsequent comparisons the differences
observed between the IR�1.0 peptide sets reflect mainly
those in the IR�1.5 subsets but are often somewhat attenu-
ated because of the lack of differences between the IR�1.0–
1.5 subsets. Thus, E730 in LG2 confers higher trimming ac-
tivity, which is reflected both in higher amounts of shorter
peptides and increased destruction of B*27:05 ligands with

TABLE I
ERAP1 and ERAP2 phenotypes of the cell lines used in this studya

Comp. ERAP1 12 56 127 276 346 349 528 575 725 730 ERAP2 Ref.

6370 Hap2 T E R I G M K D R Q � (34)
LG2 Hap3 T E R I G M K D R E � (26)

LG2 Hap3 T E R I G M K D R E �
C1R05 Hap8 T E P M G M R D R E � (25)

6370 Hap2 T E R I G M K D R Q �
C1R05 Hap8 T E P M G M R D R E �

C1R05 Hap8 T E P M G M R D R E �
P50 Hap10 T E P I G V R N Q E �

6370 Hap2 T E R I G M K D R Q �
P50 Hap10 T E P I G V R N Q E � (26)

LG2 Hap3 T E R I G M K D R E �
P50 Hap10 T E P I G V R N Q E �

a Haplotypes and amino acid residues associated with AS risk are in boldface and underlined.
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ERAP1-susceptible P1 residues. These alterations only mar-
ginally affected the global affinity of the B*27:05 peptidome
(Fig. 2D, supplemental Fig. S3D).

LG2/C1R05 (Hap3/Hap8)—This comparison allowed us to
assess the effect of the R127P/I276M/K528R changes in
ERAP1, in the E730 context (Table I). Previous in vitro analy-
ses failed to show any effect of the R127P change on sub-
strate trimming (27, 34) and there is also no evidence that the
non-AS-associated I276M mutation has any functional effect.
Thus, the major influence of these mismatches is probably
conferred by the K528R change.

A significantly higher percentage of peptides �9-mers, to the
expense of longer peptides, was observed in LG2 (K528), rela-
tive to C1R05 (R528) cells, both in the IR�1.0 and IR�1.5
subsets, but not in the IR�1.0–1.5 subsets, reflecting increased
trimming by the K528 variant (Fig. 3A and supplemental Fig.
S4A). This effect was comparable to that conferred by the

Q730E change. However, the risk alleles in both positions (K528
and Q730) showed opposite effects.

The higher activity of the K528 variant in LG2 was also
reflected in a lower frequency of P(-1) and P1 residues with
high sensitivity to ERAP1 trimming and a corresponding
increase of ERAP1-resistant residues (Fig 3B–3C and
supplemental Fig. S4B–S4C). These effects were clearly
higher than those observed across the Q730E change (Fig.
2B–2C), indicating that the K528R and Q730E alter the gen-
eration/destruction balance of B*27:05 ligands in very distinct
ways. The high activity conferred by K528 resulted in a sig-
nificantly higher affinity of the peptides in the IR�1.0 and
IR�1.5 subsets from LG2, relative to C1R05 (Fig. 3D and
supplemental Fig. S4D).

LCL 6370/C1R05 (Hap2/Hap8)—This comparison allowed
us to assess the added effect of the Q730E change on the
R127P/I276M/K528R mismatch (Table I). As expected, a

TABLE II
Summary of statistically significant differences in pairwise comparisons among LCLa

IR�1 Lengthb P(-1) residues with higher
ERAP1 susceptibilityc

P1 residues with higher ERAP1
susceptibilityc Increased affinity

Comparison Total Total Total 9-Mers �10-Mers Total 9-Mers �10-Mers

6370/LG2 1.4E-33 NS 2.2E-03 3.2E-05 2.8E-04 1.6E-02 �1.0E-04 1.9E-02
LG2/C1R05 1.6E-25 7.1E-03 3.2E-12 1.5E-16 2.5E-05 <1.0E-04
6370/C1R05 1.1E-08 0.03 1.3E-19 3.9E-12 9.3E-13 <1.0E-04
6370/P50 2.5E-31 1.4E-08 5.5E-18 4.7E-13 1.7E-13 <1.0E-04
LG2/P50 7.1E-69 3.5E-07 1.4E-10 4.2E-20 3.7E-03 <1.0E-04
C1R05/P50 NS NS 8.5E-08 7.3E-04 4.6E-05 �1.0E-04

a The data correspond to the IR�1.0 subsets of B*27:05 ligands in all comparisons. Statistical values in boldface or underlined are increased
in the equally coded cell lines.

b Values correspond to increased percentage of 9-mers.
c For the purpose of this table, to simplify the representation, residues were subdivided in only two groups, with the residues of intermediate

susceptibility to ERAP1 (F, G, H, I, N, Q, S, T) being joined to those of either low (D, E, K, P, R, V, W) or high susceptibility (A, C, L, M, Y)
depending on the tendencies observed in Figs. 2–8. The statistical differences refer to the joint frequency of residues in each category.

FIG. 2. Comparison of the shared
peptides between LCL LG2 and 6370:
IR>1.0 subsets. A total of 2444 (LG2:
white bars) and 2869 (6370: black bars)
peptides were included in the IR�1.0
subset from each cell line. A, Peptide
length distribution, B, Percentage of P(-1)
residues with low, intermediate and high
susceptibility to ERAP1, C, Percentage
of P1 residues with low, intermediate
and high susceptibility to ERAP1, D, the-
oretical affinity of the peptides for B*27:
05, as estimated by their IC50 values.
When the differences reached statistical
significance, this was indicated by their
p values.
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higher percentage of peptides �9-mers, to the expense of
longer peptides, was observed in LCL 6370 (K528/Q730), rela-
tive to C1R05 (R528/E730), both in the IR�1.0 and IR�1.5
subsets, consistent with the presence of K528 in the ERAP1
variant of the former LCL (Fig. 4A and supplemental Fig. S5A).
However, these differences were smaller than those in LG2/
C1R05 (KE/RE), strongly suggesting that Q730 in LCL 6370
diminish the length effects of K528.

The effects on P(-1) residues were somewhat lower, and
those on P1 higher (Fig. 4B–4C and supplemental Fig. S5B–
S5C), than in LG2/C1R05 (Fig. 3B and supplemental Fig.

S4B). This is consistent with a length-dependent effect of the
Q730E change on trimming.

The global affinity of the predominant peptides was higher
in LCL 6370 than in C1R05 (Fig. 4D and supplemental Fig.
S5D), to an extent like that in LG2/C1R05. This is consistent
with the small effects of Q730E on the affinity of the B*27:05
peptidome (Fig. 2D).

The increased expression of ERAP1 in LG2 and 6370 cells,
compared with C1R05, is frequently observed among ERAP1
variants with K528, relative to those with R528 (20, 45), which
enhances the effect of this mutation.

FIG. 3. Comparison of the shared
peptides between LCL LG2 and
C1R05: IR>1. 0 subsets. A total of 2215
(LG2: black bars) and 2801 (C1R05:
white bars) peptides were included in the
IR�1.0 subset from each cell line. A,
Peptide length distribution, B, Percent-
age of P(-1) residues with low, interme-
diate and high susceptibility to ERAP1,
C, Percentage of P1 residues with low,
intermediate and high susceptibility to
ERAP1, D, theoretical affinity of the
peptides for B*27:05, as estimated by
their IC50 values. When the differences
reached statistical significance, this was
indicated by their p values.

FIG. 4. Comparison of the shared
peptides between LCL 6370 and
C1R05: IR>1. 0 subsets. A total of 2246
(6370: black bars) and 3070 (C1R05:
white bars) peptides were included in the
IR�1.0 subset from each cell line. A,
Peptide length distribution, B, Percent-
age of P(-1) residues with low, interme-
diate and high susceptibility to ERAP1,
C, Percentage of P1 residues with low,
intermediate and high susceptibility to
ERAP1, D, theoretical affinity of the
peptides for B*27:05, as estimated by
their IC50 values. When the differences
reached statistical significance, this was
indicated by their p values.
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C1R05/P50 (Hap8/Hap10)—This comparison intended to
address the joint effect of the M276I/M349V/D57N/R725Q
changes in ERAP1, upon concordance at residues R528
and E730 (Table I). Peptide length distribution and P(-1)
usage were very similar among the predominant B*27:05 li-
gands from both cell lines (Fig. 5A–5B and supplemental Fig.
S6A–S6B). In contrast, an increase of ERAP1-resistant P1
residues, with a concomitant decrease of those with interme-
diate susceptibility, as well as increased affinity, was ob-
served in P50, relative to C1R05, in the IR�1.0 and IR�1.5
subsets, but not in the IR�1.0–1.5 subsets (Fig. 5C–5D and
supplemental Fig. S6C–S6D).

To address the possibility that these effects were because
of the 1.5 to 2-fold higher ERAP1 expression in P50 cells,
relative to C1R05, recombinant Hap8 and Hap10 variants of
ERAP1 were tested for their hydrolytic activity toward L-AMC.
At the same enzyme-to-substrate (E:S) ratio Hap8 showed
slightly higher trimming, compared with Hap10, as previously
reported (46). However, at a double E:S ratio Hap10 showed
higher hydrolytic activity than Hap8 (Fig 5E). Thus, the differ-
ences observed between the B*27:05 peptidomes from
C1R05 and P50 are probably because of differences in
ERAP1 expression, rather than to polymorphism between
the two enzyme variants.

FIG. 5. Comparison of the shared peptides between LCL C1R05 and P50: IR>1.0 subsets. A total of 3098 (C1R05: black bars) and 2262
(P50: white bars) peptides were included in the IR�1.0 subset from each cell line. A, Peptide length distribution, B, Percentage of P(-1) residues
with low, intermediate and high susceptibility to ERAP1, C, Percentage of P1 residues with low, intermediate and high susceptibility to ERAP1,
D, theoretical affinity of the peptides for B*27:05, as estimated by their IC50 values, E, Hydrolytic activity of recombinant variants of ERAP1
(Hap8 and Hap10) toward L-AMC at the same or at a double (�2) E:S ratio. When the differences in panels A–D reached statistical significance,
this was indicated by their p values.
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LCL 6370/P50 (Hap2/Hap10)—This comparison addressed
the effect of a major AS-associated ERAP1 haplotype, Hap2,
relative to the AS-protective haplotype, Hap10 (Table I). It
allowed us to assess the effect of the M349V/D575N/R725Q
changes when they occur along R127P/K528R/Q730E,
whose effects were examined in the 6370/C1R05 compari-
son. A comparative analysis of B*27:05 ligands from LCL
6370 and P50, involving much less peptides, was previously
reported (35).

The higher activity of ERAP1 in LCL 6370, relative to P50,
was obvious from its effects, observed in both the IR�1.0 and
IR�1.0–1.5 subsets, on increasing the percentage of pep-
tides �9-mers (Fig. 6A and supplemental Fig. S7A), and in the
lower percentages of B*27:05 ligands with ERAP1-sensitive
P(-1) or P1 residues (Fig. 6B–6C and supplemental Fig. S7B–
S7C), resulting in a B*27:05 peptidome of higher affinity (Fig.
6D and supplemental Fig. S7D).

The differences in length and P(-1) usage were larger than
those observed in 6370/C1R05 (Fig. 4 and supplemental
Fig. S5), indicating that the additional M349V/D575N/R725Q
changes in P50 further diminish ERAP1 activity.

LG2/P50 (Hap3/Hap10)—Like the previous one, this com-
parison addressed the effect of another major AS-associated
ERAP1 haplotype, Hap3, relative to Hap10 (Table I). It allowed
us to assess the effect of the M349V/D575N/R725Q changes
when they occur along R127P/K528R, whose effects were
examined in the LG2/C1R05 comparison (Fig. 3 and supple-
mental Fig. S4). The major difference between the 6370/P50
and LG2/P50 comparisons is the concordance of E730 in the
latter cell line pair.

The differences between the B*27:05 ligands from LG2 and
P50 in the IR�1.0 an IR�1.5 subsets were larger in peptide
length and in the trimming of P(-1) residues (Fig. 7A–7B and

supplemental Fig. S8A–S8B) than those in LG2/C1R05 (Figs.
3 and supplemental Fig. S4). Thus, again, the M349V/D575N/
R725Q changes add to the dominant effect of K528R in
decreasing the enzymatic activity of ERAP1. Yet, the altera-
tions in P1 frequencies and affinity were similar or slightly
smaller in LG2/P50 (Fig. 7C–7D and supplemental Fig. S8C–
S8D) compared with LG2/C1R05.

Residue 730 Modulates the Effects of ERAP1 on the HLA-
B*27 Peptidome as a Function of Peptide Length—A previous
study using poly-Gly peptide analogs and in vitro digestions
showed that the Q730E polymorphism affects substrate
length selection by increasing ERAP1 preference for shorter
substrates (47). To establish the significance of this effect in
live cells we examined the differences in P1 residue frequen-
cies and affinity between the B*27:05 ligands in the IR�1.0
subsets from each cell line, separately considering the 9-mers
and the peptides �10-mers in each pairwise comparison (Fig.
8). In LCL 6370/LG2 (Fig 8A), the percentage of 9-mers with
ERAP1-resistant residues was higher in LG2 (E730), because
of increased destruction of 9-mers with ERAP1-susceptible
residues, indicating higher activity of the E730 variant for
these peptides. The opposite situation was found for peptides
�10-mers, where the frequency of ERAP1-resistant residues
was higher in LCL 6370 (Q730). This result confirms that the
Q730E change in ERAP1 leads to higher activity toward
9-mers and lower trimming of longer peptides, demonstrat-
ing the significant influence of this polymorphism on the
length of HLA-B*27 ligands in live cells.

In LG2/C1R05 (Fig. 8B) and LG2/P50 (Fig. 8C), all concord-
ant in E730, the frequency of ERAP1-resistant P1 residues
was much higher among 9-mers than among longer peptides.
This can be explained by the concurrence of two effects
adding to each other in both comparisons. The first one is that

FIG. 6. Comparison of the shared
peptides between LCL 6370 and P50:
IR>1.0 subsets. A total of 2783 (6370:
black bars) and 2756 (P50: white bars)
peptides were included in the IR�1.0
subset from each cell line. A, Peptide
length distribution, B, Percentage of
P(-1) residues with low, intermediate and
high susceptibility to ERAP1, C, Percent-
age of P1 residues with low, intermedi-
ate and high susceptibility to ERAP1, D,
theoretical affinity of the peptides for
B*27:05, as estimated by their IC50 val-
ues. When the differences reached sta-
tistical significance, this was indicated
by their p values.

ERAP1 Polymorphism and the HLA-B*27 Peptidome

1316 Molecular & Cellular Proteomics 17.7

http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1
http://www.mcponline.org/cgi/content/full/RA117.000565/DC1


the lower activity of ERAP1 because of the K528R and other
polymorphisms in C1R05 and P50 becomes more critical for
9-mers, because they are close to the lowest substrate length
suitable for this enzyme. The second effect is that E730 in
ERAP1 confers higher trimming efficiency for 9-mers, relative
to longer peptides.

The influence of the Q730E polymorphism on the effects of
K528R became apparent in the LCL 6370/C1R05 and 6370/
P50 comparisons (Fig. 8D–8E). In both cases the frequencies
of ERAP1-resistant P1 residues in 9-mers and peptides �10-
mers were similarly increased in LCL 6370 (K528/Q730), rel-
ative to C1R05 or P50 (both with R528/E730). This can be
explained by the fact that K528 confers higher trimming than
R528, regardless of peptide size. However, Q730 confers
lower trimming than E730 for 9-mers and higher trimming of
longer ones, so that the activity differences between K528/
Q730 and R528/E730 are larger for peptides �10-mers, re-
sulting in similar effects on P1 residue frequencies regardless
of peptide length.

These length-dependent effects of Q730E resulted in a
distinct influence on affinity when 9-mers or peptides �10-
mers were separately considered. The effect was most dra-
matic upon concordance at other positions, as in the 6370/
LG2 comparison (supplemental Fig. S9): the affinity of 9-mers
was higher for LG2 (E730) and that of peptides �10-mers was
higher for LCL 6370 (Q730).

Influence of ERAP1 Polymorphism on the Sequence of
B*27:05 Ligands Downstream the N Terminus—The residue
frequencies of B*27:05 9-mers in the IR�1.0 were analyzed in
all pairwise comparisons. Statistically significant differences
were found at most peptide positions with a pattern that was
different in each cell line pair (Table III). These results indicate
that ERAP1 polymorphism shapes the HLA-B*27 peptidome
not only by differential trimming of P(-1) and P1 residues, but

also by favoring or disfavoring peptides with distinct internal
sequences.

Peptides Selectively Found in Individual Cell Lines—Pep-
tides selectively found in only one cell line in pairwise com-
parisons ranged about 13% to 30% percent of the total
peptides in that cell line (supplemental Table S2). These pep-
tides showed differences both in length and frequency of P1
residues with distinct susceptibility to ERAP1 that were gen-
erally very similar as those observed when the shared pep-
tides predominant in the same cells lines (IR�1.0) were com-
pared (supplemental Fig. S10).

It is important to note that in our MS analyses failure to
detect a peptide in a given pool does not mean that the
peptide is absent. Thus, these subsets encompass: (1) truly
cell-specific ligands, including peptides specifically gener-
ated in one particular ERAP1 context, (2) occasional con-
taminating ligands of non-B*27 MHC-I molecules not shared
between the cell lines compared, (3) peptides that are ex-
pressed in very low amounts or were fortuitously unde-
tected in one of the cell lines. Except for C1R05, from which
many more peptides were identified, the percentage of pep-
tides found only in one of the four cell lines compared was
small: 2.3% (LG2), and 4.7% (LCL 6370 and P50). These
numbers might reflect somewhat better the maximal per-
centages of epitopes specifically generated in a given
ERAP1context. Yet, for the reasons explained above, the
actual number of ERAP1 haplotype-specific peptides is
probably much lower.

DISCUSSION

This study provides a comprehensive characterization of
the effects of ERAP1 polymorphism on the B*27:05 pep-
tidome in live cells, effects which are presumably at the basis
of the epistatic association of both molecules with AS. The

FIG. 7. Comparison of the shared
peptides between LCL LG2 and P50:
IR>1.0 subsets. A total of 2519 (LG2:
black bars) and 2531 (P50: white bars)
peptides were included in the IR�1.0
subset from each cell line. A, Peptide
length distribution, B, Percentage of
P(-1) residues with low, intermediate and
high susceptibility to ERAP1, C, Percent-
age of P1 residues with low, intermedi-
ate and high susceptibility to ERAP1, D,
theoretical affinity of the peptides for
B*27:05, as estimated by their IC50 val-
ues. When the differences reached sta-
tistical significance, this was indicated
by their p values.
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FIG. 8. Length-dependent effects of ERAP1 polymorphism on P1 residue usage. Percentage of P1 residues of 9-mers (left panels) and
�10-mers (right panels) from the IR�1.0 subsets with low, intermediate and high susceptibility to ERAP1. A, A total of 1431 (from LCL 6370:
Black bars) and 1616 (from LG2: White bars) 9-mers, and 1431 and 813 peptides �10-mers, respectively, were compared. B, A total of 1443
(LG2: Black bars) and 1417 (C1R05: White bars) 9-mers, and 761 and 1380 peptides �10-mers, respectively, were included. C, A total of 1720
(LG2: Black bars) and 1117 (P50: White bars) 9-mers, and 786 and 1413 peptides �10-mers, respectively, were included. D, A total of 1432
(LCL 6370: Black bars) and 1543 (C1R05: White bars) 9-mers, and 1024 and 1522 peptides �10-mers, respectively, were included. E, A total
of 1689 (LCL 6370: Black bars) and 1251 (P50: White bars) 9-mers, and 1079 and 1504 peptides �10-mers, respectively, were included. When
the differences reached statistical significance, this was indicated by their p values.
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main features defining the association of ERAP1 with this
disease can be summarized as follows: (1) one or more of
the Hap1-Hap3 haplotypes predispose to AS whereas Hap10
is protective (14), (2) the K528R polymorphism is a major
factor influencing the association, with K528 being the risk
variant (16), (3) a secondary factor influencing AS risk is the
presence of D575/R725 (16), but this may actually be because
of a linked polymorphism influencing protein levels (19), (4) on
the basis of fine-mapping studies, it seems plausible that the
Q730E polymorphism might not be directly associated with
AS (21). Thus, it is important to address the correspondence
between the genetic contribution of ERAP1 polymorphisms to
AS and their biochemical effects because such correspond-
ence will highlight the changes in the peptidome that may be
more relevant to the pathological role of HLA-B*27.

Previous studies both in vitro (16, 27–29) and on live cells
(26) have established a major effect of the K528R polymor-
phism on ERAP1 activity and on the HLA-B*27 peptidome,
with the protective R528 variant leading to decreased activity.
Although the D575N/R725Q changes lead to lower activity in
vitro (24), a previous study in live cells failed to detect any
significant effect (26). Concerning Q730E, in vitro studies with
poly-Gly peptides revealed that the Q730 variant showed
higher activity than E730 for 10-mers and longer substrates,
and lower activity for 9-mers and shorter peptides. This poly-
morphism influenced the surface expression of free HLA-B*27
heavy chains on monocytes in one study (48), but its effects
on MHC-I-bound peptidomes in live cells has not been pre-
viously explored.

We addressed two main issues: (1) to distinguish and rank
the effects of each of the Q730E, K528R, and D575N/R725Q
polymorphisms on the B*27:05 peptidome, and (2) to charac-
terize their joint effects in the risk (Hap2, Hap3) and protective
(Hap10) haplotypes.

Our study was mostly focused on the quantitative differ-
ences among shared HLA-B*27 ligands expressed in distinct
ERAP1 contexts for two reasons. The first one is the logical
assumption that the same rules determining quantitative dif-
ferences in the amounts of certain ligands as a function of
the ERAP1 polymorphism should apply, in the extreme, to
epitopes that are presented in one context but not in other.
The second reason is that in our analyses, failure to detect a

peptide in a given pool does not necessarily mean that the
peptide is absent. Therefore, we cannot determine how many
peptides are specifically generated or destroyed in a given
context. Our study was not designed for that purpose, but
to address the effects of ERAP1 variants on the amount of
peptides with given features, resulting from changes in their
generation/destruction balance.

The ERAP1 polymorphisms analyzed influenced the B*27:05
peptidome at five levels: peptide length, frequency of P(-1),
P1, and internal residues, and peptide affinity. In general, the
effects on P(-1) residues were smaller than on P1 suggesting
that, for N-terminal residues with equal susceptibility to trim-
ming, ERAP1 polymorphism has more influence on modulat-
ing epitope destruction than epitope generation. Nonamers
are generally less efficiently trimmed than longer peptides,
because they are close to the lowest substrate length handled
by this enzyme (13). Thus, activity differences among ERAP1
variants are likely to affect more drastically the relative trim-
ming of distinct N-terminal residues of natural B*27:05 li-
gands, particularly 9-mers, than those of their precursors. The
altered frequencies of internal residues may reflect a direct
influence of ERAP1 polymorphism on substrate handling be-
cause binding and trimming by ERAP1is influenced by the
internal sequence of the substrate (49), be a compensatory
effect for the changes in binding affinity to B*27:05 induced by
P1 alterations, or both.

Key to understanding the effects described in this study
was that the Q730E polymorphism alone induced distinct
alterations depending on peptide length, with the E730 variant
leading to a substantially increased abundance of 9-mers.
This observation is fully consistent with the activity pattern of
the Q730 and E730 variants defined in vitro (47) and, for the
first time to our knowledge, demonstrates that this pattern has
general significance and large effects in a natural peptidome
processed in live cells. This mutation had moderate effects on
P1 residue usage and affinity on the whole of peptidome, but
this was because of the fact that such effects were opposite
for 9-mers and peptides �10-mers, again reflecting the dis-
tinct length-dependent activity of these variants.

The effects of K528R, although comparable in magnitude to
those of E730Q on peptide length, were substantially larger on
all other features examined, reflecting the higher activity of the

TABLE III
Statistically significant differences in residue usage at all peptide positions among shared nonamers in the IR�1.0 subsets in the indicated LCL

comparisonsa

LCL P1 P2 P3 P4 P5 P6 P7 P8 P9

6370/LG2 A F G,L K
LG2/C1R05 A,E,N,S,K,R D,F,M P P,L L V
6370/C1R05 E,N,S,K,R D,E P,K D,E,G,I R K,L,V,M
C1R05/P50 R,F,L D P I,D,E,W A K
6370/P50 A,S,F,K,L,R A V K
LG2/P50 A,S,F,K,R A,F K,N,L K K K

a Residues underlined or not are those that are increased in the correspondingly coded LCL.
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AS-associated K528 variant. It also revealed similar trends for
peptides with different lengths, again in agreement with
studies using poly-Gly analogs (47). In our previous study
(26), carried out at lower resolution and with much fewer
peptides identified, the effects of K528R on P1 residue
usage were detected, but those on P(-1) and peptide length
went unnoticed.

The molecular bases for the distinct effects of the Q730E
and K528R changes have been analyzed in detail by Stratikos
and colleagues (47, 50). Residue 528 is in an interdomain
region of ERAP1 and has a major effect on the dynamics of
the conformational transitions driving the acquisition of enzy-
matic activity. In contrast, residue 730 is in the substrate-
binding site, has less influence on the conformational dynam-
ics of the molecule and a more prominent effect on substrate
binding.

Concerning D575N/R725Q, its effects could be better
assessed by comparing the results in LG2/P50, where these
changes co-occurred with K528R, and LG2/C1R05, with the
K528R mismatch and concordance at residues 575 and 725
(Table I). These comparisons demonstrated that D575N/
R725Q negatively influenced the enzymatic activity of ERAP1,
adding to the substantially higher effect of K528R.

The length-dependent effects of the Q730E polymorphism
on the B*27:05 peptidome imply that the influence of all other
changes analyzed in the pairwise comparisons must take into
account the concordance or discordance at residue 730.
ERAP1 activity is E�Q730 for peptides �9-mers and E�Q730
for longer peptides, but K�R528 independently of peptide
length. Thus, the following activity ranking of ERAP1 variants
can be established: KE�KQ�RE�RQ for peptides �9-mers,
and KQ�KE�RQ�RE for longer peptides. In LG2/C1R05 and
LG2/P50 (KE versus RE in both cases), the effect of E730 on
favoring trimming of 9-mers more than longer peptides im-
plies that the higher activity of K528 in LG2 will be further
increased by E730 for 9-mers more than for peptides �10-
mers, as was actually observed in the much higher effects on
P1 residue usage for 9-mers in both comparisons. Discor-
dance at residue 730 in 6370/C1R and 6370/P50 (KQ versus
RE in both) implies that Q730E will increase the differences
in enzymatic activity and trimming for peptides �10-mers
(KQ��RE) but will attenuate this effect on 9-mers and shorter
peptides (KQ�RE). As a result, the differences in P1 residue
usage were similar for 9-mers and longer peptides in both
comparisons. This contrasting effect was also reflected on
peptide length: the increase of 9-mers was substantially
higher in LG2/P50 and LG2/C1R than in 6370/P50 and 6370/
C1R05, respectively (Table II).

The combined influence of K528R and Q730E on the
B*27:05 peptidome is consistent with enzymological studies
suggesting that the effects of both mutations are independent
and additive (47). Our results reflect the full dimension of these
combined effects on a highly complex MHC-I-bound pep-
tidome expressed on live cells.

There is a general concordance between the biochemical
and genetic data concerning the role of functional ERAP1
polymorphism. This applies to the major role of K528R on the
genetic risk of ERAP1 in AS, on enzymatic activity and on the
B*27:05 peptidome. The secondary role of D575N/R725Q
both on AS risk and on the B*27:05 peptidome adds to this
concordance, although in this case the genetic influence of
this polymorphism, as tagged by the rs10050860 SNP
(D575N), may be determined by another polymorphism in
tight linkage disequilibrium, in particular the splice-altering
SNP rs7063 (19).

The relationship between the role of Q730E in AS and the
biochemical effects of this polymorphism is more difficult to
assess. Its substantial influence on the B*27:05 peptidome,
suggests that the Q730E change may directly influence AS
susceptibility. Yet, unlike other polymorphisms in which the
protective alleles are “loss-of function” variants leading to
decreased enzymatic activity, the protective E730 allotype
shows higher activity than the risk counterpart Q730 for
9-mers, which account for most of the HLA-B*27 peptidome.
Indeed, the patterns of peptide length distribution and P1
residue usage among 9-mers were very similar for the risk
variant K528 and the protective E730. This functional paradox
might be resolved if the AS protective effect of Q730E sug-
gested by earlier studies (15, 20) would be because of linkage
disequilibrium with the neighbor AS-associated region defined
by more recent fine-mapping (21), which does not include
rs27044 (Q730E). Studies on haplotype associations, reviewed
in (14), established the protective role of Hap10 (with E730) and
suggested that Hap1-Hap3 predispose to AS. These haplo-
types are discordant at residue 730: Q730 in Hap1 and Hap2,
E730 in Hap3. To our knowledge, no genetic studies involving
the association of whole ERAP1 haplotypes with AS have spe-
cifically addressed whether Hap2 and Hap3, discordant only at
Q730E, differ in the strength of their association with AS.

In conclusion, the epistatic association of ERAP1 with AS
can be rationalized based on a complex and significant influ-
ence of the enzymatic polymorphism on the HLA-B*27 pep-
tidome. This influence affects multiple peptide features, alter-
ing the generation/destruction balance of a large fraction of
the peptidome and its affinity. Distinct polymorphic residues
act differently on each of these features and their contribution
seems to be, to a large extent, additive. Thus, the differential
effects of AS-predisposing and AS-protective haplotypes on
the B*27:05 peptidome is the combined result of the distinct
influence, both quantitative and qualitative, of the polymor-
phisms involved. The magnitude of this changes can pro-
foundly affect antigen presentation and, presumably, other
pathogenetic features of HLA-B*27, such as folding and cell
surface stability, providing a peptide-mediated basis for the
joint association of ERAP1 and HLA-B*27 with AS.

In at least two other MHC-I associated inflammatory disor-
ders, psoriasis and Behçet�s disease, ERAP1 is associated
with disease in epistasis with the risk MHC-I alleles, C*06:02
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and B*51:01, respectively (17, 18). Like in AS, The risk ERAP1
haplotypes in psoriasis seem to be Hap1–3, with Hap2 being
an important risk factor at least among East Asians, and
Hap10 being protective (14). The features of the C*06:02
peptidome were recently determined (51). Similarly to HLA-
B*27, Arg2 was a major motif, whereas aromatic residues
were predominant at P1. To our knowledge the influence of
ERAP1 on the C*06:02 peptidome has not yet been experi-
mentally addressed. Yet, compared with HLA-B*27, the dis-
tinct susceptibility of the preferred P1 residues to ERAP1 may
imply large differences in the over-trimming and destruction of
C*06:02 ligands, depending on these residues and the enzy-
matic activity of ERAP1 variants. In contrast to AS and pso-
riasis, the low activity Hap10 variant of ERAP1 is the risk
factor for Behçet’s disease (52). The peptidome of B*51, an
allotype strongly associated with this disease, consists mainly
of two subpeptidomes, with Pro2 and Ala2 respectively,
which differ in their susceptibility to ERAP1 and in their binding
affinity (46). The main effect of Hap10 on this peptidome is to
upset the relative amounts of both subpeptidomes, resulting in
a peptidome of globally lower affinity, which is predicted to alter
NK recognition of HLA-B*51 (53). Thus, although detailed stud-
ies, such as those reported here for HLA-B*27, have not yet
been performed on other disease-associated MHC-I allotypes,
ERAP1 polymorphism can significantly alter the nature of their
peptidomes, changing in this way their immunological features
and providing a sound basis for the epistatic association of
ERAP1 and MHC-I with distinct inflammatory diseases.
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