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Endoplasmic  Reticulum  Aminopeptidase  1  (ERAP1)  generates  antigenic  peptides  for  loading  onto  Major
Histocompatibility  Class  I molecules  (MHCI)  and can  regulate  adaptive  immune  responses.  During  the
last few  years,  many  genetic  studies  have  revealed  strong  associations  between  coding  Single Nucleotide
Polymorphisms  (SNPs)  in ERAP1  and  common  human  diseases  ranging  from  viral  infections  to  cancer
and  autoimmunity.  Functional  studies  have  established  that  these  SNPs  affect  enzyme  activity  result-
ing  to  changes  in  antigenic  peptide  processing,  presentation  by MHCI  and  cellular  cytotoxic  responses.
These  disease-associated  polymorphisms  are,  however,  located  away  from  the enzyme’s  active  site  and
are interspersed  to different  structural  domains.  As  a result,  the  mechanism  by  which  these  SNPs  can
affect  function  remains  largely  elusive.  ERAP1  utilizes  a complex  catalytic  mechanism  that  involves  a
large  conformational  change  between  inactive  and  active  forms  and  has  the  unique  property  to  trim
larger  peptides  more  efficiently  than  smaller  ones.  We  analyzed  two  of the  most  consistently  discovered
disease-associated  polymorphisms,  namely  K528R  and  Q730E,  for their  effect  on the ability  of  the  enzyme

to  select  substrates  based  on length  and  to undergo  conformational  changes.  By  utilizing  enzymatic  and
computational  analysis  we propose  that  disease-associated  SNPs  can  affect  ERAP1  function  by  influenc-
ing:  (i)  substrate  length  selection  and  (ii)  the  conformational  distribution  of  the  protein  ensemble.  Our
results  provide  novel  insight  on  the  mechanisms  by  which  polymorphic  variation  distal  from  the  active
site  of  ERAP1  can translate  to changes  in function  and  contribute  to immune  system  variability  in humans.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Cytotoxic T-lymphocyte (CTL) responses towards infected or
berrant cells are central to the ability of the adaptive immune
esponse to fight pathogens. CTLs recognize infected cells by means
f specific antigenic peptides bound onto specialized receptors of
he Major Histocompatibility class I (MHCI) on the surface of all
omatic cells. These antigenic peptides are derived from the prote-
lytic digestion of intracellular proteins and represent a sample of
he protein content of the cell (Lazaro et al., 2015). Recognition of
ntigenic peptides that do not belong to the normal protein content
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

f the cell indicates infection or malignant transformation, eliciting
pecific cytotoxic responses that eradicate the cell (Weimershaus
t al., 2013).
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During the last decade the trimming of N-terminal extended
precursor peptides by ER-resident aminopeptidase ERAP1 has been
recognized to be key for the generation of antigenic peptides
(Weimershaus et al., 2013; Evnouchidou et al., 2009). ERAP1 is
necessary for the generation of many antigenic epitopes but can
also over-trim others, leading to their destruction (Blanchard and
Shastri, 2008). It is a 110 kDa zinc-aminopeptidase that belongs
to the M1  family of metallopeptidases, but has several unique
properties that fit well with its biological role. First, it can effi-
ciently process many different peptide substrates, consistent with
the vast variety of peptide sequences that it may encounter in
the ER. Secondly, it prefers to trim larger peptides over smaller
ones, resulting to the accumulation of products of 8-9 amino acids
long, a length consistent with the binding preferences of MHCI
(Chang et al., 2005). Lastly, ERAP1 activity can be dependent on
the whole peptide sequence, a property that can affect the pool of
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

antigenic peptides available for MHCI presentation (Evnouchidou
et al., 2008).

Crystallographic and biochemical analysis of ERAP1 has revealed
that during its catalytic cycle the enzyme can undergo a signif-

dx.doi.org/10.1016/j.molimm.2015.07.010
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Fig. 1. Crystallographic structures of ERAP1 in the closed (A, PDB: 2YD0) and open states (B, PDB: 3MDJ), illustrating the domain organization of the enzyme, the catalytic
Zn  and the polymorphic residues at positions 528 and 730. The missing residues (417–433) in the open state, and the missing loop (486–514) in both X-ray structures were
modeled and are shown in gray. The interdomain angle theta is defined using the centers of mass of domains I and II (excluding the missing loop), domain III and domain IV,
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f  the two polymorphic residues.

cant conformational change that involves reorganization of key
tructural domains of the enzyme from an open to a closed state
reviewed in (Stratikos and Stern, 2013)). An extended inter-
al cavity hypothesized to accommodate the peptide-substrate

s only exposed to the external solvent in the open confor-
ation (Fig. 1). Therefore, the open state has been suggested

o facilitate initial substrate capture and the closed state to
nhance catalysis by organizing catalytic residues and specificity
ockets. Larger peptides may  facilitate this transition through a
echanism of self-activation involving a still unmapped regu-

atory site in the enzyme (Nguyen et al., 2011; Gandhi et al.,
011; Kochan et al., 2011). Overall, it appears that ERAP1
as evolved to specialize for generating antigenic peptides for
HCI.

Several population genetic studies have associated several
oding single nucleotide polymorphisms (SNPs) in ERAP1 with
redisposition to major human diseases ranging from viral infec-
ions to cancer and autoimmunity (reviewed in (Fruci et al., 2014;
lvarez-Navarro and Lopez de Castro, 2014)). These associations
ave been repeatedly confirmed especially for autoimmune dis-
ases often in the context of specific MHCI alleles, suggesting
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

hat the disease-link lies within the role of ERAP1 in generating
ntigenic peptides (Alvarez-Navarro and Lopez de Castro, 2014;
he Australo-Anglo-American Spondyloarthritis et al., 2011). Sev-
ral studies have also demonstrated that these disease-associated
 two  ERAP1 states from the top of the substrate binding site indicating the position

variants affect ERAP1 enzymatic activity and selectivity, cellu-
lar antigen presentation and concomitant cytotoxic responses
(Evnouchidou et al., 2011; Chen et al., 2014; Reeves et al., 2013;
Garcia-Medel et al., 2012; Sanz-Bravo et al., 2015; Alvarez-Navarro
et al., 2015; Martin-Esteban et al., 2014). Interestingly, in several
of those studies, changes in ERAP1 activity due to polymor-
phic variation at positions 528 and 730 have been correlated
with the production of different lengths of antigenic peptides
although the effects of peptide sequence were not investigated
in those studies (Garcia-Medel et al., 2012; Sanz-Bravo et al.,
2015; Alvarez-Navarro et al., 2015). Specific ERAP1 haplotypes
have been proposed to constitute a range of different activi-
ties that correlate to disease predisposition (Reeves et al., 2013;
Seregin et al., 2013). This association is reminiscent of the nat-
ural variability in MHCI molecules: polymorphisms in the MHC
locus define thousands of MHCI alleles within the population
and affect antigenic peptide binding and presentation as well as
resulting adaptive immune responses to pathogens. Most polymor-
phisms in MHCI cluster within and around the peptide binding
pocket, directly affecting peptide binding or interactions with
the T-cell receptor (Reche and Reinherz, 2003). In contrast, most
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

disease-associated polymorphisms in ERAP1 are located distal to
the active site and are scattered to different structural domains
(Nguyen et al., 2011). As a result, little insight exists on how a
diverse set of natural polymorphisms dispersed over the struc-

dx.doi.org/10.1016/j.molimm.2015.07.010
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ure of this enzyme can affect function and predisposition to
isease.

In this study, we employed a combination of experimental and
omputational approaches in order to address the lack of mechanis-
ic insight on how ERAP1 SNPs affect enzyme function. We  focused
ur analysis on two common ERAP1 SNPs, K528R, and Q730E that
ave been consistently discovered to associate with disease predis-
osition and to affect antigen presentation in cells. Furthermore,
hese two polymorphisms are distinct in being located inside and
utside the central cavity of ERAP1 and are therefore likely to affect
ctivity by different mechanisms. We  first examined if polymor-
hic variation in ERAP1 can affect peptide length selection using

 collection of polyglycine peptides of increasing length to iso-
ate length-dependent effects from sequence-dependent effects.

e also employed molecular dynamics calculations to analyze
he conformational rearrangements of ERAP1 and how these rear-
angements are affected by polymorphic variation. Our analysis
oints to two distinct but complementary molecular mechanisms
hat contribute to the effects of SNPs to ERAP1 function.

. Materials and methods

.1. Peptides

All peptides were purchased from JPT peptide technologies
mbH (Berlin, Germany) and purified by reverse-phase HPLC (chro-
olith C-18 column, Merck) to >95% purity.

.2. Protein expression and purification

The generation of ERAP1 variants with C-terminal His tags
n the pDEST8 vector (Invitrogen) has been described elsewhere
Goto et al., 2006). The baculovirus expression system (Invitrogen)
as used for the expression of ERAP1 variants. Briefly, competent
H10bac Escherichia coli cells were transformed with the pDEST8
ectors containing ERAP1 alleles. These cells harbor a plasmid that
ontains the baculovirus genome (bacmid) and a transposition
elper vector. The recombinant bacmid DNA was isolated and used
o transfect insect Sf9 cells using the Cellfectin reagent (Invitrogen).
fter a 3-day incubation period the baculovirus was  harvested from

he cell supernatant. Larger amounts of virus were produced by
nfecting Hi5 cells grown in suspension and collecting the super-
atant 3–7 days post infection. Hi5 insect cells grown in sf900II
erum-free medium (Invitrogen), were infected with baculoviruses
arrying ERAP1 alleles and 3–4 days later the cell medium, that
ontained the secreted enzyme, was harvested by centrifugation.
he cell supernatant was extensively dialyzed against a 10 mM
hosphate buffer pH 8.0, containing 100 mM NaCl. After the dial-
sis, the supernatant composition was adjusted to 50 mM sodium
hosphate pH 8.0, 300 mM sodium chloride and 10 mM imidazole
nd then mixed with Ni-NTA resin and allowed to bind with mild
tirring for 1hr. The slurry was packed to a gravity column and
ashed. The protein was eluted using a 20–150 mM imidazole step-

radient. The fractions collected were tested for aminopeptidase
nzymatic activity, using l-leucine 7-amido-4-methyl coumarin
l-AMC) as substrate and the enzyme purity was validated with
DS-PAGE. The ERAP1-containing fractions were dialyzed against

 10 mM  Hepes pH 7.0, 100 mM NaCl buffer and stored as single
se aliquots with 10% glycerol at –80 ◦C. The proteins were quanti-
ed by SDS-PAGE densitometry, using ImageJ software and known
oncentration ERAP1 standards.
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

.3. Enzymatic assays

The aminopeptidase activity of the recombinant ERAP1 was
ollowed during the expression and purification steps by the
 PRESS
munology xxx (2015) xxx–xxx 3

fluorescent signal produced upon digestion of the substrate l-
AMC (Sigma–Aldrich). The fluorescence was measured at 460 nm,
while the excitation was  set at 380 nm. All measurements were
performed on a TECAN infinite M200 microplate fluorescence
reader. The activity of ERAP1 alleles was compared using the same
assay.

For analysis of the digestion of the LGXL peptides, 20 �M
of peptide was incubated with 10 nM or 100 nM of ERAP1, at
37 ◦C for 1 h, in a 50 mM Hepes pH 7.0, 100 mM NaCl buffer.
Reactions were terminated with the addition of 0.25% (v/v) tri-
fluoroacetic acid (TFA). The reactions were analyzed in a reverse
phase-HPLC (chromolith C-18 column, Merck) by following the
absorbance at 220 nm.  A linear gradient elution system was used
(solvent A: 0.05% TFA, solvent B: 0.05% TFA, 40% ACN). The per-
centage of the substrate cleaved was  calculated by integration of
the area under each peptide peak, using appropriate standards.
Specific activity was calculated using the GraphPad software, by
fitting the results in a one phase decay equation: Y = Y0 × e(−k × x),
where x is the reaction time, Y0 the substrate fraction left intact
after t = 0 s (constrained as Y = 1), Y the substrate fraction left
intact after the end of the reaction and k the reaction rate con-
stant.

2.4. Computational methods

2.4.1. Preparation of the simulation systems
The initial models were based on the X-ray crystal structures

of human ERAP1 complexes with bestatin, either in the closed
state (PDB ID: 2YD0) (Kochan et al., 2011) or the open states
(PDB ID: 3MDJ) (Nguyen et al., 2011). Protein residues 46–934 and
the zinc ion were used for the simulations of ligand-free ERAP1.
For the closed state, the alternative location–A atoms of residues
D284, C736, C743, and H873 were retained. The missing residues
111–114, 486–513, and 553–557 were added using MODELLER
(v9.10) (Fiser and Sali, 2003). The lowest DOPE score (Shen and
Sali, 2006) model was selected from 30 runs for further refinement
of the missing loop 486–513 using the automatic loop refinement
method. The protonation state of histidine residues was  set after
calculation of their pK values using H++ (v3.1) (Anandakrishnan
et al., 2012) and visual inspection of their neighboring residues for
putative hydrogen bonding interactions. In particular, the two zinc-
bound H353 and H357, along with H468, H501, H511, and H738
were set to be protonated at H�1, whereas, all the remaining his-
tidine residues were protonated at H�2. For the initial open state
of ERAP1, we selected chain C of PDB ID 3MDJ that displays the
larger interdomain angle among the 3 conformations found in the
asymmetric unit. The natural variant residues D346, R528 and E730
were changed to G346, K528 and Q730 on the basis of UniProt entry
Q9NZ08 for the modeling of the ancestral protein (ERAP1-KQ), as in
the closed ERAP1. The missing residues 111–112 were taken from
chain B, while residues 417–433, 864–867, 893–906 were mod-
eled using the corresponding residues that were resolved in the
closed ERAP1 structure after superimposing the adjacent residues.
The missing loop residues 486–514 and 552–555 were modeled
using MODELER as described for the closed ERAP1. The simula-
tion systems were prepared using the LEaP module of AMBER
(v12) package (Case et al., 2005). Specifically, hydrogen atoms were
added, two disulfide bonds were formed between C404–C443 and
C736–C743, and a water molecule was added to fill the tetrahedral
coordination sphere of the catalytic zinc. The ff12SB parame-
ters (Hornak et al., 2006) were applied to the protein atoms and
a simple bonded model was  employed for zinc (Papakyriakou
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

et al., 2007). The protein was  solvated in a box of 32,525 TIP3P
(Jorgensen et al., 1983) water molecules and then 119 Na+ and
105 Cl− ions were added to neutralize the systems and simulate
an ionic strength of 0.15 M.  The simulation systems of the nat-

dx.doi.org/10.1016/j.molimm.2015.07.010
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Fig. 2. (A) SDS-PAGE analysis of four variants of ERAP1 carrying all possible combi-
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ral variants K528R (ERAP1-RQ) and Q730E (ERAP1-KE) in the
pen and closed states were prepared from the models of the
ncestral ERAP1-KQ by changing the corresponding residue only
Fig. 1).

.4.2. Conventional and accelerated molecular dynamics
imulations

Conventional (cMD) and accelerated (aMD) molecular dynamics
imulations were performed with the GPU-version of PMEMD  pro-
ram using periodic boundary conditions (Salomon-Ferrer et al.,
013). A time step of 2.0 fs was used and the SHAKE algorithm
Ryckaert et al., 1977) was  employed to constrain the bonds con-
ecting hydrogen atoms. The temperature was controlled using

 Langevin thermostat (Pastor et al., 1988) with a collision fre-
uency of 2.0 ps−1, and the pressure was regulated at 1 bar using the
erendsen weak-coupling algorithm (Berendsen et al., 1984) with

 relaxation time of 2.0 ps. Electrostatic interactions were evalu-
ted by means of the Particle Mesh Ewald method (Darden et al.,
993) with a real space cutoff of 9.0 Å and a direct sum tolerance of
0−6. The translational center-of-mass motion was removed every
.0 ps.

Each system was initially minimized to remove any close con-
acts and then harmonic positional restraints of 10 Kcal mol−1 Å−2

orce constant were applied to the protein backbone atoms. The
emperature was increased from 10 K to 300 K as a linear function
f time over the course of 300 ps. The restraints were then removed
ver 4 rounds of 50-ps in the isotherman–isobaric (NPT) ensemble
y reducing their strength (5.0, 2.0, 1.0, 0.5 Kcal mol−1 Å−2) and an
dditional 9.5 ns at constant isotropic pressure and temperature of
00 K was carried out. Production runs of 100 ns were performed in
he isothermal–isovolumetric (NVT) under the same conditions as
escribed above, and snapshots were collected every 1000 steps.

To enhance exploration of the conformational space, five inde-
endent aMD  calculations of 50 × 106 steps (100 ns each) were
eeded from the three open ERAP1 cMD  at 30, 50, 70, 90 and
10 ns. An average total potential energy and average torsional
otential energy was computed from the last 50 ns cMD  and
sed for the dual boost potential of the aMD. Selection of the
oost parameters was based on previous work by the McCammon
roup (Hamelberg et al., 2004, 2007). In particular, the total boost
arameter ˛tot was set equal to 0.16 Kcal mol−1 atom−1 × (total
umber of atoms), and the torsional boost parameter ˛tor equal to
1/5) (4 Kcal mol−1 residue−1 × (number of solute residues). For the
losed ERAP1 states, we performed 2 rounds of 25 × 106 aMD  steps
ith one normal, and one higher-acceleration round increasing the

orsional boost potential threshold by ˛tor. The number of aMD  sim-
lation steps is used since the timescale of aMD  is non-linear and
annot be assessed accurately. The bias potentials were collected
very 1000 steps for both total and torsional boost, and then each
rame was reweighted based on a Maclaurin series expansion to
he 10th order using the PyReweighting Python scripts (Miao et al.,
014).

Principal component and trajectory analysis was performed
ith the CPPTRAJ module of AmberTools (v13) (Roe and Cheatham,

013) after mass-weighted RMSD fitting with respect to domain III
residues 530–614) of the closed ERAP1-KQ state, while exclud-
ng the flexible loop residues 486–514. The interdomain angle is
efined as the angle of the centers of mass of domains I and II
46–529), domain III (530–614) and domain IV (615–940), exclud-
ng the missing loop (486–514). Visual inspection of the trajectories
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

nd rendering of the figures was performed with VMD  (v1.9)
Humphrey et al., 1996). Calculations were performed on Intel
orkstations equipped with NVIDIA GTX 780 GPUs and running

inux x86 64 kernel v2.6.32.
nations of the common polymorphisms at positions 528 and 730. The variants are
presented in the picture in the same order as in panel B. (B), specific activities of the
four ERAP1 variants towards hydrolysis of the fluorigenic substrate Leu-AMC.

3. Results

3.1. ERAP1 SNPs affect enzymatic activity against model
fluorigenic substrates

To study the functional effects of ERAP1 SNPs we  constructed
four ERAP1 alleles that vary in positions 528 and 730, two  posi-
tions consistently discovered in population studies to associate
with predisposition to autoimmunity in an HLA-specific fashion,
and which been demonstrated to affect antigen presentation in
multiple assays. Our control allele, which corresponds to the combi-
nation of ancestral SNPs 528K, and 730Q (henceforth named allele
KQ), was used to generate two single substitution alleles 528R,
730Q, and 528K, 730E (alleles RQ and KE, respectively), as well as
the double-substituted 528R, 730E (allele RE). These two positions
are distal to the enzyme’s active site (by 23 Å and 30 Å, respectively,
see Fig. 1) and are localized at the beginning of domain III (position
528) and at domain IV of the enzyme (position 730). Each allele was
produced in recombinant form, purified and used for enzymatic
assays (Fig. 2A). All four alleles were found to be enzymatically
active against small fluorigenic substrates (Fig. 2B). However, we
found statistically significant differences between alleles that were
consistent between protein preparations and largely in agreement
with published literature. For example, the 528R polymorphism
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

led to an enzyme that had a specific activity of about 50% com-
pared to the control enzyme, consistent with previous analyses
(Garcia-Medel et al., 2012; Goto et al., 2006; Evans et al., 2011). The
effects of the polymorphic variation to enzyme activity appeared to

dx.doi.org/10.1016/j.molimm.2015.07.010
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Fig. 3. Comparison of length selection by ERAP1 and LAP. (A) Specific activity of
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to be instrumental to the catalytic cycle of ERAP1, we hypothe-
ontaining peptides, followed by HPLC. (B) Specific activity of LAP towards the
ydrolysis of the same peptide series.

lso be additive: the K528R substitution led to a less active enzyme
nd the Q730E substitution to a more active enzyme, whereas the
ombination of changes almost canceled each other out (Fig. 2B).

.2. ERAP1 shows selectivity for larger peptides

It has been suggested that ERAP1 is specialized for the trimming
f peptides longer than 9 amino acids, consistent with its role in
reparing antigenic epitopes of 8-9 amino acid long from extended
recursors (Chang et al., 2005; Evnouchidou et al., 2008; Nguyen
t al., 2011). Using our recombinant ERAP1 alleles, we tested their
bility to trim a collection of poly-glycine containing peptides of the
equence LGxL where x varies from 3 to 10 glycine residues. These
eptides were designed to carry a near-optimal N-terminal residue

or ERAP1, as well as the same C-terminal residue that has been
roposed to be important for trimming (Chang et al., 2005). The
est of the peptide sequence consists of glycine residues that lack
ide chains, in order to isolate length-dependent effects by elimi-
ating any possible interactions with putative specificity pockets
long the peptide binding cavity (Evnouchidou et al., 2008). Trim-
ing of the N-terminal leucine residue by ERAP1 was  faster for

arger peptides of >10 residues long, consistent with the length
election properties of ERAP1 (Fig. 3). In contrast, trimming by the
ytosolic Leucine-aminopeptidase (LAP), a metabolic enzyme not
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

ssential for antigen generation (Lazaro et al., 2015; Towne et al.,
005), was independent of the length of the peptide, confirming
he specialization of ERAP1 for larger peptides (Fig. 3).
 PRESS
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3.3. Peptide length selection is affected by SNPs

Using the LGxL series as a tool to study the length selection prop-
erties of ERAP1 we  measured the specific activity of N-terminal
leucine residue excision by each ERAP1 allele (Fig. S1). While all
alleles were able to excise the N-terminus efficiently, the specific
activities varied by up to one order of magnitude depending on the
allele and peptide studied. More importantly, the overall motif of
length degradation was  not the same amongst different alleles. For
example, the KE allele was less efficient in trimming larger pep-
tides compared to the ancestral KQ allele, but was  more efficient in
trimming smaller length peptides (Fig. S1).

3.4. Correlation of polymorphic variation and length selection

The observation that ERAP1 alleles exhibit different motifs in
trimming a collection of peptides with different lengths, prompted
us to analyze this length dependence further. To that end, we nor-
malized the trimming rate of each peptide to the trimming rate
of the ancestral ERAP1-KQ. The results were plotted as a function
of peptide length allowing us to discern the effect of particular
polymorphisms on the length preferences of ERAP1 (Fig. 4). This
analysis showed that position 528 does not appear to affect length
selection, but rather affects enzyme activity in a uniform manner
(panel A, the slope of the correlation is close to 0, but the x-axis
intercept is about 0.5, indicating that the RQ variant has about 50%
of the activity of the KQ variant). In contrast, the Q730E substitu-
tion resulted in a negative slope, indicating that this change leads
to an increased preference for smaller peptides (panel B). Interest-
ingly, the combined substitution at positions 528 and 730 resulted
to a correlation with a negative slope, as well as a reduced overall
activity (as evidenced from the x-axis scale, panel C) suggesting that
the two effects (lower activity for all peptides and different length
preferences) are independent and additive. The sharp difference in
effects between positions 528 and 730 may  be rationalized based
on the location of these SNPs in the ERAP1 structure. Position 730
lies within the internal cavity of ERAP1 that has been hypothesized
to accommodate the peptidic substrates and is in close proxim-
ity to a proposed ERAP1 regulatory region (Fig. S2) (Gandhi et al.,
2011). It is therefore, possible that SNP at position 730 interferes
directly with the ability of longer peptides to bind or to self-activate
their own  trimming as previously proposed (Nguyen et al., 2011). In
particular, polymorphism 730E, carries a negative charge that may
affect the local electrostatic potential hindering accommodation of
the negatively charged C-terminus of long peptides. In contrast,
position 528 is located on the exterior facet of ERAP1, away from
the peptide binding cavity and has no possibility to interact directly
with the peptide substrate, suggesting that it should be excreting
effects on enzymatic activity by a distinct mechanism.

3.5. Molecular dynamics simulations of the three ERAP1 variants

Changes in enzymatic activity due to polymorphic variation at
locations within the peptide binding cavity of ERAP1 may  be under-
stood in terms of altered interactions with the peptide-substrates.
However, the most consistently discovered disease-associated SNP,
located at position 528, does not reside within this cavity, but
is rather located at the beginning of domain III facing the sol-
vent (Fig. 1). Domain III is a hinge domain that lies in-between of
domains II and IV, the two domains that re-orient in respect to each
other during the conformational change of the enzyme (Nguyen
et al., 2011). Since this conformational change has been proposed
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

sized that altered molecular dynamics in domain III may  affect the
conformational equilibrium of the enzyme and therefore indirectly
affect activity.
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Fig. 4. Trimming rates ratios for different peptide lengths. In each panel the ratio
between the specific activity of two ERAP1 variants is plotted versus the length of
the peptide substrate. In all cases the denominator is the specific activity of the
528K, 730Q variant (variant KQ). Variant 528R, 730Q (variant RQ) is shown in panel
A,  variant 528K, 730E (KE) is shown in panel B and variant 528R, 730E (RE) in panel
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Fig. 5. Normalized histograms of the interdomain angle theta of the three ERAP1
variants acquired from classical MD simulations of 100-ns production runs ini-
tialized in the closed (black) and the open (red) states. (For interpretation of the
references to color in this figure legend and text, the reader is referred to the web
.  The solid line corresponds to a linear regression model. The r2 value for each
egression and the p value for each correlation are also shown.

Conventional molecular dynamics (cMD) of 110 ns were per-
ormed for the ERAP1 variants KQ, RQ, and KE in both the open and
losed conformations that have been determined by X-ray crys-
allography. The backbone root-mean-square deviation (RMSD) of
imulations initiated in the closed state were stabilized at val-
es of 0.16–0.17 nm,  whereas, the open conformations displayed
igher flexibility with backbone RMSD values as high as 0.4–0.5 nm
Fig. S3). This was  also reflected on the distribution of the interdo-

ain angle theta from the six cMD  simulations (Fig. 5). All three
RAP1 variants in the closed state remained closed, while the open
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

onformations sampled a wider range of interdomain angles. This
onclusion is consistent with MD  simulations for other ligand-free
inge-bending proteins (Pang et al., 2005; Kandt et al., 2006; Shi
version of this article.)

et al., 2009). In particular, the closed states (Fig. 5, black bars)
exhibit a clear-cut maximum around 54◦, which corresponds to
a slightly more “relaxed” conformation compared to the X-ray
structure (53◦). The open ERAP1-KQ (Fig. 5, red bars) displayed
a fluctuation of interdomain angles between 62 and 72◦, with a
maximum close to the open X-ray structure at 67◦. Interestingly,
the open ERAP1-RQ visited more closed states at 59–67◦, while
ERAP1-KE sampled a wider range of theta between 58 and 70◦.

To enhance sampling of the open-closed transition, five inde-
pendent accelerated molecular dynamics (aMD) simulations were
performed on each variant. The key advantage of aMD  is that it
can effectively explore long timescale motions and large regions
of phase space in the absence of a pre-defined reaction coordi-
nate. In previous studies, aMD  have been successfully employed
in the study of slow timescale dynamics in a variety of pro-
teins (Hamelberg and McCammon, 2005; Markwick et al., 2009;
Markwick et al., 2010; Grant et al., 2009; Bucher et al., 2011).
Our analysis indicated that for the aMD  simulations initialized in
closed states, ERAP1 remained closed, even though it did sample a
wider range of phase space compared to cMD  (Fig. 6). Similarly, the
aMD  simulations that were seeded from the open ERAP1 resulted
to structures that sampled a significantly larger region towards
more closed conformations (Supporting information Fig. S4). The
open ERAP1-KQ aMD  trajectories exhibit a wide range of interdo-
main angles at 58–72◦, which is indicative of small energy barriers
between more open and more closed conformations with respect to
the X-ray structures. In sharp contrast, most of the open ERAP1-RQ
aMD  simulations sampled conformations in which theta <60◦ (Sup-
porting information Fig. S4), resulting in a high-population peak of
semi-closed conformations at 57◦. The ERAP1-KE variant displayed
a broad sampling of conformations between the open and closed
states similar to the ancestral ERAP1-KQ, albeit the distribution
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

of the interdomain angle was  shifted towards more closed con-
formations (Fig. 6). Overall, our analysis indicated that the K528R
polymorphism has strong effects on the conformational distribu-
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imulations of the three ERAP1 variants initialized either in the closed (black), or
n  the open (red) states. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

ion of ERAP1 and a limited effect could also be discerned for the
730E polymorphism.

Principal component analysis (PCA) of the aMD  trajectories
evealed that motions along the first PCA mode (PC1) describe
he open-to-close transition, and along the second mode (PC2)

 twist motion primarily between domains I and IV (Fig. 7A).
C1 and PC2 describe, respectively, 46.2% and 18.2% of the total
ariance of the motions in the aMD  simulation of ERAP1-KQ. A two-
imensional representation of the trajectories as a projection of
he Boltzmann reweighted distribution onto the PC1–PC2 subspace
escribes a free energy profile of the three ERAP1 variants (Sup-
orting information Figs. S5–S7). aMD  trajectories were reweighted
sing a Maclaurin series expansion that approximates the exponen-
ial Boltzmann factor, which has been shown recently to greatly
uppresses the energetic noise (Miao et al., 2014). Comparison of
he free energy surfaces obtained from aMD  simulations suggests
hat the K528R polymorphism (RQ variant) induces a conforma-
ional shift towards more closed conformations (Fig. 7B). While
oth the KQ and KE variants sample a wide range of open conforma-
ions within 8–10 KJ/mol from the energy minimum, ERAP1-RQ is
estricted to a narrower subspace between the open and closed con-
ormations and requires >12 KJ/mol to reach the crystallographic
pen state. This is mainly attributed to the observation that aMD
imulations of ERAP1-RQ spent the majority of the time in an
nergy basin of a semi-closed conformation (Supporting informa-
ion Fig. S6). Although this method may  suffer from low accuracy in
he precise calculation of the energy minima (2–3kBT) and inher-
nt inaccuracies of the force field (Miao et al., 2014), the relative
hanges in the energy landscape indicate that, at the very mini-
um,  SNPs in ERAP1 can affect conformational dynamics.

. Discussion
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

Molecular components of the human immune system can be
ighly polymorphic as a result of host-pathogen balancing selec-
ion processes and evolutionary pressures. The most prominent
xample of this is the HLA molecules, which exist as thousands
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of different allelic forms in the human population and affect both
infection susceptibility as well as predisposition to autoimmunity.
Being the immediately preceding step in the pathway of antigen
presentation, antigen generation by ERAP1 is a potential balancing
selection target that modulates infection susceptibility (Cagliani
et al., 2010). Not surprisingly, ERAP1 is also polymorphic, with
ERAP1 SNPs found to associate with predisposition to viral infec-
tions, virally-induced cancer and autoimmune conditions, often in
epistasis to particular HLA-alleles (Stratikos and Stern, 2013; Reche
and Reinherz, 2003; Evnouchidou et al., 2012).

In this study, we  combined experimental and computational
approaches to provide evidence that ERAP1 SNPs can exert their
effects on enzyme function by at least two independent and
complementary mechanisms. We  focused our analysis on two
key ERAP1 SNPs, located at positions 528 and 730, since they
are the two  most commonly discovered SNPs in genetic stud-
ies and they represent typical examples of SNP locations: one
within the internal cavity of ERAP1 and one on the outside.
The polymorphic position 730 lies within the extended internal
cavity of ERAP1 and although it is 30 Å away from the active
site, it may  still interact with the C-terminal moiety of a long pep-
tide substrate as previously reported based on crystallographic
data (Gandhi et al., 2011). This observation can potentially explain
our experimental results: the nature of amino acid at that loca-
tion may  affect recognition of the longer peptide substrates and
therefore length selection. In contrast, position 528 is not located
inside the internal cavity of ERAP1 and as a result, it is unlikely
that it can interact with a peptide substrate. Our  computational
analysis however, suggests that the nature of amino acid at posi-
tion 528 of the hinge domain III can indirectly affect enzymatic
function by affecting the conformational dynamics of ERAP1. Since
any experimentally observed enzymatic activity of ERAP1 includes
multiple catalytic cycles and repeated substrate binding and prod-
uct releases, the conformational plasticity of the enzyme can be
expected to affect the apparent enzymatic activity. As a result,
variants that are more limited in conformational dynamics may
be slower in product release and substrate re-capture, resulting in
apparent lower enzymatic activity. Indeed, the variants that carry
the 528R polymorphism (RQ and RE) are both found to have lower
enzymatic activity compared to the variants that carry the 528K
polymorphism (KQ and KE) (Figs. 2 and 4). Some effects on the
conformational distribution of ERAP1 can be seen for the poly-
morphism Q730E and these may  driven by subtle changes in the
internal cavity electrostatic potential. Overall, our findings provide
a mechanistic framework for understanding – and are consistent
with – previous observations on cellular models that have sug-
gested independent influences of these two SNPs on the function
of ERAP1 and on the length of antigenic peptides generated (Chen
et al., 2014; Garcia-Medel et al., 2012; Sanz-Bravo et al., 2015).

Our analysis on length selection, suggested that the Q730E vari-
ation may  affect length selection by ERAP1, by promoting the
trimming of smaller peptides, smaller than 9 amino acids long.
Although this may  sound counter-intuitive in the context of the role
of ERAP1 in antigenic peptide generation, it can be understood in
terms of the proposed role of ERAP1 in antigenic peptide destruc-
tion by over-trimming (Seregin et al., 2013; York et al., 2002). In
addition, the destruction of smaller peptides in the ER may  regu-
late ERAP1 activity by allosteric activation or inhibition (Nguyen
et al., 2011; Evnouchidou et al., 2011). Altered trimming of small
peptides may  also be relevant to other functions of ERAP1 in the
context of innate immunity or blood pressure regulation through
Angiotensin degradation (Goto et al., 2006; Aldhamen et al., 2015;
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

Hisatsune et al., 2015).
Previous studies have suggested that the peptide-substrate

sequence is an important determinant of the trimming rate by
ERAP1 and different sequences beyond the N-terminal residue

dx.doi.org/10.1016/j.molimm.2015.07.010
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Fig. 7. (A) Motions along the first two principal components (PC1 and PC2) calculated from the aMD trajectories of ERAP1 KQ shown from the side (upper panels) and the
top  (lower panels) as in Fig. 1. Projections go from positive values in blue to negative ones in red. (B) Free energy principal component projection of the aMD  trajectories on
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an affect processing rates by several orders of magnitude (Chang
t al., 2005; Evnouchidou et al., 2008; Evnouchidou et al., 2011;
eorgiadou et al., 2010). In addition, polymorphic variation
t positions 528 and 730 was shown to affect processing of
ifferent sequences in complex patterns suggesting that peptide-
ubstrate recognition may  be influenced by polymorphic variation
Evnouchidou et al., 2011). The mechanisms we describe in this
tudy are, at first approximation, sequence-independent and may
e complementary to sequence-dependent effects in shaping the

mmunopeptidome, although the extent of that contribution is
nclear. Although for particular epitopes, the sequence may  be

 major determinant, in the context of the sum of peptides pro-
essed by ERAP1, sequence-dependent effects may  be smoothed
nd sequence-independent effects, like length selection and con-
ormational plasticity may  be easier to observe (Chen et al., 2014;
Please cite this article in press as: Stamogiannos, A., et al., Effects of pol
Aminopeptidase 1. Mol. Immunol. (2015), http://dx.doi.org/10.1016/j

arcia-Medel et al., 2012; Sanz-Bravo et al., 2015).
The discovery that ERAP1 exists in at least two  largely differ-

nt conformations, one of which allows no external access to the
atalytic site has led researchers to propose a two-step mechanism
D  trajectory. The PCA plots are reweighted based on a Maclaurin series expansion
rcle) ERAP1 states are projected onto the free energy surface. (For interpretation of
is article.)

for peptide trimming: initial capture of the peptide by the open-
state leads to a large conformational rearrangement that optimizes
the orientation of key catalytic residues and residues in the S1
pocket of the enzyme to promote catalysis (Nguyen et al., 2011;
Kochan et al., 2011). Our MD analysis indicates the pre-existence
of equilibrium dynamics that promote the sampling of multiple
open states. This finding is consistent with a two-step mechanism
of ligand recognition. Such a mechanism is also consistent with the
biological function of ERAP1 that includes trimming of peptides of
different lengths, whose initial capture is facilitated by open con-
formational states. The wide-distribution of open states revealed
by the MD calculations suggests a relatively flat free-energy path-
way linking several conformations of similar free energies (Bucher
et al., 2011). Even minor amino acid substitutions throughout the
protein structure can affect the sampling of this pathway, leading
ymorphic variation on the mechanism of Endoplasmic Reticulum
.molimm.2015.07.010

to changes in conformational distribution and changes to apparent
enzymatic activity. This mechanism can lead to the evolutionary
advantage of being able to fine-tune the activity of the enzyme by
multiple polymorphic substitutions away from the active site.

dx.doi.org/10.1016/j.molimm.2015.07.010
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Our results provide an operational framework for understand-
ng the effects of ERAP1 SNPs on enzyme function: (i) SNPs that lie

ithin the internal cavity of ERAP1 may  influence substrate bind-
ng, or product release—their effects will depend on their exact
ocation (and distance from the catalytic site) and the length and
ature of the substrate, (ii) SNPs that lie in the hinge domain III
f ERAP1 may  exert their effects indirectly by influencing the con-
ormational plasticity of the enzyme and the rate of completion of
ach catalytic cycle. These two mechanisms can be independent
nd complementary to each other, as suggested by our data. It is
ossible however, that SNPs within the internal cavity of ERAP1
an also affect conformational dynamics indirectly by changing the
n/off rate of substrate capture. To date, no ERAP1-peptide sub-
trate crystal structure exists to allow the computational modeling
f this idea.

The ability to regulate ERAP1 activity by random mutations at
any functional domains of the enzyme may  be highly beneficial

or maintaining variability in adaptive immune responses, and for
apid adaptations depending on interaction with novel pathogens.

utations away from the active site should be much easier to tol-
rate since they should not lead to completely inactive enzyme.
ampling different locations for variation allows the immune sys-
em to generate an array of different ERAP1 activities that we  now
now they can affect immunodominance and responses to dis-
ase (Alvarez-Navarro and Lopez de Castro, 2014; Reeves et al.,
013; Sanz-Bravo et al., 2015; Alvarez-Navarro et al., 2015). Indeed,
ecent work has been slowly revealing that ERAP1 samples a highly
ynamic range of activities in different individuals, from hyper-
rimming to hypo-trimming, affecting adaptive immune responses
Reeves et al., 2014). This may  be difficult to achieve by muta-
ions within the active site that often have major effects on activity.
nstead, modulating ERAP1 activity by distant mutations that result
n small effects may  constitute an effective approach to testing
mmune response variations without risk of shutting down key
athways. It is slowly becoming apparent that ERAP1 SNPs will
lay key roles both in promoting our understanding of disease pre-
isposition, but also in developing new therapies that rely on the
harmaceutical modulation of ERAP1 activity (Zervoudi et al., 2013;
apakyriakou et al., 2015; Stratikos, 2014).
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