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ABSTRACT: Endoplasmic reticulum aminopeptidases ERAP1 and ERAP2 cooperate
to trim a vast variety of antigenic peptide precursors to generate mature epitopes for
binding to major histocompatibility class I molecules. We report here the first structure
of ERAP2 determined at 3.08 A by X-ray crystallography. On the basis of residual
electron density, a lysine residue has been modeled in the active site of the enzyme;
thus, the structure corresponds to an enzyme—product complex. The overall domain
organization is highly similar to that of the recently determined structure of ERAPI1 in
its closed conformation. A large internal cavity adjacent to the catalytic site can
accommodate large peptide substrates. The ERAP2 structure provides a structural
explanation for the different peptide N-terminal specificities between ERAP1 and
ERAP2 and suggests that such differences extend throughout the whole peptide
sequence. A noncrystallographic dimer observed may constitute a model for a proposed
ERAP1—ERAP2 heterodimer. Overall, the structure helps explain how two homologous
aminopeptidases cooperate to process a large variety of sequences, a key property of
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their biological role.

he intracellular generation of small peptide fragments that

are subsequently presented on the cell surface by
specialized receptors of the major histocompatibility class I
family (MHCI) is central to the cytotoxic T-cell response.
MHCI receptors have stringent requirements in peptide length
and usually bind and present peptides that are 8—10 amino
acids long. These peptides are generated inside the cell from
the degradation of intracellular or endocytosed proteins
through the ubiquitin—proteasome pathway."” The proteaso-
mal products are usually larger than the mature antigenic
peptide, having additional amino acids at their N-termini that
have to be removed so that the antigenic peptide generated is of
the appropriate length to bind onto MHCI receptors.® This is
achieved inside the endoplasmic reticulum (ER) by specialized
ER-resident aminopeptidases.*

Two homologous ER aminopeptidases have been identified
to date that trim antigenic peptide precursors so that they can
bind to MHCI molecules. The best characterized of the two,
ERAP1, has been shown to be required for the generation of
many antigenic epitopes both in vitro and inside cells.”” ERAP1
knockout mice were found to be deficient in the generation of
many epitopes but also present an altered peptide repertoire on
their surface, suggesting that ERAPI epitope-mediated
trimming can influence immunodominance.®™*° Furthermore,
ERAPI is specialized for trimming relatively large peptides
(10—16 amino acids long) while sparing short ones, a property
that is consistent with its biological role in preparing peptides
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for MHCI binding."' ' Finally, ERAP1 can also destroy several
antigenic epitopes by trimming them to lengths inappropriate
for MHCI binding.® This dual function of ERAP1 has led to its
characterization as an antigenic peptide editor.'"?

Given the enormous number of protein sequences that
are sampled by the proteasomal antigen generation and process-
ing pathway, ER-resident aminopeptidases are expected to
process efficiently a very large number of different peptide
sequences. ERAP1, however, has been shown to have pref-
erences for peptide—substrate sequences, a property that
may at least partially explain antigenic peptide selection but
opens questions regarding the processing of many epitopes
that are poorly trimmed by ERAP1.'* In an effort to address
this, researchers identified ERAP2, a highly homologous
aminopeptidase that is colocalized with ERAP1 but pres-
ents distinct specificity for the N-terminal residue of the pep-
tide substrate.'>'® ERAP2 was shown to be able to comple-
ment ERAP1 activity by removing N-terminal amino acids from
epitope precursor sequences that ERAP1 processed poorly.
Furthermore, ERAP2 was found to physically associate with
ERAPI, forming a heterodimer."® This proposed ERAP1—
ERAP2 complex would be expected to be more efficient in
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dealing with the large number of sequences that need to be

processed compared to a single enzyme.

The importance of antigen processing by ERAP1 and ERAP2
has been recently highlighted by several population-wide
genetic studies that have linked single coding nucleotide
polymorphisms (SNPs) found in those two enzymes with
several human diseases.'” Specifically, an ERAP1—ERAP2
haplotype has been linked with the chronic inflammatory disease
Ankylosing Spondylitis, a disease with a strong hereditary
autoimmune component.18 Recent analysis of ERAP1 SNPs
suggested that this link may be mediated through effects on the
antigenic processing properties of the enzyme.19 Furthermore,
ERAP1—-ERAP2 haplotypes have been linked with resistance to
HIV infection, presumably through altered processing of HIV
epitopes.”®~** A specific ERAP2 polymorphism has been linked
with predisposition to preeclampsia.23 Finally, ERAP1 and
ERAP?2 levels have been found to be either up- or downregulated
in transformed tissues, Fresumably to allow the tumor to evade
the immune response.”*** It is highly possible that all these
effects reflect altered antigenic repertoire profiles generated by
these two aminopeptidases. However, a significant amount of
information regarding the specificity and molecular properties of
these enzymes is needed to understand these effects at the
molecular and atomic levels.

Three recently determined structures of ERAP1 have yielded
important insights into the molecular mechanism of the
enzyme that makes it so appropriate for trimming antigenic
peptide precursors.'>*® These structures fall into two distinct
categories depending on the relative orientation of domains II
and IV of the enzyme. In the closed form, a very large internal
cavity extending away from the catalytic site is occluded from
access to the external solvent. In the open form, this cavity is
exposed to the solvent and presumably facilitates the capture
and binding of large peptide substrates. Even in the closed
form, the internal cavity can accommodate the largest of
antigenic peptide precursors and provide atomic interactions
that determine specificity throughout the peptide sequence,
influencing antigenic peptide selection. It has been hypothe-
sized that long peptides can concurrently occupy the catalytic
site and a distinct regulatory site and that this interaction leads
to conformational rearrangements, enzyme activation, and
efficient trimming."?

To improve our understanding of the exact role and
molecular mechanism of ERAP2 in antigenic precursor
processing, we crystallized human ERAP2 expressed from
insect cells after baculovirus infection and determined the struc-
ture to a resolution of 3.08 A. ERAP2 crystallizes as a homo-
dimer through head-to-head interactions of the N-terminal
domain that map an extended dimerization interface. Each
monomer has an overall domain organization (domains I-IV)
similar to that of the closed structure of ERAP1 [Protein Data
Bank (PDB) entry 2YDO] with domain IV coming into the
proximity of domain II, the catalytic site, and the S1 pocket
(the latter defined as the specificity pocket accommodating the
peptide side chain N-terminal to the scissile bond, according to
the usual convention of defining peptidase specificity sites;
subsequent specificity sites will be named S1’, S2/, etc.). This
domain configuration generates an internal cavity that is of
sufficient size to accommodate large peptides, similar to
ERAPI. The shape and electrostatic potential distribution in
that cavity, however, are distinct from the latter, suggesting that
ERAP2 may apply distinct selective pressures in the antigenic
peptide repertoire. Our structure provides an atomic-level
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explanation of the importance of residue Aspl198 in ERAP2
N-terminal specificity. Furthermore, our structure suggests that
specificity differences between ERAP1 and ERAP2 may extend
throughout the peptide-binding cavity. We map a common
SNP of ERAP2 (152549782, N392K), which has been linked
with predisposition to disease, to a location adjacent to the
active site of the enzyme. The ERAP2 homodimer in our
structure is stabilized by an extended interface mediated by
residues largely conserved in ERAP1 and may therefore
constitute a useful model of the ERAP1—ERAP2 interaction.
Overall, our structure provides insights into how two homo-
logous aminopeptidases have evolved to be able to cooperate to
trim a very large variety of peptide sequences, a function
fundamental to their biological role in antigen processing.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Human recombi-
nant ERAP2 was produced using a baculovirus-driven insect
cell expression system as previously described.'® The purifica-
tion procedure was modified to optimize purity for protein
crystallography. Briefly, the cell supernatant was harvested 4
days postinfection, and protein content was bound to Cibacron
Blue 3GA Agarose (Sigma). The resin was washed with 10 mM
sodium phosphate (pH 7.0), and bound proteins were eluted
with 500 mM NaCl and 10 mM sodium phosphate (pH 7.0).
The eluate was then immediately bound to Ni-NTA agarose.
ERAP2 was eluted using a buffer containing 300 mM NaCl,
50 mM imidazole, and S0 mM sodium phosphate (pH 8.0) and
subsequently concentrated using a 10000 molecular weight
cutoff filter (Sartorius). The enzyme was further purified by
size-exclusion chromatography using a Sephadex S-200 column
[pre-equilibrated with 150 mM NaCl, 0.01% NaNj, and 25 mM
HEPES (pH 7.0)] (Figure S1 of the Supporting Information).
During purification, enzyme activity was followed by L-arginine-
7-amido-4-methylcoumarin fluorigenic substrate hydrolysis.””

Crystallization. Crystals of ERAP2 were obtained from the
Morpheus™® protein crystallization screen (Molecular Dimen-
sions Ltd.) using the sitting drop vapor diffusion technique.
Crystals were obtained by mixing 200 nL of ERAP2 [6 mg/mL
in 150 mM NaCl, 0.01% NaN;, and 25 mM HEPES (pH 7.0)]
with 100 nL of precipitant using an Oryx4 nanodrop
crystallization robot (Douglas Instruments) and incubation
with a 50 pL reservoir. Initial crystals appeared after 2—3 days
under various Morpheus precipitant conditions at 10 °C and
were optimized further by varying the protein:precipitant
mixing ratios, the size of the drops, and the incubation
temperature. The crystal used for data collection was grown in
a 2 puL drop at 4 °C, using the following conditions: 10% PEG
8000; 20% ethylene glycol; glycine, pL-alanine, DL-serine, DL-
lysine, and sodium glutamate (20 mM each); 31 mM MES; and
69 mM imidazole (pH 6.5).

Data Collection, Processing, and Refinement. High-
resolution X-ray diffraction data were collected from a crystal
frozen in a stream of N, gas at 100 K using synchrotron
radiation (4 = 0.81230 A) at beamline X13 (EMBL, Hamburg,
Germany). Useful data were observed to 2.99 A resolution.
These were processed using the DENZO/SCALEPACK
package.29 Five percent of reflections were flagged for Rg,
calculations. The crystal belonged to space group P2, with the
following cell dimensions: a = 74.6 A, b = 134.4 A, c = 128.0 A,
and 8 = 90.7° (Table 1). The unit cell is different from the unit
cells of all the ERAP1 structures determined so far.
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Table 1. Data Collection and Refinement Statistics of

ERAP2

Data Collection

space group P2,

a, b, c (A) 74.6, 134.4, 128.0

B (deg) 90.7

resolution (A) 19.5—3.08 (3.19-3.08)

Ry (%) 8.4 (45.8)

1/6(1) 11.6/2.0

completeness (%) 99.0 (99.1)

redundancy 2.8 (2.7)
Refinement

resolution (A) 11.0-3.08

no. of reflections (all/used) 43110/40931

Ryort/ Ricee (%)

no. of atoms (per asymmetric unit)

21.2/27.7 (28.7/402)"
14348 (14 are alternate)

protein 14014
average B overall (A?) 66.4
NCS rmsd (A)
all atoms 0.44
DI (55-271) 0.70
D2 (272—546) 039
D3 (547—-637) 0.03
D4 (638—961) 0.28
rmsd for bond lengths (A) 0.008
rmsd for bond angles (deg) 1.200
Ramachandran plot (%)
preferred 88.9
allowed 9.1
outliers 2.0

“The outer shell for refinement is 3.13—3.08 A. Values in parenthesis

are for the outer shell.

The structure was determined by molecular replacement
using MOLREP* using the “closed” ERAP1 structure (PDB
entry 2XDT) as a search model. Two protein molecules, A and
B, per asymmetric unit were found. REFMAC®' was used for
structure refinement by the maximum-likelihood method. Rigid
body refinement was followed by several restrained refinement
cycles. When an R factor of 25% had been reached, the

refinement was continued with Phenixrefine’® using data to
3.08 A and imposing 2-fold NCS restraints. All residues, but 14
pairs of residues, were restrained according to NCS. Alternating
cycles of restrained refinement with Phenix.refine and manual
fitting and building with Coot® resulted in final R factor and
Rgee values of 21.2 and 27.7%, respectively. Refinement
statistics are listed in Table 1. The Ramachandran plots as
calculated with RAMPAGE?* show that 88.9% of the residues
lie in the preferred region, 9.1% in the allowed region, and 2% in
the outlier region. The latter residues (34 overall, of which 28
are pairs of the same residues in the ERAP2 dimer) are located
mainly in low-density loop regions at the exterior of the
protein. Besides the two crystallographically independent
protein molecules, the asymmetric unit comprises a total of
11 sugar residues and 126 water molecules. A lysine residue and
a MES molecule were modeled on well-formed residual
electron density close to the zinc ion of the active site of
each protein molecule. The carbohydrate moieties were found
attached to the following Asn N-glycosylation sites: A8S, A219,
A40S, A650, B8S, and B219. All occupancies of protein and
carbohydrate atoms as well as water molecules were set to 1,
except for those of the disordered amino acid side chains. Two
amino acid side chains in one of the molecules (A) were dis-
ordered (Arg366 and Lys839) and refined with two alternative
conformations. There was no assignable density before residue
54 of chain A and residue SS of chain B. Also missing were
residues 127—129, 503—527, and 570—580 of chain A and
126—132, 503—531, and 571—582 of chain B. All figures were
made using PyMol (http://www.pymol.org).

B RESULTS

Three-Dimensional Structure. The molecular structure
of glycosylated human ERAP2 has been determined to 3.08 A
resolution by molecular replacement using ERAP1 (PDB entry
2XDT) as a search model and refined (Table 1 and Figure 1).
The asymmetric unit contains two crystallographically indepen-
dent ERAP2 molecules, A and B (Figure 1B), 126 water
molecules, and 11 carbohydrate residues [a tetrasaccharide
consisting of two N-acetylglucosamine (NAG) and two
mannose (MAN) groups, two disaccharides of NAG, and

Figure 1. (A) Ribbon representation of the ERAP2 structure colored by domain (domains I in blue, II in green, III in orange, and IV in magenta).
(B) Ribbon representation of the ERAP2 dimer in the asymmetric unit. Domains are colored as in panel A. (C) Ribbon representation of three
ERAPI structures (PDB entries 2YDO, 3QNF, and 3MD]J) aligned with the ERAP2 structure using domains I and II. Notice the differences in the

relative positioning of domain IV.
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Figure 2. (A) Lysine (Lys,) and MES ligands modeled into the active site based on residual difference (IF,| —
(B) Detail of the catalytic site of ERAP2 showing the position and electron density (2IF,|

H|5374

C Glu371/354

His374/357 R0 ‘

Phe450
GIu393/37r

G Tunass /a3

H|S370/353

IF ) electron density (colored gray).
— IE) of Zn(II) ion coordination and other key residues.

(C) Relative positions of residues from the ERAP2 and ERAP1 catalytic sites. Notice how the positioning of Tyr4SS and -438 differs between the
open and closed forms of the enzymes. Residue numbers corresponding to ERAP2 are underlined.

three NAG monosaccharides]. All the carbohydrates are
covalently bound to Asn side chains. The two ERAP2
molecules in the asymmetric unit are essentially identical, and
during the final cycles of the refinement, noncrystallographic
symmetry restraints (NCS) were applied.

Residual electron density (more than 30) was persistent in
two locations close to the active site of both protein molecules
A and B, after the end of the initial cycles of refinement (Figure 2A).
Their elongated shape prompted us to model them as a
molecule of r-lysine (Lys,) coordinating the zinc and a
molecule of 2-(N-morpholino)ethanesulfonic acid (MES),
because both molecules were present at high concentrations
in the crystallization mixture. L-Lysine was selected because
positively charged amino acids are preferred by ERAP2, but
another amino acid, ie., glutamic acid, could also fit.

Each ERAP2 monomer is made of four structural domains
(I-IV) forming a closed hollow structure (Figure 1A). The
N-terminal domain I (residues 54—271) exhibits a f-sandwich
structure. Domain II (residues 272—546) has a thermolysin
a/p-fold and contains the HExxHx¢E zinc-binding motif as
well as the GAMEN aminopeptidase motif. Domain III
(residues $47—647) has a f-sandwich structure and acts as a
link between domains II and IV. Domain IV (residues 648—960)
is an all a-helical domain interacting closely with domain II,
essentially capping the Zn(1II) catalytic site. The contacts between
domains II and IV define a large internal cavity, adjacent to the
catalytic site, which has almost no access to the external solvent
but exhibits numerous water molecules trapped inside it.

Overall, the ERAP2 domain organization resembles the
recently determined structure of the “closed” conformation of
the homologous aminopeptidase ERAP1 (PDB entry 2YDO)
and is in contrast to two “open” forms of ERAPI (also recently
determined, PDB entries 3QNF and 3MD]J) showing domain
IV moved away from domain II and exposing the internal cavity
to the solvent (Figure 1C). Additionally, the ERAP2 domain
organization resembles the structures of aminopeptidase N
(PDB entry 2ZXG),35 3¢ Tricorn interacting factor F3 (PDB
entry 1Z5H),” and human leukotriene A4 hydrolase (PDB
entries 1HS6 and 3B7U).*** How these aminopeptidases
relate structurally to ERAP1 and therefore to the highly similar
ERAP2 has been discussed elsewhere.”®

Catalytic Site. The catalytic site of ERAP2 features a single
Zn(II) ion, coordinated by two histidine residues (H370 and
H374) and glutamate residue E393 (the second Glu of the
HExxHx,3E motif). The places of the fourth coordination sites
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of both Zn(II) ions of the dimer were occupied by the residual
electron densities, which were modeled as lysine residues (Lys,)
(Figure 2A); thus, the carbonyl oxygen of Cl of Lys, is the
fourth coordinating atom of the Zn(II) ion. Glu371 (the first
Glu of the HExxHx;4E motif) is not in the first coordinating
sphere of the zinc ion [4.2 A (Figure 2B,C)] but is within
H-bonding distance of the carbonyl group of Lys, (2.8 A). The
adjacent Phe450 lines the side of the S1 pocket of the enzyme,
close to Lys, (shortest distance of 4.3 A). A nearby tyrosine
residue (Tyr4SS) is conserved in all M1 aminopeptidases and
has been proposed to assist in the stabilization of the
tetrahedral intermediate during the catalytic cycle.’® This
residue has been shown to be important for peptide hydrolysis
by ERAP1 and to switch conformations depending on whether
the enzyme is in the active or inactive form."”> Comparison of
the conformational state of Tyr4SS in ERAP2 and the three
known structures of ERAP1 (Figure 2C) indicates that ERAP2
in our structure is in the active closed form. The hydroxyl group
of Tyr4SS is located 3.0 A from the second oxygen of the
coordinating Lys,.

S1 Pocket. The modeling of the Lys, residue in the active
site helps identify the S1 pocket of the enzyme. The GAMEN
motif, which is a fully conserved motif among all M1
aminopeptidases, is found adjacent to the catalytic site and is
structurally identical to ERAP1. The GAMEN motif is consid-
ered to be responsible for recognizing the free N-terminus of the
substrate and aligning the scissile bond in the appropriate
position for nucleophilic attack (Figure 3A). The Gly334 and
Ala335 residues of GAMEN, along with the adjacent Pro333,
line the side of the specificity pocket, opposite Phe450. Glu337
of GAMEN forms a tight H-bond with the N-terminus of Lys,
(2.7 A). Glu337 is linked to the coordinating Glu393 through a
water molecule, which forms H-bonds to the carboxylic side
chains of both residues (distances of 2.4 and 2.6 A,
respectively), as well as to Glu200 (2.7 A). The third side of
the S1 pocket is lined by residues (Glu200 and Asp198) from
domain I of the enzyme that provide interactions with Lys,.
The carboxylic group of Glu200 (Glul83 in ERAP1) forms a
H-bond with the N-terminus of Lys, [2.9 A (Figure 3A)].
Asp198 in ERAP2 has been shown to be critical for N-terminal
specificity by site-directed mutagenesis as is the homologous
GIn181 in ERAP1.* Asp198 forms a salt bridge (3.5 A) with the
side chain of Lys, (Figure 3B), an 1nteract10n that is possibly key
to the S1 specificity of the enzyme.'® The S1 pocket is capped by
residues Glul77, Pro201, and GIn447 (His160, Pro184, and

dx.doi.org/10.1021/bi201230p | Biochemistry 2012, 51, 286—295
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ERAP1 (2YDO)

Negative BB Electrostatic Potential (NN Positive

Figure 3. (A) Detail of the ERAP2 N-terminal recognition site and S1 pocket, showing the residues of the GAMEN motif as well as Asp198, which is
important for N-terminal side chain preference. Active site ligand Lys, is colored gray. (B) Interaction between Lys, and Asp198 stabilizes the ligand
side chain. The gray mesh around Lys, corresponds to the difference electron density map (IF,| — IEl). (C) ERAP2 and (D) ERAPI catalytic and S1
specificity pocket in solvent accessible surface representation colored by electrostatic potential (red for negative and blue for positive). Residues that
help form part of the pocket distal to the active site Zn(II) are shown as sticks. Notice the difference in electrostatic potential due primarily to the
presence of two negatively charged residues (Asp198 and Glul77) in ERAP2.

Arg430 in ERAPI, respectively). These residue differences
between ERAP1 and ERAP2 result in marked changes in the
electrostatic potential of the base of the S1 pocket (Figure
3C,D), providing the molecular basis for the preference of
ERAP?2 for substrates with a positively charged N-terminal side
chain.'®

S$1’ and Additional Pockets. The positioning of Lys, as a
model for the fourth coordinating group to the zinc ion
provides clues about the location of the S1' pocket. A putative,
rather shallow pocket that could accommodate side chains from
the second amino acid of a peptide substrate is lined by the zinc
coordinating His370 and Glu371, Gly334 and Ala33S (of
GAMEN), Trp363, and Val367. In the absence of a peptide
substrate, this pocket is occupied partly by one conformer of
disordered Arg366 and an H-bonding water molecule in this
structure (distances of 3.0 A to Arg366 and 3.5 A to the
noncoordinating oxygen of Lys,).

The second residual electron density in the ERAP2 structure,
close to the modeled Lys,, has been modeled as a molecule of
MES (31 mM under the crystallization conditions). The
sulfonate sulfur atom is 3.2 A from the second oxygen of Lys,,
thus close to where the second peptidic bond would be located.
Its morpholino ring is situated between Tyr4SS of domain II
and Tyr892 of domain IV, which have their aromatic side
chains oriented nearly parallel (Figure 4). The morpholino ring
is actually entrapped between the two tyrosine residues
(shortest distances of 3.9 and 3.4 A, respectively) that form a
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Figure 4. Postulated S’ specificity pocket in ERAP2. The MES ligand
(gray) was found to be stabilized by stacking interactions with residues
Tyr4SS and Tyr892 (green sticks).

hydrophobic channel between domains II and IV. It is possible
that this narrow channel constitutes a specificity pocket for the
enzyme, which can accommodate aromatic side chains. In this
structure, a long peptide substrate can be threaded through this
channel to extend farther into the internal cavity. The
remaining walls of the channel comprise the main chain of
residues Phe450 and Asn451 on the third side and Ala396 and
Lys397 on the fourth.

Internal Cavity. Beyond the channel mentioned above, the
internal cavity expands throughout the whole interface of

dx.doi.org/10.1021/bi201230p | Biochemistry 2012, 51, 286—295
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domains II and IV (starting from the interface of domain IV
with III). This cavity has an overall excluded area (as calculated
with GRASP*'") of 3334 A% which is comparable to the cor-
responding area of the cavity identified in the closed
conformational state of ERAP1%® (3185 A2); thus, it is
sufficiently large that it can accommodate even large antigenic
peptide precursors in a conformation that aligns their N-termini
with the catalytic site. Interactions between specificity pockets
in this cavity and side chains of the peptide substrate have been
hypothesized to underlie substrate specificity for ERAP1.'>'*
Although not much different in size, the cavities of ERAP2 and
ERAPI display numerous differences in the side chains lining
them and particularly in the side chains originating from the
less homologous domain IV. Such changes may be sufficient in
directing different substrate preferences between the two
enzymes. Specifically, the number of ionizable side chains of
the cavity surface differ in the two enzymes: ERAP2 exhibits 11
acidic and 6 basic side chains in domain II and 8 acidic and 11
basic side chains in domain IV, whereas ERAP1 has 13 acidic
and 6 basic side chains in domain II and 6 acidic and 6 basic
side chains in domain IV. Similarly, differences are observed
in other polar residues (with hydroxylic or amide side chains)
(17 in each in domains II and IV of ERAP2 but 12 and 25 for
the respective domains of ERAP1), whereas the number of
their nonpolar residues is comparable. Therefore, the presence
of shallow or deep pockets that could operate as specificity
pockets and the distribution of electrostatic potential in the
cavity are distinct for the two enzymes (Figure 5). The negative
electrostatic potential in the ERAPI internal cavity has been
suggested to be responsible for selectivity for substrates that
carry positively charged side chains.'”'* The different electro-
static potential distribution in the cavity of ERAP2 (more posi-
tively charged side groups) suggests that the enzyme may have
different preferences for substrate sequence compared to
ERAPI, something consistent with a distinct and/or comple-
mentary role in antigen processing.15

The preference of ERAP1 to trim larger substrates but spare
shorter ones has led to the proposal of a “molecular ruler”
mechanism."" It has been suggested that this property may
stem from the recognition of the C-terminus of the peptide by a
deep pocket inside the cavity of ERAP1 which is at a sufficient
distance from the catalytic site that it can be occupied con-
currently by only long peptides.”® Although two of the three
residues that help form this pocket in ERAP1 (Phe882 and
Arg841) are conserved in ERAP2 (Phe905 and Arg864), the
pocket is not formed in the latter (Figure 6), possibly because
of the positioning of His904 in ERAP2 (GIn881 in ERAPI).
This finding may underlie the different length preferences that
ERAP2 has been suggested to have.''

Homodimer. ERAP2 was found to crystallize as a homo-
dimer in the asymmetric unit. Dimerization is mediated mainly by
interactions of domain I of monomers A and B, in a head-to-head
fashion (Figure 1B), which define an excluded area of 1147 A2
(calculated by GRASP; 986 A* between the domains I of each
monomer and 161 A® between domains IV of each monomer).
Several residues participate in this interaction, and most of them
are conserved in ERAP1 (Table 2). In the middle of the
interaction area, a portion of f-strand 9 of domain I of each
monomer interact in a f-sheet-like configuration so that S-strands
8 and 9 from each monomer form a four-stranded antiparallel S-
sheet structure between the domains. Specifically, the main chains
of Thr191 form mutual hydrogen bonds between their carbonyl
oxygen and amide nitrogen atoms (2.9 and 3.0 A). The lack of
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ERAP1 (2YDO)

Positive

Negative [N

Figure 5. ERAP1 (top) and ERAP2 (bottom) internal cavities in
surface representation, colored by electrostatic potential. Active site
ligands (bestatin for ERAP1 and Lys, and MES for ERAP2) are shown
as sticks, and Zn(II) is shown as a gray sphere. Gray arrows show
possible binding configurations for a peptide substrate.

further main chain interactions is compensated by side chain ion
pairs, Glu190 of molecule B to Arg229 of molecule A (2.8 A) and
vice versa, Glu190 of molecule A to Arg229 of molecule B (3.2 A),
and the nonconventional H-bond from H(CD1) of 1le193 to the
carbonyl oxygen atom of Glyl88 of both monomers (C-C
distances 3.3 and 3.0 A for molecules A and B, respectively). At
the outer part, Thr87 interacts with Asp291 and Leu86-Thr87-
Ser88-Leu89 loops of each monomer come close to the
corresponding Leul87-Gly188 loops. Interestingly, the residues
listed in the interactions mentioned above are conserved in ERAP1
and ERAP2 (in bold in Table 2). Finally, two strong ion pair
interactions between domain IV residues Glu813 and Lys848 of
monomers A and B (2.6 and 2.9 A, respectively) are observed.
Interestingly, the most ordered carbohydrate chains (a tetra-
saccharide and a disaccharide), originating from residue Asn8S
of monomers B and A, respectively, contribute also in the
stabilization of the contact region between domain I of the
A and B ERAP2 monomers (Figure S3 of the Supporting
Information). The first NAG residues of each ERAP2 mono-
mer are stabilized by H-bonds between their N-acetyl groups
and the His83 NE2 atoms of the monomers from which they
originate whereas the second NAG residues by H-bonds
between the N-acetyl groups and His272 of the opposite
protein in the dimer. An additional H-bond is formed between
the guanidine group of Arg293 of ERAP2 monomer

dx.doi.org/10.1021/bi201230p | Biochemistry 2012, 51, 286—295



Biochemistry

ERAP1 (2YDO)
'Phe8s82

A Internal Cavity ‘
ERAP2 (3SE6)
Phed05

N

Internal Cavity

Figure 6. Detail of the internal cavity of ERAP1 (top, cyan) and ERAP2
(bottom, green) showing the location of the hypothesized C-terminal
recognition pocket in ERAP1 (dashed line) and the equivalent location in
ERAP2. Residues of ERAP1 (and homologous residues in ERAP2) that
define the pocket are shown as sticks. Notice the apparent absence of such
a pocket for ERAP2. The view slab was set at § A.

Table 2. Residues Lining the Interacting ERAP2 Monomer
Surfaces (as determined by GRASP) or Interact with the
Carbohydrate Chains

ERAP2 chain A ERAP2 chain B ERAP1 homologous amino acid
Asn85 Asn85 Asn70
Leu86 Leu86 Leu71
Thr87 Thr87 Thr72

Ser88 Thr73
Leu89 Leu89 Leu74
Thr183 Thr183 Thr166
Leul87 Leul87 Lys170
Gly188 Gly188 Glul71
Gly189 Gly189 Gly172
Glu190 Glul190 Glul73
Thr191 Thr191 Leul74
Arg192 Arg192 Argl75
1le193 el193 el76
Arg229 Arg229 Arg212
His272 His272 Glu255
Asp291 Asp291 Asp274
Arg293 Arg293 11276
Glu813 Glu813 GIn790
Glu846 Glu846 Lys823
Lys848 Lys848 Asp825
Val849 Val849 Lys826

A and the carbohydrate oligomer originating from monomer B
(02 of mannose 1). A similarly sized carbohydrate chain was
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found in a crystal structure of ERAP1 (PDB entry 3MDJ), but in
that case, it does not participate in any intermolecular interactions.

B DISCUSSION

ERAP2 Is in an Active Form with a Product Trapped in
the Active Site. In this study, we determined the three-
dimensional structure of human ERAP2 to 3.08 A resolution by
X-ray crystallography. ERAP2 has been suggested to act as an
accessory aminopeptidase to ERAPI, assisting in trimming
residues and sequences that ERAPI1 trims poorly. The two
aminopeptidases are highly homologous (~49% average
sequence identity, but individually S8, 60, 47, and 43% for
domains I-IV, respectively) and have the same domain
organization. ERAP2 was found to be in a closed conformation
in which domain IV interacts with an extended part of domain
II, resulting in a large internal cavity that is not accessible to the
external solvent but in which several water molecules are
entrapped. The cavity, similar to the cavity in ERAPI, extends
from the Zn(II) catalytic site of the enzyme and may accom-
modate large peptide substrates consistent with the proposed
biological role of ERAP2 in trimming long peptide substrates,
precursors to antigenic epitopes. The fact that the cavity has no
direct access to the external solvent suggests that the enzyme
has to undergo changes in conformation to allow substrate
approach and product release as in ERAP1. The lysine residue,
Lys,, that was modeled as the fourth coordinating ligand of the
Zn ion is positioned in a configuration that would be expected
to resemble the binding of the N-terminal amino acid of a
peptide substrate. The orientation of Tyr4S5 suggests that the
enzyme is in the active configuration. Overall, our structure
corresponds to the enzyme—product complex, the product
being the released amino-terminal amino acid, which is still
trapped in the active site until conformational rearrangements
of the enzyme allow it to diffuse away in preparation for the
next catalytic cycle.

Structural Determinants Support Distinct Specificity.
Further comparison of the ERAP2 structure with the closed
ERAPI structure yields insight into their distinct biological roles.
Although the two structures are highly similar with rmsds of 1.36 A
for main chain atoms and 1.52 A for all atoms (rmsds for all atoms
of 1.27 A for domain I, 0.99 A for domain II, 1.24 A for domain III,
and 1.60 A for domain IV), key differences can affect antigen
processing by altering the specificity of substrate recognition.
This is clear with regard to the S1 specificity, where a key
change at GIn181 in ERAPI to Asp198 in ERAP2 and changes
in residues capping the pocket (His160 and Arg430 in ERAPI
to Glul77 and GIn447 in ERAP2) result in marked differences
in the electrostatic potential of the S1 pocket. We therefore
provide an atomic-level explanation for the different S1 specificity
between the two enzymes. This specificity change is potentially
crucial for their biological role, because it allows ERAP2 to trim
N-terminal amino acids for which ERAP1 has reduced activity.

Inspection of the internal cavity that extends away from the
active site and comparison to the equivalent cavity of ERAP1
suggest that although the two enzymes may have a common
substrate recognition mechanism, the S’ specificity pockets of
each enzyme may be significantly different. Peptide sequence
specificities have previously been demonstrated experimentally
for ERAP]I, suggesting the presence of at least some S’ specificity
sites.'* Although the unequivocal definition of such pockets is
speculative in the absence of structural information about an
enzyme—substrate complex, differences between possible
interaction sites in ERAP1 and ERAP?2 are sufficiently frequent
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to support different specificities for peptide sequence. Analysis
of the overall electrostatic potential of the cavity in ERAP1 and
ERAP2 reveals distinct patterns that may affect substrate
preferences. The strongly negative electrostatic potential in
ERAP1 has been linked with a preference for substrates
carrying one or more positively charged amino acids in their
sequence. The different distribution of electrostatic potential in
ERAP2 may suggest that this preference may not be shared by
ERAP2, at least not for the same positions. This property may
allow ERAP2 to extend its complementarity in substrate
preference farther from just the S1 pocket to the whole peptide
sequence. It is reasonable therefore to hypothesize that
sequence-specific selectivity pressures in the antigenic peptide
repertoire of ERAP1%'® may be extended or in some cases even
ameliorated by the different specificity of ERAP2. This may be
a key difference in antigen processing between humans and
mice because the latter do not have the gene for ERAP2.
The ERAP2 Homodimer as a Model for the ERAP1—
ERAP2 Interaction. Although ERAP2 crystallized as a
homodimer, size-exclusion chromatography analysis and
dynamic light scattering analysis suggested that it is predomi-
nantly a monomer in solution at concentrations of <1 mg/mL
(Figure S1 of the Supporting Information). However, we
cannot rule out the possibility that ERAP2 homo-
dimerizes inside the limited space of the ER where local con-
centrations can be much higher (as they are during crystalli-
zation). Additionally, a homodimer for the highly homologous
IRAP has been recently demonstrated and proposed to have a
topology similar to that of the ERAP2 homodimer.**
Furthermore, ERAP2 has been proposed to function in concert
with ERAPI1 by forming a heterodimer.'® Although the exact
nature of this dimer is still speculative, the ERAP2 homodimer
found in the asymmetric unit has key features that may make it
an appropriate model for the ERAPI—ERAP2 inter-
action. First, the extent of the excluded surface area between
the monomers has been suggested to indicate that the
interaction may be specific (<5% probability that the proposed
dimer is not functionally relevant according to the analysis as
presented in ref 43). Second, the ERAP2 homodimer
interaction is mainly through the conserved N-terminal domain
I and is mediated by conserved amino acid residues and highly
ordered carbohydrates, which are also present in ERAPI.
Interestingly, it has been recently shown that carbohydrate
structures are necessary for the function of the peptide loading
complex (PLC) in which ERAPI is believed to participate.”
Furthermore, the dimer topology is such that it allows for
access of the peptide to the active site and the necessary
domain motions involving domain IV. The hinge region
domain IIT does not participate in dimer contacts, thereby not
hindering possible conformational changes during catalysis.
Finally, the relative orientation of the two chains puts the two
catalytic sites facing each other, a configuration that may
facilitate exchange of substrates during catalytic cycles as
proposed for long peptide substrates.'> On the basis of this
dimerization of our structure, it is possible to create a
hypothetical model of the ERAP1—ERAP2 dimer in different
catalytic cycles (Figure S4 of the Supporting Information).
Mapping a Disease-Linked Single-Nucleotide Poly-
morphism. The N392K single-nucleotide polymorphism in
ERAP2 (rs2549782) has been linked with a predisposition to
several human diseases, possibly throu%h the role of ERAP2 in
antigen processing and generation. 72072345 The crystal
structure of ERAP2 described here allows for the first time
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the accurate mapping of the location of this important
polymorphism (Figure SS of the Supporting Information). In
this structure, Asn392 is very close to the enzyme’s catalytic site
and specifically to several catalytically important residues, such
as Glu200, Glu337, and Glu393. Furthermore, Asn392 makes
atomic interactions with nearby residues, most notably with
Tyr262 (3.1 A). As a result, the N392K mutation would be
expected to perturb the local structure in ERAP2, because of
the longer size of the lysine residue or its charge. Such pertur-
bations in the proximity to the catalytic site of the enzyme
could affect the catalytic efficiency and the antigen processing
properties of the enzyme. Indeed, preliminary analysis suggests
that this replacement can affect the catalytic turnover of the
enzyme (E. Stratikos et al.,, unpublished results to be presented
elsewhere).

In summary, we describe the first crystal structure of human
ERAP2, an important enzyme in the functioning of antigen
presentation and the adaptive immune response. The ERAP2
structure resembles the closed active form of the homologous
and recently crystallized ERAPI1 but features key differences in
the peptide-binding internal cavity that are consistent with a
distinct or complementary role in antigen processing. Our
structure lays the groundwork for understanding why three
separate aminopeptidases are required by the cell for what
initially appeared to be a simple trimming process but has
evolved to become a novel paradigm in immune response
regulation. Furthermore, the ERAP2 structure will undoubtedly
be useful for the rational design and evaluation of selective
inhibitors that can modulate antigen processing and the
adaptive immune response.

B ASSOCIATED CONTENT

© Supporting Information
Additional methods and data. This material is available free of
charge via the Internet at http://pubs.acs.org.

Accession Codes
Atomic coordinates and structure factors have been deposited
in the Protein Data Bank as entry 3SEG6.
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B ABBREVIATIONS

ER, endoplasmic reticulum; ERAP1 and ERAP2, endoplasmic
reticulum aminopeptidases 1 and 2, respectively; PLC, peptide
loading complex; SNP, single-nucleotide polymorphism;
MHCI, major histocompatibility complex class I; rmsd, root-
mean-square deviation; S1 pocket, first specificity pocket
according to the standard convention of protease specificity;
S1', S2', etc., specificity pockets recognizing side chains
C-terminal to the scissile bond.
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