


to a greater degree than ERAP2K (Fig. 6C). In vitro digestion of the
same peptide by ERAP2 showed that ERAP2N generated the ma-
ture epitope ∼2-fold faster than ERAP2K, consistent with the en-
hanced epitope presentation seen in the cell-based assay (Fig. 6D).
This finding suggests that ERAP2 allelic variation can affect Ag
presentation in cells. Interestingly, the relative effect of ERAP2N is
of a magnitude similar to the effects of ERAP1 allelic variation
described before using a similar assay, suggesting that ERAP2 al-
lelic variation can be of equal importance regardless of the acces-
sory role of this enzyme (19).

Transition-state analogs exert distinct inhibitory effects on the
two ERAP2 alleles

Because the difference in catalytic efficiency between ERAP2N and
ERAP2K was due to differences in the kcat of the enzyme, sug-
gesting changes in the recognition of the transition state, we hy-
pothesized that such differences may also apply in the recognition
of transition-state analogs. Phosphinic pseudopeptide transition-
state analogs have been described before as potent aminopepti-
dase inhibitors (50). We tested the ability of a phosphinic pseu-
dopeptide of the sequence L-C{PO2CH2}-LAFKARAF (DG001
peptide) carrying a hydrophobic side chain at its N terminus to

inhibit each ERAP2 allele (a more thorough characterization of
this class of inhibitors will be described elsewhere [D. Georgiadis,
E. Zervoudi, and E. Stratikos, manuscript in preparation]). This
compound carries a phosphinic pseudopeptide bond between the
first two amino acids, resembling the tetrahedral intermediate of
the cleavage pathway for the first peptide bond (50, 51). The se-
quence of this peptide was designed based on known specificity
determinants for ERAP1 and ERAP2 (14, 17). The enzymatic
hydrolysis of R-AMC by each ERAP2 allele was measured as
a function of inhibitor concentration in the solution (Fig. 7A). The
DG001 peptide was found to inhibit ERAP2 with good affinity but
displayed partial inhibition (Fig. 7A). Strikingly, the DG001
peptide had a much higher affinity for ERAP2N (Ki = 54 6 8 nM)
than for ERAP2K (Ki = 524 6 107 nM; Fig. 7A). This 10-fold
difference in inhibitor affinity is consistent with the lower activity
of ERAP2K for substrates with a hydrophobic N terminus and
further supports the hypothesis that the difference between the two
alleles lies in the recognition of the transition state. In contrast
with these results, inhibition of the two ERAP2 alleles by the
substrate analog amastatin was nearly identical (Fig. 7B). This
distinction between a transition-state analog and a substrate ana-
log further supports the idea that the differences between the two
ERAP2 alleles lie in the mechanism of transition-state stabiliza-
tion and not substrate affinity. Overall, the differential recognition
of a transition-state analog pseudopeptide by the two ERAP2
alleles indicates differences in the catalytic mechanism and sug-
gests that ERAP2 allelic variation should be taken into account for
any pharmacological approaches that involve modulation of ERAP2
trimming activity.

Atomic basis for different trimming between the two ERAP2
alleles

In an effort to understand the atomic basis of the functional dif-
ferences between the two alleles, we solved the crystal structure of
the ERAP2K allele at 3.2 Å and compared it with the recently
determined crystal structure of ERAP2N (Fig. 8, Supplemental
Table I) (15). Asn392 in ERAP2N is highly conserved among ho-
mologous aminopeptidases (Fig. 8A). Although the DG001

FIGURE 6. (A) Epitope generation versus epitope destruction: trimming

rates of epitope precursor LSRHHAFSFR (gray bars) and mature epitope

SRHHAFSFR (white bars) by ERAP1, ERAP2N, and ERAP2K. (B)

ERAP2N can trim the precursor LSRHHAFSFR with a rate corresponding

to ∼16% of that of ERAP1, whereas ERAP2K is much less efficient. Bars

represent the ratio of ERAP2/ERAP1 trimming rates for each ERAP2

variant. (C) HeLa cells, stably expressing HLA-B27, as well as TAP1 ER-

transporter blocker (ICP47), were transfected with an ERAP2 variant and

an ER-targeted miniprotein that after signal sequence cleavage gives rise to

an HLAB27-specific peptide precursor with the sequence ASRHHAFSFR.

HLAB27 cell-surface translocation was followed by flow cytometry using

an MHC-specific Ab. (D) In vitro trimming rate of the ASRHHAFSFR by

ERAP2 alleles. MIF, mean intensity of fluorescence.

FIGURE 7. Inhibition of ERAP2N and ERAP2K by a transition-state

analog (DG001) (A) and a substrate analog (amastatin) (B). The rate of

hydrolysis of the fluorogenic substrate R-AMC was followed in the pres-

ence of increasing concentrations of inhibitor for each enzyme. Experi-

mental data were fit to a simple binding model accounting for full or partial

inhibition (see Materials and Methods). The calculated constants of inhi-

bition (Ki) are shown.
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pseudopeptide was present in the crystallization mixture, the re-
sidual electron density was not significantly different from that of
ERAP2N and, as a result, the residual electron density was inter-
preted to belong to a lysine present at high concentrations in the
crystallization mixture. The two structures were found to be
overall identical with only minor structural deviations (root mean
square deviation = 0.251 Å for homologous residues). Superim-
position of key catalytic or specificity residues in ERAP2K and
ERAP2N is shown in Fig. 8. Lys392 in ERAP2K assumes a distinct
conformation compared with the Asn residue in ERAP2N and
approaches the N terminus of the bound ligand (Lysa), making
interactions with the Zn-coordinating Glu393 residue and residues
Glu337 and Glu200, both key residues that stabilize the N terminus
of the substrate (distances 2.6, 2.9, and 2.6 Å, respectively; Fig.
8B). The NZ-atom of Lys392 in ERAP2K is located in the position
of a water molecule in ERAP2N and is very close (3.7 Å) to the N
terminus of the bound ligand (Lysa). Computational analysis of the
electrostatic free energy of interaction of the Lysa with ERAP2
suggests that the ERAP2K allele introduces a highly unfavorable
electrostatic interaction between Lys392 and the N terminus of the
bound Lysa (Fig. 8C). This unfavorable interaction may interfere
with transition-state stabilization, resulting in reduced catalytic
efficiency for ERAP2K.

Structural differences between ERAP2N and ERAP2K were also
evident in the region capping the S1 pocket (Fig. 8D): 1) the NZ-
atom of Lysa forms a strong salt bridge with the carboxylic group
of Asp198 (2.8 Å); and 2) Glu177 assumes a different conformation,
away from Lysa, interacting strongly via H-bonding (2.6 Å) with
the carboxylic group of Asp888 of domain IV. A water molecule
is found close to the previous location of the side chain of Glu177,
H-bonding both to NZ of Lysa and Asp198. These observations
suggest subtle changes in the stabilization/recognition properties
of the S1 pocket that may underlie changes in specificity. Fur-
thermore, the observed interaction between Glu177 and Asp888

observed only in the case of ERAP2K suggests differences in the
interactions between domains II and IV. Reorientation of the rel-
ative positions of domains II and IV has been previously reported
to be crucial for the catalytic mechanism of the highly homolo-
gous ERAP1 (18).

Discussion
Two main ERAP2 SNPs have been associated with disease and
proposed tobe the resultofbalancing selectionpossibly throughhost–
pathogen interactions (27, 30). SNP rs2248374 is a “loss-of-func-
tion” variant because it leads to RNA instability and loss of ERAP2
expression (30). This variant leads to a clear functional defect,
namely, reduced surface MHC class I expression in B cells, but in
contrast with ERAP1 SNPs is not associated with the inflammatory
disease ankylosing spondylitis (52). We show in this article that the
second ERAP2 SNP, rs2549782, which codes for a single amino acid
switch near the enzyme’s active site, is not a loss-of-function variant,
but rather a “change-in-function” variant that leads to substrate-
specific changes in enzymatic activity, essentially allowing the en-
zyme to alter its specificity profile for peptidic substrates. This
unique SNP-related functional change along with the association of
this SNP with several human diseases, most notably with resistance
to HIV infection, supports the hypothesis that it has arisen by host–
pathogen balancing selection and is a component of the immune
system variability in natural populations.
The functional consequences of the ERAP2 allelic variation

described in this article come in sharp contrast with the effects
described for coding SNPs in ERAP1, which have been of much
lower magnitude (19, 26, 31). It may, at first view, be difficult to
understand how such large differences in activity between ERAP2
alleles are so common in the population (the two ERAP2 alleles
are almost equally represented in the human population) (27). It is
possible that the proposed “accessory” nature of ERAP2-mediated
Ag processing can account for this apparent discrepancy. If, in-
deed, ERAP1-dependent Ag processing is the dominant activity in
the cells, large changes in ERAP2 activity may be easier to tol-
erate without severely compromising the function of adaptive
immunity. Interestingly, the magnitude of Ag presentation changes
we report in the cell-based Ag presentation assay is similar be-
tween ERAP1 SNPs (as reported in Ref. 19) and between the two
ERAP2 variants analyzed in this study. The accessory role of
ERAP2 may also present the immune system with an opportunity
for evolving new specificities that can modify the antigenic pep-
tide repertoire without severely damaging Ag processing. How-
ever, because disease-related immune responses can be dominated
by a very small number of antigenic epitopes, it is possible that
even an accessory aminopeptidase activity, such as ERAP2, can be
dominant in some cases. Unfortunately, the lack of ERAP2 in
rodents (although ERAP2 has been hypothesized to have been
present in a primate-rodent common ancestor) has limited in vivo
experimentation efforts regarding the role of ERAP2 in adaptive
immunity in humans.

FIGURE 8. Crystal structure of ERAP2K allele suggests the structural

basis for changes in activity. (A) Sequence alignment of ERAP2 and ho-

mologous aminopeptidases showing conservation of the polymorphic

residue 392 (in bold); the adjacent aminopeptidase motif (HELAH) is also

indicated. (B) Key catalytic residues in the ERAP2K structure are shown in

stick representation and superimposed with equivalent residues in ERAP2N

(3SE6). Note the relative positioning of Lys392 with respect to the catalytic

Glu residues, as well as the N terminus of the bound ligand (Lysa).

Electron density 2|Fo|2|Fc| at 2s is indicated around Lys392. (C) Pairwise

electrostatic interaction energies (DΕinter in Kcal/mol) calculated between

the polymorphic residue 392 and the Lysa ligand. The reported values are

the average of the 20 runs with an SD ,1%, which represents the un-

certainty because of the granularity of the grid. (D) Superimposition of

ERAP2 residues that cap the S1 specificity pocket of the enzyme. |Fo|2|Fc|

electron density (at 2.5s) calculated in the absence of the ligand is shown

around Lysa. 2|Fo|2|Fc| electron density at 2s is indicated around Glu177.
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Modifications of enzyme activity or specificity by mutation can
be a useful evolutionary tool for altering metabolic or regulatory
pathways, and cancer cells have been shown to use this strategy
to gain growth advantages (53). In a notable example of such
a change in function, histone methyltransferase EZH2 mutants
increase histone methylation in human lymphomas (54). Similar
change-in-function mutations in components of the adaptive im-
mune response may be the result of positive selection of indi-
viduals that present enhanced responses to specific pathogens
during human development. HIV resistance of individuals with
a Lys392/Lys392 ERAP2 phenotype could represent an example of
such positive selection. In this context, the continuously evolving
human adaptive immunity can enhance its polymorphic responses
to extend away from the well-established variability in MHC
binding specificity for antigenic peptides into cellular pathways
that are responsible for the generation of those peptides.
Although biochemical and structural analysis suggest a specific

mechanism of reduced activity of the ERAP2K allele through re-
duced stabilization of the N terminus of the peptide, it is less clear
how these effects lead to altered specificity. One possibility is that
the recognition of substrates by the S1 specificity pocket may be
different between the two alleles. ERAP2 recognizes in its S1
pocket positively charged side chains (specifically Lys and Arg)
by forming strong electrostatic interactions with residue Asp198

(15, 55). Comparison of the local environment of the S1 speci-
ficity pocket of the two ERAP2 variants shows changes in atomic
interactions that could affect the energetics of substrate catalysis:
1) the NZ-atom of the bound Lysa in ERAP2K is coming to a
closer proximity to Asp198 compared with ERAP2N by 0.7 Å; 2)
Glu177 assumes a different conformation, away from Lysa, inter-
acting strongly via H-bonding (2.5 Å) with the carboxylic group
of Asp888, leading to a novel interaction with domain IV; and 3)
a water molecule is found, close to the previous location of the
side chain of Glu177, to interact with Asp198 and Lysa via H-bonds
(2.8 and 3.0 Å, respectively). Although the importance of Glu177–
Asp888 interaction is difficult to evaluate in terms of substrate
recognition or catalytic efficiency of the enzyme, it should be
noted that structural rearrangements between domains II and IV
have been demonstrated to be important for catalysis in the ho-
mologous ERAP1 (18). An alternative or complementary expla-
nation may lie in the suboptimal recognition of hydrophobic side
chains by S1 pocket or ERAP2 that leads to unfavorable inter-
actions (14). It is possible that these unfavorable interactions can
lead to altered transition-state stabilization in the case of ERAP2K

(in which the stabilization of the N terminus is already reduced),
making the enzyme more sensitive to optimal S1 pocket occupa-
tion and, as a result, more specific. Interestingly, ERAP2K is not
the only M1 aminopeptidase with a lysine at position 392; the
homologous enzyme aminopeptidase N also has a lysine residue at
that location, suggesting that this may be a more general strategy
for controlling the stringency of S1 specificity in this family of
aminopeptidases (50). The observation, however, that the changes
in specificity appear only for the larger, physiologically relevant
peptides and not for small, fluorogenic substrates suggests dif-
ferences in the mechanism of recognition between the two types
of substrates. A similar phenomenon has also been described for
the highly homologous ERAP1 (17, 18).
In summary, we demonstrate that a common coding polymor-

phism in the Ag processing aminopeptidase ERAP2 significantly
alters its trimming function and provides atomic-level insights on the
mechanism behind this effect. The nature and magnitude of the
observed functional changes in combination with the wide genetic
distribution of this variation suggest that this polymorphic variation
constitutes an integral part of the variability of Ag processing in

individuals, a variability that can complement the well-established
variability in Ag binding and presentation by MHC class I alleles.
We furthermore propose that ERAP2N and ERAP2K are treated
as distinct aminopeptidase activities in Ag processing when evalu-
ating epitope generation in humans. The importance of polymorphic
variation in gene products that regulate the Ag processing and
presentation pathway is only now emerging as a key component of
the natural variability of the adaptive immune response. A sys-
tematic analysis of the functional consequences of these naturally
occurring polymorphisms in key components of this pathway can be
a valuable tool in both establishing diagnostic tools for disease
predisposition and for developing individualized immunotherapies.
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35. Yiotakis, A., S. Vassiliou, J. Jirácek, and V. Dive. 1996. Protection of the
hydroxyphosphinyl function of phosphinic dipeptides by adamantyl. Appli-

cation to the solid-phase synthesis of phosphinic peptides. J. Org. Chem. 61:
6601–6605.

36. Gorrec, F. 2009. The MORPHEUS protein crystallization screen. J. Appl. Cryst.
42: 1035–1042.

37. Battye, T. G. G., L. Kontogiannis, O. Johnson, H. R. Powell, and A. G. Leslie.
2011. iMOSFLM: a new graphical interface for diffraction-image processing
with MOSFLM. Acta Crystallogr. D Biol. Crystallogr. 67: 271–281.

38. Evans, P. 2006. Scaling and assessment of data quality. Acta Crystallogr. D Biol.
Crystallogr. 62: 72–82.

39. Adams, P. D., P. V. Afonine, G. Bunkóczi, V. B. Chen, I. W. Davis, N. Echols,
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