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Abstract 

Presentation of short peptides, produced through intracellular proteolysis, by MHC class I 

molecules (MHC-I) is the basis of adaptive immune surveillance and responses by cytolytic 

CD8+ T lymphocytes. In the principal pathway of peptide processing for MHC-I that operates 

in all nucleated cells, MHC-I-binding peptides are produced through stepwise proteolysis 

starting with source protein degradation by cytosolic proteasome complexes. Among the 

fraction of proteasome products reaching the lumen of the endoplasmic reticulum, a 

significant proportion is thought to have a length exceeding that adapted to MHC class I 

binding and requires N-terminal trimming. This is carried out by one murine and two human 

endoplasmic reticulum aminopeptidases, the ERAP enzymes. While the critical role of ERAP 

for producing a ligandome optimized for MHC-I is well documented, it remains unclear how 

this is mechanistically achieved. In this review, we will discuss the evidence supporting the 

alternative “MHC template” and “molecular ruler” models that have been proposed to explain 

how ERAP activity adapts to the ligand requirements of MHC-I. We will also review 

evidence for dimerization of the two human ERAP enzymes and its potential functional 

relevance.  

  



Introduction 

Research in the last 25 years has produced a fairly complete picture of the so-called 

endogenous antigen processing pathway for MHC-I (for a detailed review see Blum et al. [1]). 

Cellular proteins, or in dendritic cells also internalized proteins, are first degraded in the 

cytosol by the proteasome. While most proteasome products are further degraded to amino 

acids by a panoply of cytosolic peptidases, a fraction of the proteasome output enters the 

endoplasmic reticulum (ER) through the dedicated heterodimeric TAP transporters. Because 

the length of fragments produced by the proteasome is not optimized for MHC-I presentation, 

several steps of length selection are necessary to produce MHC-I ligands. The transport step 

includes an initial peptide selection, since only peptides with 8 to about 16 amino acids are 

efficiently transported by TAP [2,3]. Some peptides arriving in the ER therefore can be 

immediately suitable for MHC-I binding but a large proportion and probably the majority 

requires an additional step of length adaptation. This is carried out by the ER aminopeptidases 

first identified 17 years ago [4].  

The ERAP enzymes 

The mouse genome encodes one enzyme, according to author preference referred to as ERAP 

or ERAAP, and the human genome two complementary enzymes, ERAP1 and ERAP2. All 

are M1 family aminopeptidases and belong to the oxytocinase sub-family, named according 

to a third enzyme, oxytocinase or IRAP (insulin-regulated aminopeptidase) that carries out 

peptide trimming in endocytic compartments [4]. A large body of evidence has demonstrated 

the substantial impact of the ERAP enzymes on the ligandome of MHC-I and their 

requirement for efficient antigen presentation. To summarize key findings briefly, the 

generation of individual MHC class I ligands can be decreased (ERAP-dependent epitopes), 

not affected, or increased (“over-trimmed” epitopes) in the absence of ERAP [5–10]. Genetic 

deletion of ERAP results in a reduction of MHC-I at the cell surface by about 20% which is 



due to reduced stability and presumably increased internalization and degradation of cell 

surface MHC-I, while MHC-I assembly and export through the secretory pathway proceed 

with normal kinetics [6,11,12]. ERAP-deficiency results in a shift to longer peptides among 

class I ligands [13]. In the mouse model, ERAP-deficient cells present peptides that are 

antigenic for the CD8+ T cell repertoire of a wild-type (wt) mouse [5,14,15]. Comparing 

peptide repertoires of ERAP knock-out (ko) and wt cells, it has been suggested that ERAP 

deficiency, rather than eliminating substantial parts of the wt peptide repertoire, mainly 

creates an additional peptide repertoire. The antigenicity of this repertoire may rely to a 

significant extent on its presentation by non-classical MHC molecules [13]. In the mouse, a 

dedicated repertoire of CD8+ T cells recognizing specific peptides presented by the class Ib 

molecule Qa-1b may even act as sentinels recognizing and eliminating ERAP-deficient cells 

[14]. 

ERAP and autoimmunity 

Collectively the data discussed identify the ERAP proteins as essential players in the MHC-I 

antigen processing pathway. The biological importance of these enzymes is underlined by the 

finding that polymorphism in human ERAP1 and ERAP2 can confer increased risk to a series 

of MHC-I associated autoimmune and inflammatory diseases [16–19]. These include 

ankylosing spondylitis (ERAP1 and 2), psoriasis (ERAP1 and 2), Behçet’s disease (ERAP1), 

birdshot retinopathy (ERAP1 and 2) and other diseases. The effect of ERAP polymorphism 

on the peptidomes presented by the different disease-associated HLA-I allomorphs has been 

studied in detail mainly by the laboratory of J.A. Lopez de Castro and has recently been 

reviewed by him [20]. Substitutions in the ERAP proteins generally affect trimming activity 

and in many cases disease-associated alleles possess high enzymatic activity. However, the 

effect of an individual substitution may vary according to the peptide substrate analyzed; 

moreover, at least in one case, an allele protecting from one disease (ankylosing spondylitis) 



confers increased risk for another (Behçet’s disease) [20]. While it is hoped that the 

frequently epistatic association of ERAP with disease will help to decipher the pathogenetic 

mechanisms underlying the latter, more work will be required for this. 

Two mechanistic models of peptide trimming 

While the effect of ERAP on the MHC-I ligandome is well established, the molecular context 

in which ERAP exerts its trimming activity is less well understood. The “challenge” for the 

ERAP enzymes, as for the entire antigen processing pathway, is to produce peptides adapted 

to the MHC-I binding site thereby conferring optimal stability and potential for CD8+ T cell 

stimulation to them. Concerning ERAP, this imposes efficient recognition and processing of 

potential MHC-I ligand precursors, ability to remove a large variety of chemically variable 

residues, and preferential avoidance of “over-trimming”, i.e. shortening of precursors to a 

length inferior to the minimum for MHC-I binding. In the case of human ERAP1/mouse 

ERA(A)P, recognition of potential ligand precursors is ensured by the preference for peptides 

with a length not exceeding about 16 residues [21], corresponding to the length limit for 

efficiently TAP-transported peptides [3,22]. Removal of, with the exception of Proline [7], 

essentially all types of amino acids is possible due to the relaxed specificity of 

ERA(A)P/ERAP1 and to the additional expression of human ERAP2 with preference for 

basic residues [10,23–25]. It is mainly the third requirement, preferential production of 

peptides with an MHC-I-adapted length, that can be matched by two distinct molecular 

mechanisms proposed in the literature and that relate to alternative mechanistic models of 

ERAP function. One model, developed mainly for human ERAP1, proposes that the structure 

of ERAP1 imposes specificity for peptides with a length of 8-16 residues, such that peptides 

with the minimal length for MHC-I binding are poor ERAP1 substrates. The second model 

proposes that precursor peptides are trimmed while they are bound to MHC-I molecules, so 

that substrates become protected from ERAP once they reach the optimal length for MHC-I. 



Note that the two models are not necessarily mutually exclusive, as discussed below. In this 

brief review, we will discuss the biochemical, structural and cellular evidence supporting each 

of the models. We also refer the interested reader to a related recent review by Stratikos and 

colleagues who discuss the two models in depth, including detailed structural and biochemical 

considerations [26].  

The molecular ruler model 

The ability of the ERAP enzymes to digest peptides in the absence of MHC-I has been 

documented by many authors including us [8–10,23,27–29]. However, the concept that 

ERAP1 does this according to a “molecular ruler” was first proposed by Goldberg and 

associates who studied processing of synthetic peptides by recombinant human ERAP1 [21]. 

Analyzing processing of 29 individual peptides as well as a series of peptides with repetitive 

N-terminal extensions, these authors found that substrates with a length of 9 to 16 residues 

were preferred by ERAP1, while 8- and 18-mers were trimmed modestly, and 7 and 20-mers 

not at all. Note the remarkable alignment of this length preference with that of the human 

TAP transporter [3,30]. ERAP2 did not display a similar length preference and produced 

smaller peptides, a finding later confirmed by other studies [24,31]. ERAP1 also displayed a 

preference for large hydrophobic residues at the C terminus, while charged and especially 

basic residues were poorly trimmed. Given that various human MHC-I alleles bind peptides 

with basic C-terminal anchors, trimming by ERAP2 may be required to complement ERAP1 

for such peptides. ERAP1 also displays some preference for internal peptide residues [23]. 

Although peptide digestion by other authors tend to confirm the arrest of ERAP1 trimming for 

peptides with optimal length for MHC-I binding, ERAP1 clearly can “over-trim” i.e. degrade 

some 8- or 9-mers and destroy some MHC-I ligands [5,32,33]. Moreover, studying ERAAP, 

the mouse homologue of human ERAP1, Kanaseki and associates did not observe product 



lengths consistent with a molecular ruler [28]. However, structural studies have provided 

evidence consistent with the molecular ruler hypothesis. 

Multiple ERAP1 and ERAP2 structures are available, revealing highly similar organization in 

four domains of the two proteins [31,34–37]. Domain II contains the active site and typical 

M1 peptidase motifs (GAMEN, HExxH18E) while domain I binds the peptide N-terminus and 

caps off the active site. The large domain IV contains a concave surface facing toward the 

active site and is linked by the small domain III to domain II. Remarkably, an unusual deep 

cavity extends from domain II to domain IV, providing a path of up to 36 A potentially 

accommodating a long peptide [34,36]. Within domain IV of ERAP1, this path may contain a 

site binding the peptide C-terminus and activating the catalytic site in an allosteric manner. In 

support of this hypothesis, Stern and colleagues demonstrated activation of the cleavage of a 

small substrate by long peptides, with an optimum for an 8-mer, presumably the distance 

between the site binding the C-terminus and the catalytic site [34]. In a different study, 

Oppermann et al. proposed a deep domain IV pocket as putative secondary binding site [36]. 

Interestingly, this pocket is absent in the structure of ERAP2 [37], consistent with more 

efficient destructive processing of MHC-I ligands by this enzyme [31], and thus providing 

indirect support for a molecular ruler property of ERAP1. A paper reporting the structure of 

the isolated domain IV also identified a hypothetical binding site for the C-terminus of a poly-

histidine peptide, although the poor trimming of peptides with basic C-termini by native 

ERAP1 limits the significance of this finding [35]. In conclusion, the molecular ruler model is 

supported by peptide digestion studies with recombinant human ERAP1 and can be 

accommodated with structural data on ERAP1. However, confirmation of the model will 

require obtaining ERAP1 structures with long peptides demonstrating not only the secondary 

binding site but also allosteric activation of peptide cleavage, a feat that remains to be 

accomplished.  



The MHC-I template model 

The concept that proteolytic production of MHC-I ligands might be governed by the MHC 

molecules themselves as templates was first proposed by Rammensee and colleagues, 13 

years before the ERAP enzymes were identified [38]. These authors observed that MHC-I 

ligands could only be detected in peptide extracts of antigen presenting cells if the correct 

MHC-I molecule was present, a finding consistent with binding of precursors to MHC-I and 

trimming “on-site”. An alternative explanation, also proposed by the authors, was that the 

ligands were simply protected from destruction by MHC binding, a possibility difficult to rule 

out in this study as well as in various subsequent studies [38]. 

The group of N. Shastri, also responsible for first cloning and knocking out mouse ERAAP, 

has undertaken a series of elegant studies over 15 years that provided evidence consistent with 

the template model. The group devised an ingenious system allowing to detect precursors of 

the model ovalbumin epitope SIINFEHL (SHL8, a modification of the native SIINFEKL 

sequence) by trypsinization of cell lysates. In a first study, these authors found that an SHL8 

precursor (K-SHL8) was transported by TAP into the ER where it presumably bound to a 

chaperone in the absence of the presenting MHC molecule (H-2Kb) but was converted to 

SHL8 in the presence of Kb [39]. In a subsequent study using microsomes rather than cells, 

these investigators were able to immunoprecipitate H-2Kb molecules associated with the 

precursor peptide LK-SHL8 in the presence of an aminopeptidase inhibitor. When the 

inhibitor concentration was reduced, the precursor was rapidly replaced by minimal SHL8 

[40]. Similar results were obtained in a third study analyzing the trimming of a ligand for H-

2Ld [28]. Collectively these observations led the authors to conclude that ERAAP acts on 

intermediate complexes of N-terminally extended peptides bound to MHC molecules. 

However and in spite of the elegant design of these studies, it is difficult to completely rule 



out that MHC-I acted not as template during trimming but to protect peptides after trimming 

of free peptides in solution. 

Direct evidence supporting the template model 

The basic tenet of the template model is that complexes between MHC-I and precursor 

peptides are substrates for the ERAP enzymes. We and another laboratory have employed 

covalently linked precursor-MHC-I complexes to examine the template model directly. While 

James and colleagues studied the effect of ERAP expression on such complexes expressed in 

transfected cells [41,42], M. Bouvier, in collaboration with us, chose an in vitro approach in 

which precursor-MHC complexes were incubated with recombinant dimeric ERAP1/ERAP2 

complexes [43]. Use of ERAP dimers was based on the finding made previously in our group 

that a fraction of the two human ERAP enzymes can be detected as heterodimers in B 

lymphocyte microsomes [10]. Given the complementary preferences of the enzymes for 

removing hydrophobic versus basic residues, this observation had suggested enhanced 

trimming efficacy through dimer formation, a conclusion corroborated by antigen 

presentation and biochemical experiments as discussed below. In the experiments performed 

by Bouvier and colleagues,, HLA-B8 molecules were loaded with 15- or 13-mer precursors of 

an influenza nucleoprotein epitope and incubated with heterodimeric complexes of human 

ERAP1 and ERAP2 that were stabilized by complementary jun/fos zipper tags [44]. After a 

10-hour incubation, the precursors had been trimmed to the 9-mer minimal epitope, whereas 

incubation of the free 15-mer resulted in products ranging from 4- to 13-mers within 80 

minutes. Similarly, ERAP1/2 trimming of three other precursors resulted in production of the 

final epitopes when the precursors were bound to HLA-B8 while a variety of products 

including short fragments were produced by trimming of the free precursors. These results 

suggested that ERAP was able to trim MHC-bound precursors. To rule out the possibility that 

fast on-off precursor dissociation and re-association allowed for trimming in solution, we 



performed additional experiments with a precursor covalently bound to the HLA molecule 

that corroborated this conclusion. Interpreting these experiments, we proposed that protrusion 

or temporary dissociation of 5 to 6 residues out of the groove rendered N-terminal extensions 

of precursor peptides accessible to ERAP trimming, with the C-terminus retaining the peptide 

in the MHC-I binding groove [43]. 

Janes and colleagues used a cellular model to interrogate trimming of MHC-I-bound peptides 

and arrived at conclusions very much in line with our study. These authors transfected ERAP-

deficient cells with a single chain pMHC (H-2Kb) molecule in which the SHL8 epitope or a 

precursor were not only covalently linked to β2-microglobulin but also anchored at their C-

terminus by a disulfide bridge to the MHC-I residue Tyr84. In a first report, they found that 

co-expression of wt ERAP1 increased stimulation of T cells recognizing SHL8 by cells 

expressing a single chain molecule containing a precursor peptide. Conversely, co-expression 

of an ERAP1 variant with very high activity (R725Q/Q730E) reduced T cell stimulation by 

transfectants expressing the single chain linked to the minimal epitope, indicating over- 

trimming [41]. More direct evidence for a role of N-terminal peptide dissociation was 

provided in a second study in which three single chain molecules with mutations in the MHC-

I A pocket interacting with the peptide N-terminus were analyzed. T cell stimulation by 

transfectants expressing SHL8 linked to wt H-2Kb was not affected by co-expression of wt 

ERAP1, while co-expression of ERAP1 with one of the pocket A mutants reduced T cell 

stimulation. Structural analysis combined with molecular dynamics simulations suggested that 

N-terminal peptide moieties can dissociate from an otherwise normally conformed peptide 

binding domain within a sub-microsecond timescale, exposing the N-terminus for trimming, 

while a deeply buried peptide C-terminus retains the peptide in the MHC-I groove [42]. 

Together with our work, these studies provide clear evidence that trimming of MHC-bound 

epitope precursors can occur and propose a mechanistic model involving fast transient 



dissociation of the peptide N-terminus. However, before ERAP trimming of MHC-bound 

peptides can be validated as broadly applicable scenario, experimental evidence concerning 

ERAP and MHC-I structure will have to be reconciled with this concept. 

Evidence inconsistent with the template model 

Although at least some MHC-I bound precursors can be trimmed by ERAP, clearly not all 

MHC-I-bound “long peptides” undergo trimming. Peptides with a length exceeding the 

standard 8-10 residues can be eluted from MHC-I not only in ERAP-deficient but also in wt 

cells and can be highly immunogenic [13,45]. Such long peptides can “bulge” out of the 

MHC-I groove between the N- or C-terminus, as demonstrated in structural analysis [46], or 

more rarely at the N-terminus [47]. A particularly well-documented example was studied by 

Lopez and associates. The HIV gp160 protein contains a 9- and a 15-mer ligand for the MHC-

I allomorph H-2Ld, with the latter being more abundant than the former in cell extracts and H-

2Ld immunoprecipitates [48]. While the free 15-mer was converted completely to the minimal 

9-mer epitope within one hour of incubation with ERAP in vitro, 15-mer/Ld complexes were 

entirely resistant to trimming, indicating protection from ERAP trimming by MHC-I binding. 

Importantly, the MHC-I binding affinity of the 15-mer was similar to that of the 9-mer 

[48,49]. A possible interpretation of these findings is that long peptides with high MHC-I 

affinity, possibly involving particularly efficient interactions in the A and B pockets of the 

MHC-I groove, will not undergo fast dissociation cycles and therefore not be accessible for 

ERAP. 

Indirect evidence inconsistent with the template model can be derived from studies of the 

peptide loading complexes (PLC) formed by MHC-I molecules together with TAP and the 

chaperones tapasin, calreticulin and ERp57. ERAP was absent from the recent structure of the 

PLC determined by Tampé and colleagues [50]. Moreover, the calreticulin P-loop reaching 

over the MHC molecule in that structure may be an obstacle to ERAP interaction with MHC-



I. Although Tampé et al did not indicate whether the Burkitt lymphoma cells used to purify 

the PLC expressed ERAP, this likely was the case as lymphoid cells usually express 

significant amounts of ERAP1 and ERAP2 [51]. The template model would also suggest that 

ERAP and MHC-I can interact physically, however no published evidence documenting such 

interactions is available, despite efforts of several investigators searching for it. ERAP 

trimming appears to proceed efficiently in cells lacking TAP or tapasin, raising the question 

of whether trimming may occur after exit of MHC-I from the PLC [52]. Another fairly 

indirect argument inconsistent with the template model could be derived from the recent high-

resolution structure of an MHC-I complex with the peptide editor TAPBPR (TAP-binding 

protein-related). This structure shows that a “scoop-loop” of TAPBR competes with binding 

of the peptide C-terminus to the F-pocket of the MHC-I groove [53]. This led the authors to 

speculate that MHC-I-peptide interaction is initiated by binding of the peptide N-terminus, a 

notion in apparent conflict with the template model but also with the experimental findings of 

James and colleagues unless it is assumed that ERAP trimming precedes peptide editing or 

(less likely) follows it. Finally, the slow kinetics (10 hours) [43] of MHC-I-bound precursor 

trimming in vitro is not consistent with the kinetics of peptide-MHC assembly in cells [1] and 

suggests that either co-factors accelerating trimming were missing in the assay or that 

trimming of MHC-bound precursors is not a very efficient way of producing pMHC 

complexes in a cell. 

The available structures of the ERAP enzymes also do not show enzyme conformations that 

are readily consistent with the template model. In the structure of “open” ERAP1 determined 

by Stern and colleagues, the sequestered active site in domain II, as well as arrangements of 

domains I and IV around its mouth, indicate that MHC-I could not approach the active site by 

less than 20 Å, corresponding to about 6 residues [34]. However transient dissociation of the 

peptide N-terminus might liberate a sufficient number of residues to match this requirement. 



More difficult to reconcile with the template model are the conclusions of Oppermann and 

colleagues who crystallized ERAP1 in one closed and several open conformations. These 

authors concluded that ERAP1 is inactive in the open state since the S1 pocket 

accommodating the residue preceding the cleavage site is not properly formed in this state 

[36]. It is not easy to conceive how an MHC-I molecule could maintain binding to a peptide 

accommodated in the closed active ERAP1 enzyme. 

ERAP2 expression 

Next to the issue concerning the role of MHC-I in trimming by ERAP, the relative roles of the 

two human ERAP enzymes are insufficiently understood and a second subject of this review. 

As mentioned above, the two human enzymes, ERAP1 and ERAP2, show different 

specificities for the substrate length and sequence [10,21,23,31]. This distinct and 

complementary specificity extends the range of antigenic epitope precursors that can be 

processed and adapts it to the peptidome presented by human cells. Although initially ERAP2 

tended to be dismissed because of its more restricted specificity and more limited expression 

than ERAP1, the finding of its association with autoimmune pathologies rekindled interest for 

this enzyme. In EBV-immortalized B cell lines from healthy donors, both enzymes are 

usually highly expressed but some lines express only ERAP1 [51]. The latter pattern could be 

attributed to a splicing variant in the ERAP2 gene that leads to mRNA nonsense-mediated 

decay. As a result, 25% of individuals do not express ERAP2 [54]. Interestingly, a recent 

study showed that an allelic variant in the region between ERAP1 and ERAP2 correlates with 

an inverse expression of the two genes, coupling ERAP2 down-modulation with ERAP1 up-

regulation [55]. In tumor cell lines, ERAP1/2 expression is highly variable, and, in some 

cases, expression is almost undetectable [51]. Malignant transformation of cells tends to result 

in imbalanced expression of the two enzymes, sometimes in gain but more often in loss of 

ERAP1 and ERAP2 expression [56,57]. 



Concerted trimming by ERAP1 and ERAP2 

Since mice lack ERAP2, ERAP2 has been less studied than ERAP1. Nevertheless, the 

published reports provide a good functional understanding of the enzyme. In an initial study 

by our group [10], the two ERAP proteins were found not only to colocalize perfectly with 

each other but also to partially form heterodimeric complexes, as observed by 

immunoprecipitation. ERAP1 and ERAP2 coeluted in chromatographic microsome 

fractionation and were both found in a 230-kDa fraction in density gradient centrifugation that 

corresponded to the weight of a heterodimer. In addition, a mixture of the two enzymes was 

able to produce a natural MHC I epitope of HIV much more efficiently than each enzyme 

alone in vitro. Knockdown of the ERAP enzymes reduced MHC-I presentation of the HIV 

epitope expressed as precursor. Depending on the adaptation of the N-terminal epitope 

extensions to the specificity of the two enzymes, down regulation of an individual enzyme or 

of both affected presentation. This study was the first to highlight the functional role of 

ERAP2 in antigen presentation and the concerted action of the two human enzymes. 

ERAP1/2 complexes were later shown to be able to produce other HIV epitopes, with the 

trimming rates determining the abundance of each epitope and therefore affecting the 

cytotoxic T lymphocyte hierarchy [58]. This effect was largely dependent on the HIV subtype 

with production of optimal epitopes being possible only for certain HIV subtypes [59]. 

However, comparison of epitopes presented in cell lines expressing ERAP1 alone or ERAP1 

together with ERAP2 revealed highly similar peptidomes, suggesting that ERAP1 is 

frequently the dominant trimming enzyme whereas ERAP2 may have a secondary role [60]. 

Nevertheless, in another study examining the production of five HLA-B27 epitopes in vitro, 

the two enzymes acting in a concerted manner were shown to be much more efficient than 

each enzyme alone and, in some cases, both required to produce the epitopes [61]. As 



mentioned above, ERAP1/2 dimers have been used to demonstrate trimming of MHC-bound 

precursor peptides in vitro [43]. 

Potential ERAP1-ERAP2 dimer structure 

Although the evidence discussed above suggests that ERAP heterodimers can be formed, 

conclusive evidence for the existence of dimers would require their structural 

characterization. ERAP1-ERAP2 dimers have not been crystallized so far. However, the 

crystal structure of ERAP2 provides useful information on the potential sites of interaction of 

the two proteins. ERAP2 crystallized as a homodimer [37]. The interface between the two 

ERAP2 monomers involves mainly the domain I that is relatively highly conserved in ERAP1 

as are most of the residues involved in the dimer interface. As noted by observed Mavridis 

and colleagues, a number of additional observations suggest that the ERAP2 homodimer 

could represent a valid model for the heterodimer [37]. The large extent of the surface 

between the monomers suggests a high probability of a physiologically relevant interaction. 

Moreover, the topology of the dimer is such that peptides can access both active sites, that the 

hinge movement around domains III is unhindered, and that the two catalytic sites face each 

other, facilitating peptide exchange between the monomers. Interestingly, despite the absence 

of an ER retention signal, both ERAP1 and ERAP2 are retained in the ER. ER retention of 

ERAP1 has been proposed to rely on interaction of the sequence encoded by exon 10 with the 

chaperone ERp44 [62]. An exon of similar length encoding a loop stabilized by a disulfide 

bond is found in ERAP2 and has been suggested to act as a structural template providing a 

potential protein-protein interaction module [31].  

Effect of ERAP dimer formation on function 

The evidence cited above and obtained in in vitro digestions suggested that ERAP1-ERAP2 

mixtures could trim some peptides more efficiently than the individual enzymes but did not 

reveal whether dimer formation had a functional effect. We addressed this question by 



producing enzyme dimers stabilized by the interaction of complementary jun/fos zippers [44].  

Comparison of the trimming rates of a mixture of ERAP1 and ERAP2 unable to interact with 

each other with that of stabilized heterodimers showed that the latter produced antigenic 

epitopes more efficiently. Interestingly, the stable interaction improved only ERAP1 and not 

ERAP2 trimming activity, suggesting an allosteric effect of dimer formation that increases 

ERAP1 affinity for substrates. In addition, consistent with physiological formation of 

heterodimers in antigen-presenting cells, proximity ligation assays  suggested physical 

interaction of the enzymes in situ that was enhanced upon IFN-γ stimulation [44]. 

Concluding remarks 

As should be clear from the discussion above, the issue of whether the action of the ERAP 

enzymes is coordinated with MHC-I binding requirements through the template or the ruler 

model is far from being settled. While at first sight one might think that identifying the correct 

model is of purely academic interest since the end-product of trimming is identical between 

the two models, how peptide trimming is adapted to MHC-I likely has functional 

consequences. The molecular ruler model predicts that recognition of precursors by 

ERAP1/ERAAP and specifically sensing of precursor length is critical for efficient 

production of MHC-I ligands, thereby emphasizing interaction of the precursor peptide C-

terminus with ERAP. Conversely, the template model emphasizes interaction of this C-

terminus with the MHC molecule. In the absence of detailed knowledge about the kinetics of 

trimming and MHC-I binding in cellulo, it is difficult to assess the relative efficacy of the two 

models. If precursor binding to MHC-I is fast and efficient, then the template model might be 

the optimal way of capturing the largest number of potential ligands. However, if, as not 

unlikely, ERAP trimming of peptides in solution is fast, then the molecular ruler model might 

be the best way to protect precursors from destruction. 



Whatever the correct or dominant model, perhaps the necessity of coordination between 

MHC-I binding and trimming should not be over-estimated given that even ERAP2, an 

enzyme not respecting any molecular ruler with a tendency of epitope destruction [31], 

impacts the MHC-I ligandome as evidenced by its association with autoimmune diseases [20]. 

Unless ERAP2 acts strictly on MHC-I bound precursors and/or as activator of ERAP1 in 

heterodimers, its role in antigen processing and autoimmunity likely indicates that MHC-I 

molecules succeed in picking enough peptides out of a fairly random peptide mixture 

produced by an enzyme little adapted to MHC-I selectivity. On the other hand, and if 

coordination of ERAP trimming with MHC-I selectivity is critical, the two models may not be 

mutually exclusive. For example, peptides binding particularly well with their C-terminal 

moieties to the MHC-I groove and/or peptides with longer extensions may be efficient 

substrates for trimming while MHC-I bound. Conversely, precursors with poor MHC-I 

affinity and/or peptides produced particularly efficiently as precise final ligands by ERAP 

enzymes may be trimmed in solution according to the molecular ruler feature of ERAP1, or 

by ERAP1 activated through dimerization with ERAP2. Among the challenges for the future, 

providing plausible structural models explaining how MHC-I bound precursors can undergo 

trimming will be primordial. Producing ERAP1-ERAP2 dimers for structural analysis could 

also contribute to understanding how peptide trimming shapes the HLA-I ligandome and 

predisposes to autoimmunity. 

 

 

Acknowledgements: work in the laboratory of the author was supported by grant 14-CE11-

0014-01 from the Agence National de la Recherche, France.  



Bibliography 

 

[1]  Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu Rev 

Immunol 2013;31:443–73. doi:10.1146/annurev-immunol-032712-095910. 

[2]  Burgevin A, Saveanu L, Kim Y, Barilleau E, Kotturi M, Sette A, et al. A detailed 

analysis of the murine TAP transporter substrate specificity. PLoS One 2008;3:e2402. 

doi:10.1371/journal.pone.0002402. 

[3]  van Endert PM, Riganelli D, Greco G, Fleischhauer K, Sidney J, Sette A, et al. The 

peptide-binding motif for the human transporter associated with antigen processing. J 

Exp Med 1995;182:1883–95. 

[4]  Hattori A, Tsujimoto M. Endoplasmic reticulum aminopeptidases: biochemistry, 

physiology and pathology. J Biochem 2013;154:219–28. doi:10.1093/jb/mvt066. 

[5]  Hammer GE, Gonzalez F, Champsaur M, Cado D, Shastri N. The aminopeptidase 

ERAAP shapes the peptide repertoire displayed by major histocompatibility complex 

class I molecules. Nat Immunol 2006;7:103–12. doi:10.1038/ni1286. 

[6]  Serwold T, Gonzalez F, Kim J, Jacob R, Shastri N. ERAAP customizes peptides for 

MHC class I molecules in the endoplasmic reticulum. Nature 2002;419:480–3. 

doi:10.1038/nature01074. 

[7]  Serwold T, Gaw S, Shastri N. ER aminopeptidases generate a unique pool of peptides 

for MHC class I molecules. Nat Immunol 2001;2:644–51. doi:10.1038/89800. 

[8]  Saric T, Chang SC, Hattori A, York IA, Markant S, Rock KL, et al. An IFN-g-induced 

aminopeptidase in the ER, ERAP1, trims precursors to MHC class I-presented peptides. 

Nat Immunol 2002;3:1169–76. 

[9]  York IA, Chang S-C, Saric T, Keys JA, Favreau JM, Goldberg AL, et al. The ER 

aminopeptidase ERAP1 enhances or limits antigen presentation by trimming epitopes to 



8-9 residues. Nat Immunol 2002;3:1177–84. doi:10.1038/ni860. 

[10]  Saveanu L, Carroll O, Lindo V, Del Val M, Lopez D, Lepelletier Y, et al. Concerted 

peptide trimming by human ERAP1 and ERAP2 aminopeptidase complexes in the 

endoplasmic reticulum. Nat Immunol 2005;6:689–97. doi:10.1038/ni1208. 

[11]  Firat E, Saveanu L, Aichele P, Staeheli P, Huai J, Gaedicke S, et al. The role of 

endoplasmic reticulum-associated aminopeptidase 1 in immunity to infection and in 

cross-presentation. J Immunol 2007;178:2241–8. 

[12]  Yan J, Parekh VV, Mendez-Fernandez Y, Olivares-Villagómez D, Dragovic S, Hill T, 

et al. In vivo role of ER-associated peptidase activity in tailoring peptides for 

presentation by MHC class Ia and class Ib molecules. J Exp Med 2006;203:647–59. 

doi:10.1084/jem.20052271. 

[13]  Blanchard N, Kanaseki T, Escobar H, Delebecque F, Nagarajan NA, Reyes-Vargas E, 

et al. Endoplasmic reticulum aminopeptidase associated with antigen processing defines 

the composition and structure of MHC class I peptide repertoire in normal and virus-

infected cells. J Immunol 2010;184:3033–42. doi:10.4049/jimmunol.0903712. 

[14]  Nagarajan NA, Gonzalez F, Shastri N. Nonclassical MHC class Ib-restricted cytotoxic 

T cells monitor antigen processing in the endoplasmic reticulum. Nat Immunol 

2012;13:579–86. doi:10.1038/ni.2282. 

[15]  Hammer GE, Gonzalez F, James E, Nolla H, Shastri N. In the absence of 

aminopeptidase ERAAP, MHC class I molecules present many unstable and highly 

immunogenic peptides. Nat Immunol 2007;8:101–8. doi:10.1038/ni1409. 

[16]  Wellcome Trust Case Control Consortium, Australo-Anglo-American Spondylitis 

Consortium (TASC), Burton PR, Clayton DG, Cardon LR, Craddock N, et al. 

Association scan of 14,500 nonsynonymous SNPs in four diseases identifies 

autoimmunity variants. Nat Genet 2007;39:1329–37. doi:10.1038/ng.2007.17. 



[17]  Genetic Analysis of Psoriasis Consortium & the Wellcome Trust Case Control 

Consortium 2, Strange A, Capon F, Spencer CCA, Knight J, Weale ME, et al. A 

genome-wide association study identifies new psoriasis susceptibility loci and an 

interaction between HLA-C and ERAP1. Nat Genet 2010;42:985–90. 

doi:10.1038/ng.694. 

[18]  Australo-Anglo-American Spondyloarthritis Consortium (TASC), Reveille JD, Sims A-

M, Danoy P, Evans DM, Leo P, et al. Genome-wide association study of ankylosing 

spondylitis identifies non-MHC susceptibility loci. Nat Genet 2010;42:123–7. 

doi:10.1038/ng.513. 

[19]  Cifaldi L, Romania P, Lorenzi S, Locatelli F, Fruci D. Role of endoplasmic reticulum 

aminopeptidases in health and disease: from infection to cancer. Int J Mol Sci 

2012;13:8338–52. doi:10.3390/ijms13078338. 

[20]  López de Castro JA. How ERAP1 and ERAP2 Shape the Peptidomes of Disease-

Associated MHC-I Proteins. Front Immunol 2018;9:2463. 

doi:10.3389/fimmu.2018.02463. 

[21]  Chang S-C, Momburg F, Bhutani N, Goldberg AL. The ER aminopeptidase, ERAP1, 

trims precursors to lengths of MHC class I peptides by a “molecular ruler” mechanism. 

Proc Natl Acad Sci USA 2005;102:17107–12. doi:10.1073/pnas.0500721102. 

[22]  van Endert PM, Tampé R, Meyer TH, Tisch R, Bach JF, McDevitt HO. A sequential 

model for peptide binding and transport by the transporters associated with antigen 

processing. Immunity 1994;1:491–500. 

[23]  Evnouchidou I, Momburg F, Papakyriakou A, Chroni A, Leondiadis L, Chang S-C, et 

al. The internal sequence of the peptide-substrate determines its N-terminus trimming 

by ERAP1. PLoS One 2008;3:e3658. doi:10.1371/journal.pone.0003658. 

[24]  Zervoudi E, Papakyriakou A, Georgiadou D, Evnouchidou I, Gajda A, Poreba M, et al. 



Probing the S1 specificity pocket of the aminopeptidases that generate antigenic 

peptides. Biochem J 2011;435:411–20. doi:10.1042/BJ20102049. 

[25]  Georgiadou D, Hearn A, Evnouchidou I, Chroni A, Leondiadis L, York IA, et al. 

Placental leucine aminopeptidase efficiently generates mature antigenic peptides in vitro 

but in patterns distinct from endoplasmic reticulum aminopeptidase 1. J Immunol 

2010;185:1584–92. doi:10.4049/jimmunol.0902502. 

[26]  Mpakali A, Maben Z, Stern LJ, Stratikos E. Molecular pathways for antigenic peptide 

generation by ER aminopeptidase 1. Mol Immunol 2018. 

doi:10.1016/j.molimm.2018.03.026. 

[27]  Fruci D, Niedermann G, Butler RH, van Endert PM. Efficient MHC class I-

independent amino-terminal trimming of epitope precursor peptides in the endoplasmic 

reticulum. Immunity 2001;15:467–76. 

[28]  Kanaseki T, Blanchard N, Hammer GE, Gonzalez F, Shastri N. ERAAP synergizes 

with MHC class I molecules to make the final cut in the antigenic peptide precursors in 

the endoplasmic reticulum. Immunity 2006;25:795–806. 

doi:10.1016/j.immuni.2006.09.012. 

[29]  Evnouchidou I, Kamal RP, Seregin SS, Goto Y, Tsujimoto M, Hattori A, et al. Cutting 

Edge: Coding single nucleotide polymorphisms of endoplasmic reticulum 

aminopeptidase 1 can affect antigenic peptide generation in vitro by influencing basic 

enzymatic properties of the enzyme. J Immunol 2011;186:1909–13. 

doi:10.4049/jimmunol.1003337. 

[30]  Uebel S, Kraas W, Kienle S, Wiesmuller KH, Jung G, Tampe R. Recognition principle 

of the TAP transporter disclosed by combinatorial peptide libraries. Proc Natl Acad Sci 

USA 1997;94:8976–81. 

[31]  Mpakali A, Giastas P, Mathioudakis N, Mavridis IM, Saridakis E, Stratikos E. 



Structural basis for antigenic peptide recognition and processing by endoplasmic 

reticulum (ER) aminopeptidase 2. J Biol Chem 2015;290:26021–32. 

doi:10.1074/jbc.M115.685909. 

[32]  James E, Bailey I, Sugiyarto G, Elliott T. Induction of protective antitumor immunity 

through attenuation of ERAAP function. J Immunol 2013;190:5839–46. 

doi:10.4049/jimmunol.1300220. 

[33]  Keller M, Ebstein F, Bürger E, Textoris-Taube K, Gorny X, Urban S, et al. The 

proteasome immunosubunits, PA28 and ER-aminopeptidase 1 protect melanoma cells 

from efficient MART-126-35 -specific T-cell recognition. Eur J Immunol 

2015;45:3257–68. doi:10.1002/eji.201445243. 

[34]  Nguyen TT, Chang S-C, Evnouchidou I, York IA, Zikos C, Rock KL, et al. Structural 

basis for antigenic peptide precursor processing by the endoplasmic reticulum 

aminopeptidase ERAP1. Nat Struct Mol Biol 2011;18:604–13. doi:10.1038/nsmb.2021. 

[35]  Gandhi A, Lakshminarasimhan D, Sun Y, Guo H-C. Structural insights into the 

molecular ruler mechanism of the endoplasmic reticulum aminopeptidase ERAP1. Sci 

Rep 2011;1:186. doi:10.1038/srep00186. 

[36]  Kochan G, Krojer T, Harvey D, Fischer R, Chen L, Vollmar M, et al. Crystal structures 

of the endoplasmic reticulum aminopeptidase-1 (ERAP1) reveal the molecular basis for 

N-terminal peptide trimming. Proc Natl Acad Sci USA 2011;108:7745–50. 

doi:10.1073/pnas.1101262108. 

[37]  Birtley JR, Saridakis E, Stratikos E, Mavridis IM. The crystal structure of human 

endoplasmic reticulum aminopeptidase 2 reveals the atomic basis for distinct roles in 

antigen processing. Biochemistry 2012;51:286–95. doi:10.1021/bi201230p. 

[38]  Falk K, Rotzschke O, Rammensee HG. Cellular peptide composition governed by 

major histocompatibility complex class I molecules [see comments]. Nature 



1990;348:248–51. 

[39]  Paz P, Brouwenstijn N, Perry R, Shastri N. Discrete proteolytic intermediates in the 

MHC class I antigen processing pathway and MHC I-dependent peptide trimming in the 

ER. Immunity 1999;11:241–51. 

[40]  Brouwenstijn N, Serwold T, Shastri N. MHC class I molecules can direct proteolytic 

cleavage of antigenic precursors in the endoplasmic reticulum. Immunity 2001;15:95–

104. 

[41]  Reeves E, Edwards CJ, Elliott T, James E. Naturally occurring ERAP1 haplotypes 

encode functionally distinct alleles with fine substrate specificity. J Immunol 

2013;191:35–43. doi:10.4049/jimmunol.1300598. 

[42]  Papakyriakou A, Reeves E, Beton M, Mikolajek H, Douglas L, Cooper G, et al. The 

partial dissociation of MHC class I bound peptides exposes their N terminus to 

trimming by endoplasmic reticulum aminopeptidase 1. J Biol Chem 2018. 

doi:10.1074/jbc.RA117.000313. 

[43]  Chen H, Li L, Weimershaus M, Evnouchidou I, van Endert P, Bouvier M. ERAP1-

ERAP2 dimers trim MHC I-bound precursor peptides; implications for understanding 

peptide editing. Sci Rep 2016;6:28902. doi:10.1038/srep28902. 

[44]  Evnouchidou I, Weimershaus M, Saveanu L, van Endert P. ERAP1-ERAP2 

dimerization increases peptide-trimming efficiency. J Immunol 2014;193:901–8. 

doi:10.4049/jimmunol.1302855. 

[45]  Liu YC, Chen Z, Burrows SR, Purcell AW, McCluskey J, Rossjohn J, et al. The 

energetic basis underpinning T-cell receptor recognition of a super-bulged peptide 

bound to a major histocompatibility complex class I molecule. J Biol Chem 

2012;287:12267–76. doi:10.1074/jbc.M112.344689. 

[46]  Natarajan K, Li H, Mariuzza RA, Margulies DH. MHC class I molecules, structure and 



function. Rev Immunogenet 1999;1:32–46. 

[47]  Pymm P, Illing PT, Ramarathinam SH, O’Connor GM, Hughes VA, Hitchen C, et al. 

MHC-I peptides get out of the groove and enable a novel mechanism of HIV-1 escape. 

Nat Struct Mol Biol 2017;24:387–94. doi:10.1038/nsmb.3381. 

[48]  Samino Y, López D, Guil S, Saveanu L, van Endert PM, Del Val M. A long N-

terminal-extended nested set of abundant and antigenic major histocompatibility 

complex class I natural ligands from HIV envelope protein. J Biol Chem 

2006;281:6358–65. doi:10.1074/jbc.M512263200. 

[49]  Infantes S, Samino Y, Lorente E, Jiménez M, García R, Del Val M, et al. H-2Ld class I 

molecule protects an HIV N-extended epitope from in vitro trimming by endoplasmic 

reticulum aminopeptidase associated with antigen processing. J Immunol 

2010;184:3351–5. doi:10.4049/jimmunol.0901560. 

[50]  Blees A, Januliene D, Hofmann T, Koller N, Schmidt C, Trowitzsch S, et al. Structure 

of the human MHC-I peptide-loading complex. Nature 2017;551:525–8. 

doi:10.1038/nature24627. 

[51]  Fruci D, Ferracuti S, Limongi MZ, Cunsolo V, Giorda E, Fraioli R, et al. Expression of 

endoplasmic reticulum aminopeptidases in EBV-B cell lines from healthy donors and in 

leukemia/lymphoma, carcinoma, and melanoma cell lines. J Immunol 2006;176:4869–

79. 

[52]  Kanaseki T, Lind KC, Escobar H, Nagarajan N, Reyes-Vargas E, Rudd B, et al. 

ERAAP and tapasin independently edit the amino and carboxyl termini of MHC class I 

peptides. J Immunol 2013;191:1547–55. doi:10.4049/jimmunol.1301043. 

[53]  Thomas C, Tampé R. Structure of the TAPBPR-MHC I complex defines the 

mechanism of peptide loading and editing. Science 2017;358:1060–4. 

doi:10.1126/science.aao6001. 



[54]  Andrés AM, Dennis MY, Kretzschmar WW, Cannons JL, Lee-Lin S-Q, Hurle B, et al. 

Balancing selection maintains a form of ERAP2 that undergoes nonsense-mediated 

decay and affects antigen presentation. PLoS Genet 2010;6:e1001157. 

doi:10.1371/journal.pgen.1001157. 

[55]  Paladini F, Fiorillo MT, Vitulano C, Tedeschi V, Piga M, Cauli A, et al. An allelic 

variant in the intergenic region between ERAP1 and ERAP2 correlates with an inverse 

expression of the two genes. Sci Rep 2018;8:10398. doi:10.1038/s41598-018-28799-8. 

[56]  Kamphausen E, Kellert C, Abbas T, Akkad N, Tenzer S, Pawelec G, et al. Distinct 

molecular mechanisms leading to deficient expression of ER-resident aminopeptidases 

in melanoma. Cancer Immunol Immunother 2010;59:1273–84. doi:10.1007/s00262-

010-0856-7. 

[57]  Fruci D, Giacomini P, Nicotra MR, Forloni M, Fraioli R, Saveanu L, et al. Altered 

expression of endoplasmic reticulum aminopeptidases ERAP1 and ERAP2 in 

transformed non-lymphoid human tissues. J Cell Physiol 2008;216:742–9. 

doi:10.1002/jcp.21454. 

[58]  Tenzer S, Wee E, Burgevin A, Stewart-Jones G, Friis L, Lamberth K, et al. Antigen 

processing influences HIV-specific cytotoxic T lymphocyte immunodominance. Nat 

Immunol 2009;10:636–46. doi:10.1038/ni.1728. 

[59]  Tenzer S, Crawford H, Pymm P, Gifford R, Sreenu VB, Weimershaus M, et al. HIV-1 

adaptation to antigen processing results in population-level immune evasion and affects 

subtype diversification. Cell Rep 2014;7:448–63. doi:10.1016/j.celrep.2014.03.031. 

[60]  Hearn A, York IA, Rock KL. The specificity of trimming of MHC class I-presented 

peptides in the endoplasmic reticulum. J Immunol 2009;183:5526–36. 

doi:10.4049/jimmunol.0803663. 

[61]  Lorente E, Barriga A, Johnstone C, Mir C, Jiménez M, López D. Concerted in vitro 



trimming of viral HLA-B27-restricted ligands by human ERAP1 and ERAP2 

aminopeptidases. PLoS One 2013;8:e79596. doi:10.1371/journal.pone.0079596. 

[62]  Hattori A, Goto Y, Tsujimoto M. Exon 10 coding sequence is important for 

endoplasmic reticulum retention of endoplasmic reticulum aminopeptidase 1. Biol 

Pharm Bull 2012;35:601–5. doi:10.1248/bpb.35.601. 

 




