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A critical step in antigen presentation is the degradative pro-
cessing of peptides by aminopeptidases in the endoplasmic
reticulum. It is unclear whether these enzymes act only on free
peptides or on those bound to their major histocompatibility
complex (MHC)-I–presenting molecules. A recent study exam-
ined the structure and biophysics of N-terminally extended pep-
tides in complex with MHC-I, revealing the conformational
adjustment of MHC to permit both binding of the peptide core
and exposure of the peptide N terminus. These data suggest a
mechanism by which aminopeptidase access is determined and
offer an explanation for how longer peptides may be displayed at
the cell surface.

The adaptive immune system of higher vertebrates is distin-
guished by its ability to respond specifically and rapidly to an
almost limitless number of antigens. A key requirement for
generating such immune responses is the intracellular proteol-
ysis of antigens and the subsequent display of peptides at the
cell surface by membrane glycoproteins encoded by genes
within the major histocompatibility complex (MHC).2 Such
peptide/MHC (pMHC) complexes function as ligands that ini-
tiate the activation, expansion, and differentiation of T cells
into various effector and memory subpopulations. Addition-
ally, pMHCs interact with some natural killer (NK) cell recep-
tors, both inhibitory and activating. Antigen processing and
presentation is thus an indispensable step in generating effector
T cells and, via T helper cells, in generating antibody responses,
as well as in regulating NK cell activity.

The MHC-I antigen-processing pathway, which operates in
all nucleated cells of the body, recruits peptides from an endog-
enous pool of cytoplasmic proteins and aberrant translation
products that are targeted for degradation by the proteasome as
part of normal protein turnover in the cell. Peptides generated

by the proteasome are transported into the lumen of the endo-
plasmic reticulum (ER) by the heterodimeric transporter asso-
ciated with antigen processing (TAP)1/TAP2. In the ER, the
peptides are further trimmed to the preferred 8 –10-amino acid
length by ER aminopeptidase (ERAP)1 and ERAP2 in humans
and ERAAP in mice. Such trimmed peptides are then loaded
onto MHC-I molecules, and chaperones of the peptide-loading
complex (PLC) catalyze an exchange process that favors high-
affinity peptides for subsequent stable display at the cell surface.
(Precursor peptides may be trimmed prior to or following ini-
tial binding by MHC-I.) In the absence of ERAAP, the MHC-I
immunopeptidome (i.e. the spectrum of bound peptides) is
altered. This leads to modest (�20%) impairment of cell surface
expression of pMHC-I, decreased pMHC-I thermal stability,
differences in the functional repertoire of pMHC-I complexes,
and qualitative and quantitative differences in T cell selection
and recognition (1, 2). Emphasizing their importance in the
selection of a balanced T cell receptor repertoire, polymor-
phisms in human ERAP have been linked to several autoim-
mune diseases, including ankylosing spondylitis, psoriasis,
Behçet’s disease, and birdshot chorioretinopathy (3).

Recent observations based on sensitive MS analysis of the
immunopeptidome indicate that peptides longer than the
canonical 8 –10 amino acids at either the N or C termini may be
recovered from MHC-I. These results have suggested that prior
models for trimming of peptides destined for MHC-I loading
are incomplete. Some of these longer peptides bind with canon-
ically fixed N and C termini with a central bulge. Several
pMHC-I structures reveal examples in which the C terminus
extends beyond the classical binding groove. These results lead
to conflicting hypotheses regarding whether longer peptides
may extend beyond the groove at the N terminus as stable
pMHC-I complexes and whether trimming by ERAP1 acts only
on MHC-I–free or also on MHC-I– bound peptides as sub-
strates. (These models may not be mutually exclusive).

To gain further mechanistic understanding on the binding of
longer peptides and of peptide trimming by human ERAP1, in
this issue of the JBC, Li et al. (4) report a study of a set of five
different N-terminally extended 10 –20-mer peptides cova-
lently bound via a disulfide trap (at peptide residue 7) to human
leukocyte antigen (HLA)-B*08:01, bearing a thoughtfully engi-
neered cysteine at position 76 of the �1-helix. This set of mol-
ecules was studied by X-ray crystallography, thermostability,
and for susceptibility to trimming by purified ERAP1. In addi-
tion, free peptides were subjected to ERAP1 enzymatic diges-
tion, and the products were assessed by MS. The structures of
the five N-terminally extended peptide complexes (ranging
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from a 2-amino acid extended 10-mer to a 12-amino acid
extended 20-mer) show little variation in the conformation of
the core 8 residues bound in the peptide-binding groove as
compared with that of a canonical octamer/HLA-B*08:01 com-
plex. However, to accommodate the N-terminal extension, the
side chain of Arg-62, which normally acts as a lid on the A
pocket of octamer-loaded MHC-I, is shown to swing out to
open up the pocket and thus avoid clashes with the N-terminal
extension (see Fig. 1). Little difference was noted between the
thermal stabilities of complexes with the canonical or extended
peptides or whether they were disulfide-linked to the peptide-
binding groove. In digestion assays using free peptides, the
14-mer peptide was “overtrimmed” to fragments as short as
4-mers, whereas the 20-mer peptide was digested to an 11-mer.
In contrast, when offered as a covalently linked MHC-I– bound
form, the 14-mer peptide was protected from ERAP1 and was
not trimmed further even after prolonged incubation. The
20-mer in the MHC-I– bound state was primarily digested to a
14-mer form, although longer fragments were also detected.

These results support a model in which peptides of 16 –20
amino acids, which is the optimal length range for TAP trans-
port into the ER, may be bound via their C-terminal residues by
MHC-I molecules and can be concomitantly trimmed by ERAP
to the requisite length for high-affinity binding to the MHC-I
peptide-binding groove. However, data on ERAP susceptibility
of free peptides in this paper as well as those from other labo-
ratories (5) indicate that non-MHC-I– bound peptides may also

be trimmed by ERAP, generating peptides suitable for MHC-I
binding and presentation.

Additional questions remain to be addressed in future stud-
ies. In view of the recent determination by cryo-EM of the
three-dimensional spatial organization of the full PLC (6), is
there sufficient access for ERAP1 or even ERAP1/2 het-
erodimers to effectively approach an MHC-I– bound peptide
with a dangling N-terminal extension? Is the concentration
and/or availability of free 16 –20-amino acid-long peptides suf-
ficient to permit ERAP digestion? Might the dynamic flexibility
of components of the PLC permit limited access to ERAP for
peptides of some length and composition preferable to others
(7)? By solving the structures and analyzing the stability and
ERAP susceptibility of HLA-B*08:01 with extended, covalently
bound peptides, Li et al. (4) have provided new data to explain
the presence of long peptides eluted from MHC-I molecules
and to refine our models of peptide loading in the antigen pres-
entation pathway. A deeper appreciation of the mechanisms of
N-terminal trimming and the contributions of particular ERAP
polymorphisms to enzymatic activity and specificity may
explain the associations with the autoimmune diseases men-
tioned above. As with all science, the new results assist in the
formulation of more precise questions and offer a conceptual
template for designing more definitive experiments.
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Figure 1. Comparison of the structure of pMHC-I complex containing
N-terminally extended peptide with canonical octamer-peptide/MHC-I
complex reveals reorientation of p1 amine of peptide and side chain of
MHC-I residue Arg-62. A ribbon diagram of the previously determined struc-
ture of HLA-B*08:01 complexed with an octamer peptide (GGKKKYKL) (PDB
entry 1AGD) (A and C) is compared with that of HLA-B*08:01E76C complexed
with a 10-mer (RAAAKKKYCL) (PDB entry 6P2S) (B and D) as described in detail
by Li et al. (4). Attention is focused on the position of the side chain of Arg-62
of the �1 helix and the orientation of p1 nitrogen (in blue). In C and D, a surface
representation of the residues lining the A pocket is shown.
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