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The Ins and Outs of Intracellular Peptides
and Antigen Presentation by MHC Class | Molecules

Tom Groothuis and Jacques Neefjes

MHC class | molecules present small intracellular generated fragments to the outside
surveying immune system. This is the result of a series of biochemical processes involving biosyn-
thesis, degradation, translocation, intracellular transport, diffusion, and many more. Critical inter-
mediates and end products of this cascade of events are peptides. The peptides are generated by the
proteasome, degraded by peptidases unless transported into the ER where another peptidase and
MHC class | molecules are waiting. Unless peptides bind to MHC class | molecules, they are released
from the ER and enter the cytosol by a system resembling the ERAD pathway in many aspects. The
cycle of peptides over the ER membrane with the proteasome at the input site and peptidases or
MHC class | molecules on the output site are central in the MHC class | antigen presentation path-

way and this review.

1 The Classical Model of Antigen Presentation by
MHC Class | Molecules

The immune system uses MHC class I mole-
cules to recognize intracellular residing pathogens.
These MHC class I molecules present fragments of
cytosolic or nuclear proteins of such a pathogen at
the plasma membrane. This can only occur after at
least three consecutive cell biological processes (Fig.
1). Since fragments of proteins are presented, intra-
cellular degradation of proteins to peptide fragments
should first occur. The vast majority of intracellular
proteins are degraded by the proteasome into small
fragments. These proteins may be degraded at the
end of their normal life (old proteins), but a large
fraction (up to even more than 70%) is degraded
immediately after synthesis, probably due to a high
failure rate in translation and folding (1-3). The

Abbreviations: ER, Endoplasmic reticulum; MHC,
Major histocompatibility complex; TPPII, Tripeptidyl
peptidase II; PDI, Protein disulfide isomerase; TOP,
Thimet oligopeptidase; LAP, Leucine aminopepti-
dase; BH, Bleomycin hydrolase; MLC, MHC loading
complex; PSA, Puromycin sensitive aminopeptidase;
ERAD, ER-associated degradation; CFTR, Cystic fibro-
sis conductance regulator; MDR, Multidrug resistance;
H-chain, Heavy-chain; ERAP, Endoplasmic reticulum
aminopeptidase (also ERAAP); ERAAP, Endoplasmic
reticulum aminopeptidase associated with antigen
processing (also ERAP); BiP, Luminal binding protein;
TAP, Transporter associated with antigen processing;
ABC, ATP binding cassette; GFP, Green fluorescent pro-
tein; Hsp, Heat shock protein

latter fraction is termed DriPs and couples viral in-
fection and production of new viral proteins with
immediate antigen presentation by MHC class I
molecules (4). The endoplasmic reticulum (ER) of
the cell operates a quality control system that identi-
fies misfolded proteins, transports them into the cy-
tosol and successively targets them for degradation
by the proteasome. Aberrant protein degradation is
the mechanism underlying many diseases, including
cystic fibrosis and heritable forms of lung and liver
disease. The pathways that orchestrate the destruc-
tion of aberrant proteins in the ER are collectively
termed ER-associated degradation (ERAD) (5).

Still, both the old and the new proteins are
degraded into smaller fragments by the proteasome,
which is present in both the nucleus and the cytosol.
Most of these fragments are larger than 15 amino ac-
ids and are further degraded by the cytosolic pepti-
dase tripeptidylpeptidase II (TPPII, (6)) and subse-
quently other peptidases (7), until they are reduced
to single amino acids.

To become immunologically relevant, the pep-
tides have to bind to MHC class I molecules before
they are reduced to single amino acids. The cytosolic
protein degradation products are not spontaneously
passing membranes, although this is required for
association with MHC class I molecules, which are
present in the lumen of the ER. Peptide translocation
is driven by an ATP-dependent pump located in the
ER membrane called TAP, for transporter associated
with antigen processing. The pump is a member of
the ATP-dependent transporter family that includes
drug pumps such as multidrug resistance (MDR)
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and cystic fibrosis conductance regulator (CFTR)
(8). TAP translocates many different peptides but ex-
cludes those with a modified N-terminus and those
containing a proline residue at position 2 or 3 (9-11).
TAP prefers peptides of 8-12 amino acids, but also
handles longer peptides albeit less efficiently (12).
Peptides shorter than 8 amino acids are not able to
bind to TAP, which makes sense since these are of no
immunological relevance because MHC class I mol-
ecules require a peptide of minimally 8 amino acids
for a stable interaction.

Once in the ER, peptides can have different
fates. The immunologically most relevant one is
binding to MHC class I H-chain/R,m heterodimers.
These heterodimers are mostly residing in the MHC
class Iloading complex (MLC), consisting of the pep-
tide transporter, a dedicated chaperone tapasin, and
at least two other, more common, chaperones Erp57
and calnexin (13). Peptide binding to the MHC class
I heterodimer releases it from the MLC, allows pas-
sage along the ER quality system and transport to the

plasma membrane where it represents its cargo (the
peptide) to the surveying immune system (14).

However, peptides can also undergo different
fates. They can be trimmed by an ER-resident pepti-
dase called ERAP (endoplasmic reticulum amino-
peptidase), also named ERAAP (endoplasmic re-
ticulum aminopeptidase associated with antigen
processing) (15-17). This can trim ER resident pep-
tides to the correct size for MHC class I binding and
beyond (then destroying MHC class I binding pep-
tides), but probably stops digesting peptides smaller
than 8 amino acids.

Peptides can also bind to other ER proteins,
mainly the ER chaperones PDI (protein disulfide
isomerase), BiP (luminal binding protein), gp96 and
gpl70 (18-20). Whether peptides mimic unfolded
protein segments and thus bind to chaperones or
whether this interaction has another physiological
meaning is unclear.

Finally, unbound peptides have to be re-
moved from the ER, which otherwise would obtain

Malfolded,
Ubiquitinated
P

“ Cea

Figure 1. Antigen presentation by MHC class | molecules. Proteins that are destined for degradation by the protea-
some are ubiquitinated. Polyubiquitinated proteins are recognized by proteasomes and cleaved into peptides. The
majority of the peptides present in the peptide pool are successively trimmed by amino proteases, of which TPPII is
the most dominant one. Peptides are trimmed until they are totally reduced to single amino acids. A small part of the
peptides may escape the cytosolic proteases by translocation into the ER by the TAP transporter. Once in the ER lumen,
the peptides may bind to MHC class | H-chain/B,m heterodimers. Peptides bound to these heterodimers form a stable
complex that will be transported to the plasma membrane for antigen presentation to surveying cytotoxic T cells (CTLs)
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high concentrations of peptides that subsequently
may affect many other cellular processes. These ER
peptides are not released by secretion through the
normal secretory route (via ER to Golgi transport)
but merely transported back into the cytosol by the
same machinery as used for ER degradation of pro-
teins employing Sec61/translocon mediated retro-
translocation back to the ER (21). These different
processes ensure successful peptide loading of MHC
class I molecules with peptides by employing various
old, but highly conserved systems such as protein
and peptide degradation, transporters, chaperones,
the translocon, and many peptidases again. The end
result, peptide presentation by MHC class I mole-
cules, occurs in a very inefficient manner since less
than 1% of the proteins degraded deliver a peptide
for presentation by MHC class I molecules. The rest
is completely turned over and of no immunological
significance (2,22,23).

2 Behavior of Intracellular Peptides

Proteins are degraded by the proteasome in
the cytosol and in the nucleus. The proteasome dif-
fuses through but not between these compartments
since it is excluded from transport through the nu-
clear pore. TAP is excluded from the nuclear site of
the nuclear envelope, which implies that peptides
generated in the nucleus have to access the cytosol
before contacting the peptide transporter TAP (24).
While diffusing through the various compartments
in the cell, many peptides will be trimmed by amino-
peptidase activities and only few (less than 2%) will
contact TAP and enter the ER (2).

Peptides will be substrate to peptidases only in
a free form. To gain more insight into the longevity of
peptides, internally quenched peptides were injected
into cells (6,24). Upon cleavage between the amino
acids containing the two groups, the fluorophore is
no longer quenched and fluorescence will appear.
It turned out that peptides were rapidly and com-
pletely degraded within a few seconds. No additional
pool of peptide degradation products was detected
at later time points. Surprisingly, artificial N-ter-
minal modifications of peptides sufficed to protect
them from peptidase activity. This implies that cells
contain only aminopeptidases and lack carboxy- and
endopeptidase activity. In addition, the proteasome
(which is an endopeptidase) does not digest peptides
(24).

N-terminally protected (and thus stable) fluo-
rescent peptides were introduced in living cells by
microinjection. Their rate of diffusion was deter-
mined in FRAP experiments because mobility is in
approximation proportional to (mass)'? (25). The
protected L-peptides (~1 kDa) moved faster than

GFP (green fluorescent proteins, 27 kDa) and GFP
moved faster than proteasomes (an intact 20S pro-
teasome is already 700 kDa) (24). This implies that
the majority of peptide is moving in a free form
rather than being associated to other proteins such
as heat shock proteins (Hsps). Most likely, these pep-
tides associate transiently to Hsps followed by rapid
dissociation.

Do cells have a peptide sink? Closer examina-
tion revealed a significant pool of peptides dynami-
cally associated to chromatin (in fact to histones).
Whether this influences the MHC class I peptide-
loading system in any way is unclear (24).

In conclusion, intracellular peptides are most-
ly free and rapidly moving by normal Brownian mo-
tion. In the cytosol, TAP and peptidases compete for
these peptides. Peptidases are highly active and mod-
ify/destroy more than 99% of the TAP substrates,
thus strongly reducing the number of peptides en-
tering the ER.

3 Peptides and Peptidases

The proteasome degrades substrate proteins
into fragments. In vitro studies suggest that these
fragments are peptides of 4-20 amino acids (26).
Peptides of 4-7 amino acids are excluded from TAP-
driven ER import but longer ones (8-20 amino ac-
ids) can be transported into the ER (12,27). Peptides
have a very short half-life in the cytosol/nucleus of in-
tact living cells. Introduction of internally quenched
peptides (as mentioned in Sect. 2) into cells to follow
their turnover revealed that they are degraded within
seconds and exclusively by amino- peptidases (6,24).
The endopeptidase the proteasome is involved in
the generation of peptides from proteins, but is
irrelevant in peptide degradation. It can be calcu-
lated that under normal conditions, the collective
cytosolic peptidase activities remove 1.5 amino acid/
s (6). In other words, a 20-mer peptide will be fully
degraded within 15 s but will be irrelevant for the
immune system (that is shorter than 8 amino acids)
within 8 s. Hence, for a peptide to become immuno-
logically relevant, it should interact with TAP within
8 s after generation by the proteasome, or it will be
degraded completely. Many peptides will fail to meet
TAP before their destruction, which explains the in-
efficiency of the MHC class I antigen presentation
pathway (7).

Various cytosolic peptidases have been identi-
fied (Fig. 2). These include leucine aminopeptidase
(LAP) (28-30), bleomycin hydrolase (BH) (31-34),
puromycin sensitive aminopeptidase (PSA) (35-38),
thimet oligopeptidase (TOP) (7,39), neurolysin (40-
42),and tripeptidylpeptidase IT (TPPII) (43,44). LAP
and TOP activity have been shown to affect the pep-
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tide pool presented by MHC class I molecules (39).
TOP as well as neurolysin is probably selective for
peptides of 8 up to about 17 amino acids. Whether
other peptidases show a defined substrate size selec-
tivity is unclear, with the exception of TPPII (6).

TPPII is a huge homomultimeric protease
(with a calculated size of 5-9 MDa, which is larger
than the proteasome!) (45). Reits and colleges have
shown that TPPII represents the major proteolytic
activity for peptides of 16 amino acids or larger (6).
Since inhibition of TPPII by a specific compound
called butabindide (46) inhibits peptide loading of
MHC class I molecules and simultaneous inhibition
of the proteasome does not further inhibit this, the
current concept of peptide generation for MHC class
I molecules is in consecutive order:

1. Generation of peptides from proteins by the
proteasome. These peptides are mainly larger
than 15 amino acids. The proteasome degrades
protein substrates into peptide fragments mainly
larger than 15 amino acids.

2. TPPII trims these into smaller fragments.
This will be achieved by the removal of small
(2-3 amino acids long) N-terminal sequences or
longer (>8 amino acid) N-terminal fragments.

In the latter case, peptides with a new C-termi-
nus are generated for MHC class I molecules.

3. The TPPII substrates will be further trimmed
by other peptidases. Possibly TOP is specialized
to trim TPPII substrates (it “likes” substrates
smaller than ~17 amino acids), but the possible
contribution of other peptidases is unclear.

These steps precede peptide import into the ER
by a dedicated system, the peptide transporter TAP.
A small fraction of peptides (probably less than 1%
of peptides and less than 0.01% when starting from
protein) survives the collective proteolytic activity
by colliding into TAP and are transported to a less
hostile environment, the ER lumen. And cytosolic
peptidases become relevant again for those peptides
failing to bind to MHC class I molecules in the ER
lumen, since they will be retrotranslocated back in
the cytosol for further trimming and destruction.

4 Peptide Import in the Endoplasmic Reticulum:
The Transporter Associated with Antigen Proces-
sing

Peptides usually do not pass lipid bilayers.
Consequently, a dedicated system has been devel-
oped to transport cytosolic peptides into the ER

P
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Figure 2. Antigen processing in the cytosol. Before proteins can be recognized by the proteasome, they have to be
polyubiquitinated in a process called ubiquitination. After binding of more than four ubiquitins to a single ubiquitin
chain the cap of the 26S proteasome (blue) is able to bind the ubiquitin chain and the attached substrate protein. The
protein is unfolded by the 19S cap and successively degraded by the 20S core into peptides that contain more than 15
amino acids. The peptides form a heterogeneous pool and can diffuse freely through the nucleus and the cytosol. In the
cytosol, the peptides are prone to aminopeptidases with different specificities: TPPII trims peptides that are longer than
16 amino acids; TOP is thought to cleave peptides containing 8-17 amino acids; other proteases, including neurolysin,

LAP, and PSA, have a thus far unknown specificity.
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for binding to MHC class I molecules (9,10,47). A
heterodimeric ER-located transporter that performs
peptide translocation consists of transporter-asso-
ciated with antigen processing 1 (TAP1) and TAP2
and is a member of the ATP binding cassette (ABC)
transporter superfamily. The TAP1 and TAP2 genes
are located in the MHC locus on chromosome 6,
very close to two proteasome subunits (48,49). The
expression of these genes is upregulated by inter-
feron-y, like the expression levels of MHC H chains
and Bzm. Like most ABC transporters, TAP is made
of a multimembrane-spanning segment that forms
the pore required for actual passage of the ER mem-
brane. This segment is formed by the N-terminal
parts of TAP1 and TAP2 and ensures ER retention
of the complex. A second area where the peptide
is binding then follows this. Both TAP1 and TAP2
contribute to this second segment with TAP2 deter-
mining the sequence of the C-terminus, as became
apparent by comparing two different rat TAP al-
leles. Two ATP binding cassettes (ABC), one from
TAP1 and the other from TAP2, conclude the trans-
porter. These two ABC domains are essential for the
alternating cycles of ATP hydrolysis that drive the
different conformational changes in TAP. Probably
ATP is first hydrolyzed by TAP1 to open the pore and
deliver the peptide in the ER, and then a second ATP
is hydrolyzed by TAP2 to close the pore again and
return to the ground state (50-54). These alternating
cycles of ATP hydrolysis then drive the conforma-
tional changes required for a continuous pumping
of peptides. Studies following the lateral mobility of
TAP under various conditions have indicated ma-
jor conformational changes during this cycle. TAP
moves “quickly” when inactive and “slowly” when in
the process of pumping peptides (1). This may be
surprising, but it has been shown that TAP can han-
dle peptides with extended side chains of around 70A
(which is similar to the size of an elongated 8-mer
peptide) (55). The mobility assay has been used to
monitor the intracellular peptide pool in living cells.
This revealed that, under normal conditions, TAP is
getting limited amounts of peptides and can handle
more substrate. Only upon conditions like stress or
virus infection, saturating amounts of peptides are
generated. Since most MHC class I molecules are not
fully loaded with peptides (and ultimately degraded
through the ERAD pathway) (56), more peptides will
enhance the loading and consequently the expres-
sion of MHC class I molecules. Probably, a reservoir/
excess of MHC class I H-chain/f},m heterodimers is
produced to handle fragments produced under these
conditions.

The peptide transporter TAP is unique among
the ABC transporter family of pumps. First of all,
it is exclusively located in the ER. Second, it acts as
a docking protein for a unique chaperone tapasin
and MHC class I H-chain/8,m heterodimers. The
heterodimer is further stabilized by other chaper-
ones (ERp57 and calnexin). In fact, probably four
tapasin-MHC class I heterodimer-Erp57-calnexin
complexes dock onto one TAP protein, thus forming
a approximately 1 MDa MHC class I loading com-
plex or MLC (57-59). In concepto, this architecture
may support efficient peptide loading of MHC class
I molecules when peptides imported by TAP are im-
mediately loaded onto the associated MHC class I
heterodimers. However, this is likely not too impor-
tant since:

1. Many peptides require trimming in the ER
before being suitable for MHC class I binding
(15,16).

2. Many MHC class I alleles are not associated
with the TAP complex and are still efficiently
loaded (60).

3. MHC class T molecules are still loaded with
peptides in tapasin-deficient cells and mice al-
though the quality of the MHC class I associated
peptide pool is clearly affected (61,62). However,
whether this reflects a difference in chaperoning
activity of tapasin or the recruitment to TAP, is
unclear.

MHC class I molecules are polymorphic pro-
teins and every human expresses between three and
six different alleles. The polymorphic residues clus-
ter around the peptide-binding groove of MHC class
I. Consequently, different MHC class I molecules
bind different sets of peptides (63,64). TAP is not
polymorphic and thus has to supply all the different
MHC class I molecules with peptides. This is only
possible when TAP is able to translocate peptides in a
fairly sequence-independent manner. Various studies
have tested this. TAP translocates peptides with a
minimal length of 8 amino acids (MHC class I mole-
cules usually bind peptides of 8 or 9 amino acids).
However, peptides of over 40 amino acids are trans-
located by TAP as well, albeit less efficiently (12,65).
Although some small differences in sequence selec-
tivity have been observed, TAP translocates peptides
with only minor distinction for sequence, with two
exceptions. Peptides with the imino acid proline at
position 2 or 3 are poorly handled, but still presen-
ted by particular MHC class I alleles. In these cases,
probably longer peptides (that reposition the proline
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in the sequence) are translocated by TAP followed
by further trimming in the ER lumen (11). Fur-
thermore, selectivity for the C-terminal amino acid
residue is found in particular species. Murine TAP as
well as a rat TAP allelic form selectively translocate
peptides with a hydrophobic or aromatic C-terminal
residue, whereas another rat allele and human TAP
are very nonselective for amino acids at this posi-
tion (9). If the amino acid side chains of a peptide
are not recognized by TAP, what is? Further peptide
modifications revealed that the N- and C-termini are
critical for recognition. Incorporation of amino acid
stereoisomers showed that the peptide bond contri-
buted to the interactions with TAP (55). This resem-
bles the situation for peptide binding to MHC class
I molecules where most interactions between the
MHC class  molecule and peptide are made through
hydrogen bonds to the ends of the peptide as well as
the peptide’s peptide bond (66).

The fact is that TAP is the only peptide trans-
porter in the ER, especially designed to support the
MHC class I antigen presentation pathway and in
some respects resembling MHC class I. Like other
ABC transporters, TAP supports unidirectional
transport of its substrate, a peptide.

5 Peptides and Peptidases in the Endoplasmic
Reticulum

TAP translocates peptides preferentially of
8-12 amino acids but also longer peptides (27). Pep-
tides containing a proline at position 2 or 3 are not
handled by TAP but these peptides are still found as-
sociated to various MHC class I alleles. It is assumed
that in these cases N-terminally extended peptides
are transported into the ER followed by trimming in
the ER by resident peptidases. Peptidase activity has
been observed in the ER (67,68) and only recently
the corresponding peptidases have been identified
and characterized. The ER-aminopeptidase ERAAP
(or ERAP1) has been found and is critical in the
handling of many peptides in the ER before they
can bind to MHC class I molecules (15-17). In fact,
ERAP trims peptidases from the amino terminus un-
til fragments of 8-9 amino acids are left. ERAP thus
acts as a sort of molecular ruler, trimming peptides
to sizes fitting MHC class I molecules. Interestingly,
as mentioned in Sect. 4, peptides containing a pro-
line at position 2 or 3 are not handled by TAP unless
the proline residue is repositioned by N-terminal ex-
tension. ERAP1 is designed to handle these peptides
because it stops further N-terminal trimming when
encompassing a proline at position 2 (16). ERAP
is a protease and does not “know” which peptides
should bind to the resident MHC class I molecules.
Consequently it simply trims these peptides and

thus creates but also destroys potential MHC class I
binding peptides (16,17). Whereas ERAP1 is the first
ER-located peptidase identified, it is probably not
the only one. Other peptidases (called ERAP2, 3 etc.)
may also contribute, but their relative contribution
still has to be established.

Thus peptides can bind in the ER to MHC
class I molecules (if containing the correct anchor
residues and length) and ERAP (albeit transiently).
Peptides associated with the ER-resident chaperone
gp96 have been used for vaccination purposes, even
over an MHC barrier (69,70). This suggested that
gp96 was able to accumulate the blueprint of pep-
tides before selection by the endogenously expressed
MHC class I molecules. To visualize ER proteins able
to bind peptides, radioactive labeled peptides with
a photo affinity label were introduced in the ER by
TAP-mediated import followed by UV-catalyzed
cross-linking. Various proteins were found to associ-
ate with these peptides, which were identified as the
chaperones PDI (protein disulfide isomerase), cal-
nexin, Erp72, gp96, and gp170. Some of these pro-
teins (calnexin, gp170) were subsequently shown to
also induce peptide specific immune responses upon
vaccination (18-20,71). That chaperones associate
with peptides is not too surprising since peptides can
be considered resembling stretches of unfolded pro-
tein, the normal substrates for chaperones. Still, PDI
was by far most efficient in binding peptides in the
ER. The reason for this is unclear. It may be, but this
is not shown, that PDI delivers the peptides for con-
sideration by MHC class I molecules. However, PDI
may also deliver the peptides to the SEC61/translo-
con for export out of the ER (see below), especially
because PDI has been proposed to be the lid of the
SEC61/translocon complex that opens upon nascent
protein import (72), but possibly returns peptides
for export back into the cytosol.

6 Peptide Export from the Endoplasmic Reticulum

Peptides are apparently not degraded to single
amino acids in the ER. Consequently, they have to
be removed at one point for destruction. Initial ex-
periments following TAP-dependent import showed
transient accumulation of peptides unless these
obtained N-linked glycans (21,73). Further experi-
ments showed that peptides transiently entered the
ER microsomal lumen and re-entered the cytosol
after some 1-3 min, at least in in vitro experiments.
Using glycosylation-deficient and normal micro-
somes, it was shown that peptides were able to enter
the ER by TAP transport, were released from the ER
through another activity and re-enter the ER again
by TAP activity. The limiting factor in this peptide
recycling over the ER membrane was the cytosolic
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peptidase activity that trimmed the peptides to a size
too small for TAP handling (less than 8 amino acids)
(68). The activity that removed peptides from the
ER required ATP, was (unlike TAP) not pH-sensitive
and could not be competed with exogenously added
peptides (68). Furthermore, a viral inhibitor (ICP47)
that inhibited TAP was unable to simultaneously in-
hibit export as well (21). Collectively this indicated
that an activity different from TAP released the pep-
tides from the ER.

TAP requires triphosphonucleotides, but not
necessarily ATP for driving peptide transfer into the
ER (73). Momburg and colleges used this fact to
show that peptides can be translocated by TAP in the
presence of GTP, but GTP did not drive export (68).
In fact, they show that ATP in the ER lumen was re-
quired to drive peptide export. Various bacterial tox-
ins enter the ER by retrograde uptake. These toxins
use the ERAD system and the SEC61/translocon to
enter the cytosol where they are toxic. Momburg in-
troduced exotoxin A in the ER lumen of microsomes
and showed that this competed with peptide export
(21). Since exotoxin bound the translocon, these
data suggested that peptides also used this part of the
ERAD system to leave the ER lumen, unless they are
captured by the various chaperones.

The fate of peptides in the ER is:

1. Peptides enter the ER after translocation by
TAP. Here peptides have different possibilities
(Fig. 3).

2. They bind to MHC class I molecules.

3. They are trimmed by ER aminopeptidases and
some of them bind to MHC class I molecules.

4. They have the incorrect sequence for binding
to MHC class I molecules and bind ER chap-
erones.

5. They bind to PDI, which may target them to
the SEC61/translocon followed by ATP hydroly-
sis-driven peptide export back into the cytosol.

Peptide cycling over the ER lumen thus resem-
bles the ERAD pathway in many aspects: it requires
chaperones, ATP hydrolysis, and retrotranslocation
back into the cytosol by the SEC61/translocon fol-
lowed by degradation. Peptides are targeted by cy-
tosolic aminopeptidases; proteins are first degraded
by the proteasome and then by cytosolic aminopepti-
dases.

7 The Equilibrium of Protein and Peptide Degrada-
tion, Peptide Cycling and Peptide Binding by MHC
Class | Molecules

It seems obvious that the process of protein
degradation, peptidase trimming, TAP-mediated
peptide translocation, peptide trimming in the ER,
peptide loading onto MHC class I molecules, and
peptide export are constructed such that optimal
peptide generation and loading of MHC class I
molecules occurs. This is, however, not the case. The
process of antigen presentation, i.e., the resultant of
these different steps, is highly inefficient. Recently
the kinetics and efficiency of various steps in this
process were determined (2,23). Proteasomes do
not know where to cleave in a protein substrate to
generate the correct MHC class I peptides (there are
only a standard, non-polymorphic proteasome and a
specialized immunoproteasome, and many different
MHC class I molecules). The proteasome probably
generates peptides of various lengths but usually the
correct C-terminus of a peptide (26). It has to, since
cells lack carboxypeptidase activities (24). In addi-
tion, the proteasome will destroy many potential
MHC class I binding peptides.

The resulting proteasomal-produced peptide
fragments diffuse through the cell and are targeted
first by TPPII and subsequently by other amino-
peptidases (6). The half-life of many peptides is in
the range of 5 s. This activity is such that more than
99% of the peptides generated are destroyed before
they can be translocated into the ER (24). In the ER,
many peptides are destroyed by ERAAP and/or re-
moved by the translocon, while only a few peptides
will interact with MHC class I molecules. In fact,
cells contain 10° proteins of which about 2x10° are
degraded per minute whereas only 10* MHC class I
molecules per minute will be loaded with peptides
(2,74). This means that only 0.5% or less of the pep-
tides can maximally bind MHC class I molecules.
The rest is destroyed unless many more peptides are
made than can be loaded onto MHC class I mole-
cules (1). It should be noted that many MHC class
I molecules are made but not loaded with peptides.
Consequently, under conditions of increased peptide
generation (for example following a viral infection),
the other MHC class I reservoir can be loaded with
peptides as well, resulting in an increased expres-
sion of MHC class I molecules. The inefficiency of
the system may be essential to generate this pool of
peptide recipient MHC class I molecules, lost unless
the intracellular peptide pool increases, for example
as the result of a viral infection. In conclusion, only
few substrates make it into MHC class I binding pep-
tides. The rest are fully turned over into amino acids,
not being of any immunological relevance.
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Figure 3. Peptide cycling over the ER membrane. Cytosolic peptides may escape cytosolic degradation by binding to
the peptide transporter TAP. TAP can only bind peptides that are 8-20 amino acids and will transport them in an ATP-
dependent process over the ER membrane. Once in the ER, the endoplasmic reticulum aminopeptidase (ERAP), which
is specific for peptides of 9-17 amino acids, trims most peptides further. When peptides are not bound to MHC class |
molecules, PDI and the Sec61/translocon guide them back to the cytosol. Only peptides of 8-10 amino acids with cor-
rect anchor residues are able to bind to MHC class | H—chain/Bzm dimers. The heavy chain / B,m dimer is initially formed
with the help of the ER chaperone calnexin, after initial formation the unstable heterodimer is transferred to the MHC
class | loading complex (MLC) where it is bound to other ER specific chaperones such as Erp57, calreticulin, and tapasin.
Binding of a peptide to the heterodimer stabilizes it and will be granted transport to the plasma membrane by the ER

quality control system

8 How the MHC Class | Route Is Manipulated
Obviously, it is fairly beneficial for pathogens
to interfere with the system of antigen presentation
by MHC class I molecules. This indeed often happens,
as discussed in detail elsewhere in this volume. The
major viral targets are proteins that are dispensable
for household processes. More specifically, viral TAP
inhibitors are frequently found, inhibitors affecting
the dedicated chaperone tapasin and viral inhibitors
targeting MHC class T H-chains or H- chain/fm
heterodimers for degradation, usually through the
ERAD system (75-78). Viral inhibitors affecting the
proteasome, TPPII, TOP or other peptidases, ERAP,
ER chaperones, or the SEC61/translocon have not
been defined, not unexpectedly, because inhibition
of these would affect cell viability, thus being a disad-
vantage for the pathogens rather than an advantage.
Obviously, chemical inhibitors may be used
to affect antigen presentation by MHC class I mole-
cules. Inhibitors for TAP have been designed (being
peptides with long side chains), but these cannot be
used in living cells or organisms because they do not

pass membranes (55). This is also true for the active
35-amino acid fragment of the viral TAP inhibitor
ICP47 (79). Inhibitors for the proteasome have been
designed and clinically used in anti-cancer treat-
ments (80-82). These inhibitors prevent proteasome-
mediated protein degradation (possibly generating
aggregates as a consequence) and peptide loading of
MHC class I molecules. Whether these compounds
can be used to inhibit/treat MHC class I-related auto-
immune diseases such as Bechterew and Reiter’s syn-
drome, is unclear.

9 The Eternal Cycle of Events, or Not ...

In conclusion, proteins are degraded by the
proteasome and further degraded by TPPII and
other peptidases into single amino acids. These single
amino acids can then be used to build new proteins
that—immediately in the case of DriPs or slowly for
successful proteins—are degraded again into single
amino acids. The MHC class I antigen presentation
system samples a small amount out of this cycle for
presentation purposes. Degradation intermediates
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that are simultaneously substrate to peptidases in the
cytosol and ER lumen and to MHC class I molecules
are presented. Critical steps in acquiring peptides
by MHC class I molecules are the peptide cycle over
the ER membrane with TAP pumping peptides into
the ER and the SEC61/translocon transporting them
out. Although the dynamics of this cycle are not fully
understood, the end result is again that a small frac-
tion of imported peptides make it into something
immunologically useful: an MHC class I peptide
complex. The remainder is ultimately degraded into
single amino acids, as are MHC class I molecules
failing to obtain peptides during their biosynthesis.

REFERENCES

1. Reits EA, Vos JC, Gromme M, Neefjes J. The ma-
jor substrates for TAP in vivo are derived from newly
synthesized proteins. Nature 2000;404:774-778.

2. Yewdell JW, Reits E, Neefjes J. Making sense of
mass destruction: quantitating MHC class I antigen
presentation. Nat Rev Immunol 2003;3:952-961.

3. Schubert U, Anton LC, Gibbs J, Norbury CC,
Yewdell JW, Bennink JR. Rapid degradation of a large
fraction of newly synthesized proteins by proteasomes.
Nature 2000;404:770-774.

4, Yewdell JW, Schubert U, Bennink JR. At the cross-
roads of cell biology and immunology: DRiPs and other
sources of peptide ligands for MHC class I molecules. ]
Cell Sci 2001;114:845-851.

5. Hampton RY. ER-associated degradation in pro-
tein quality control and cellular regulation. Curr Opin
Cell Biol 2002;14:476-482.

6. Reits E, et al. A major role for TPPII in trimming
proteasomal degradation products for MHC class I an-
tigen presentation. Immunity 2004;20:495-506.

7. York IA, et al. The cytosolic endopeptidase,
thimet oligopeptidase, destroys antigenic peptides and
limits the extent of MHC class I antigen presentation.
Immunity 2003;18:429-440.

8. Klein I, Sarkadi B, Varadi A. An inventory of
the human ABC proteins. Biochim Biophys Acta
1999;1461:237-262.

9. Momburg F, Roelse ], Howard JC, Butcher GW,
Hammerling GJ, Neefjes J]. Selectivity of MHC-encoded
peptide transporters from human, mouse and rat. Na-
ture 1994;367:648-651.

10.  Neefjes JJ, Momburg F, Hammerling GJ. Selective
and ATP-dependent translocation of peptides by the
MHC-encoded transporter. Science 1993;261:769-771.
11.  Neisig A, et al. Major differences in transporter
associated with antigen presentation (TAP)-depend-
ent translocation of MHC class I-presentable pep-
tides and the effect of flanking sequences. ] Immunol
1995;154:1273-1279.

12. Momburg F Roelse J, Hammerling GJ, Neefjes
JJ. Peptide size selection by the major histocompatibil-
ity complex-encoded peptide transporter. ] Exp Med

1994;179:1613-1623.

13.  Cresswell P, Bangia N, Dick T, Diedrich G. The
nature of the MHC class I peptide loading complex. Im-
munol Rev 1999;172:21-28.

14.  Townsend A, Ohlen C, Bastin J, Ljunggren HG,
Foster L, Karre K. Association of class I major histocom-
patibility heavy and light chains induced by viral pep-
tides. Nature 1989;340:443-448.

15.  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-
483.

16.  York IA, et al. The ER aminopeptidase ERAP1
enhances or limits antigen presentation by trimming
epitopes to 8-9 residues. Nat Immunol 2002;3:1177-
1184.

17. Saric T, et al. An IFN-gamma-induced ami-
nopeptidase in the ER, ERAP1, trims precursors to MHC
class I-presented peptides. Nat Immunol 2002;3:1169-
1176.

18.  Lammert E, Stevanovic S, Brunner J, Rammensee
HG, Schild H. Protein disulfide isomerase is the domi-
nant acceptor for peptides translocated into the endo-
plasmic reticulum. Eur ] Immunol 1997;27:1685-1690.
19.  Spee P, Neefjes J. TAP-translocated peptides spe-
cifically bind proteins in the endoplasmic reticulum,
including gp96, protein disulfide isomerase and calreti-
culin. Eur ] Immunol 1997;27:2441-2449.

20. Spee P, Subjeck J, Neefjes J. Identification of
novel peptide binding proteins in the endoplasmic re-
ticulum: ERp72, calnexin, and grp170. Biochemistry
1999;38:10559-10566.

21.  Koopmann JO, et al. Export of antigenic peptides
from the endoplasmic reticulum intersects with retro-
grade protein translocation through the Sec61p chan-
nel. Immunity 2000;13:117-127.

22.  Chen W, Bennink JR, Yewdell JW. Quantitating
presentation of MHC class I-restricted antigens. Meth-
ods Mol Biol 2001;156:245-254.

23.  Princiotta MF, et al. Quantitating protein synthe-
sis, degradation, and endogenous antigen processing.
Immunity 2003;18:343-354.

24.  Reits E, et al. Peptide diffusion, protection, and
degradation in nuclear and cytoplasmic compartments
before antigen presentation by MHC class I. Immunity
2003;18:97-108.

25.  Reits EA, Neefjes JJ. From fixed to FRAP: measur-
ing protein mobility and activity in living cells. Nat Cell
Biol 2001;3:E145-147.

26.  Cascio P, Hilton C, Kisselev AF, Rock KL, Gold-
berg AL. 26S proteasomes and immunoproteasomes
produce mainly N-extended versions of an antigenic
peptide. Embo J 2001;20:2357-2366.

27. Koopmann JO, Post M, Neefjes JJ, Hammerling
GJ, Momburg E. Translocation of long peptides by
transporters associated with antigen processing (TAP).
Eur ] Immunol 1996;26:1720-1728.

28.  Chien HC, et al. Purification, characterization,
and genetic analysis of a leucine aminopeptidase from

21




Aspergillus sojae. Biochim Biophys Acta 2002;1576:119-
126.

29.  Gu YQ, Walling LL. Identification of residues
critical for activity of the wound-induced leucine
aminopeptidase (LAP-A) of tomato. Eur J Biochem
2002;269:1630-1640.

30.  Kuo LY, Hwang GY, Lai Y], Yang SL, Lin LL. Over-
expression, purification, and characterization of the re-
combinant leucine aminopeptidase II of Bacillus stearo-
thermophilus. Curr Microbiol 2003;47:40-45.

31.  Nishimura C, Suzuki H, Tanaka N, Yamaguchi H.
Bleomycin hydrolase is a unique thiol aminopeptidase.
Biochem Biophys Res Commun 1989;163:788-796.

32.  Nishimura C, Tanaka N, Suzuki H, Tanaka N.
Purification of bleomycin hydrolase with a mono-
clonal antibody and its characterization. Biochemistry
1987;26:1574-1578.

33,  Sebti SM, DeLeon JC, Lazo JS. Purification,
characterization, and amino acid composition of rab-
bit pulmonary bleomycin hydrolase. Biochemistry
1987;26:4213-4219.

34.  Sebti SM, Lazo JS. Separation of the protective
enzyme bleomycin hydrolase from rabbit pulmonary
aminopeptidases. Biochemistry 1987;26:432-437.

35.  Hui M, Hui KS. Neuron-specific aminopeptidase
and puromycin-sensitive aminopeptidase in rat brain
development. Neurochem Res 2003;28:855-860.

36. Kakuta H, Koiso Y, Nagasawa K, Hashimoto Y.
Fluorescent bioprobes for visualization of puromycin-
sensitive aminopeptidase in living cells. Bioorg Med
Chem Lett 2003;13:83-86.

37.  Thompson MW, Govindaswami M, Hersh LB.
Mutation of active site residues of the puromycin-sen-
sitive aminopeptidase: conversion of the enzyme into
a catalytically inactive binding protein. Arch Biochem
Biophys 2003;413:236-242.

38.  Thompson MW, Hersh LB. Analysis of conserved
residues of the human puromycin-sensitive aminopepti-
dase. Peptides 2003;24:1359-1365.

39.  Saric T, Graef CI, Goldberg AL. Pathway for deg-
radation of peptides generated by proteasomes: a key
role for thimet oligopeptidase and other metallopepti-
dases. ] Biol Chem 2004;279:46723-46732.

40.  Barelli H, et al. Neuropeptide-hydrolysing ac-
tivities in synaptosomal fractions from dog ileum my-
enteric, deep muscular and submucous plexi. Their
participation in neurotensin inactivation. Peptides
1989;10:1055-1061.

41.  Dauch P, Barelli H, Vincent JP, Checler F. Fluori-
metric assay of the neurotensin-degrading metalloen-
dopeptidase, endopeptidase 24.16. Biochem ] 1991;280
(Pt 2):421-426.

42.  Millican PE, Kenny AJ, Turner AJ. Purification
and properties of a neurotensin-degrading endopepti-
dase from pig brain. Biochem ] 1991;276 (Pt 3):583-
591.

43.  Balow RM, Tomkinson B, Ragnarsson U, Zet-
terqvist O. Purification, substrate specificity, and clas-
sification of tripeptidyl peptidase II. J Biol Chem

1986;261:2409-2417.

44.  Renn SC, Tomkinson B, Taghert PH. Charac-
terization and cloning of tripeptidyl peptidase II from
the fruit fly, Drosophila melanogaster. ] Biol Chem
1998;273:19173-19182.

45.  Geier E, et al. A giant protease with potential to
substitute for some functions of the proteasome. Sci-
ence 1999;283:978-981.

46.  Breslin HJ, et al. Design, synthesis, and tripeptidyl
peptidase II inhibitory activity of a novel series of (S)-
2,3-dihydro-2-(4-alkyl-1H-imidazol-2-yl)-1H-indoles.
J Med Chem 2002;45:5303-5310.

47.  Heemels MT, Schumacher TN, Wonigeit K,
Ploegh HL. Peptide translocation by variants of the
transporter associated with antigen processing. Science
1993;262:2059-2063.

48.  Beck S, Kelly A, Radley E, Khurshid F, Alderton
RP, Trowsdale J. DNA sequence analysis of 66 kb of the
human MHC class II region encoding a cluster of genes
for antigen processing. ] Mol Biol 1992;228:433-441.
49.  Kelly A, et al. Assembly and function of the two
ABC transporter proteins encoded in the human major
histocompatibility complex. Nature 1992;355:641-644.
50. Abele R, Tampe R. The ABCs of immunology:
structure and function of TAP, the transporter associ-
ated with antigen processing. Physiology (Bethesda)
2004;19:216-224.

51.  Chen M, Abele R, Tampe R. Functional non-
equivalence of ATP-binding cassette signature motifs
in the transporter associated with antigen processing
(TAP). J Biol Chem 2004;279:46073-46081.

52.  Reits EA, Griekspoor AC, Neefjes J. How does
TAP pump peptides? insights from DNA repair and
traffic ATPases. Immunol Today 2000;21:598-600.

53.  Vos JC, Reits EA, Wojcik-Jacobs E, Neefjes J.
Head-head/tail-tail relative orientation of the pore-
forming domains of the heterodimeric ABC transporter
TAP. Curr Biol 2000;10:1-7.

54.  VosJC, Spee P, Momburg E, Neefjes J. Membrane
topology and dimerization of the two subunits of the
transporter associated with antigen processing reveal
a three-domain structure. ] Immunol 1999;163:6679-
6685.

55.  Gromme M, et al. The rational design of TAP in-
hibitors using peptide substrate modifications and pep-
tidomimetics. Eur ] Immunol 1997;27:898-904.

56.  Neefjes JJ, Ploegh HL. Allele and locus-specific
differences in cell surface expression and the association
of HLA class I heavy chain with beta 2-microglobulin:
differential effects of inhibition of glycosylation on class
I subunit association. Eur ] Immunol 1988;18:801-810.
57. Grandea AG, 3rd, Androlewicz MJ, Athwal RS,
Geraghty DE, Spies T. Dependence of peptide binding
by MHC class I molecules on their interaction with TAP.
Science 1995;270:105-108.

58.  Ortmann B, et al. A critical role for tapasin in the
assembly and function of multimeric MHC class I-TAP
complexes. Science 1997;277:1306-1309.

59.  Suh WK, Cohen-Doyle MF, Fruh K, Wang K,

22



Peterson PA, Williams DB. Interaction of MHC class I
molecules with the transporter associated with antigen
processing. Science 1994;264:1322-1326.

60.  Neisig A, Wubbolts R, Zang X, Melief C, Neefjes
J. Allele-specific differences in the interaction of MHC
class I molecules with transporters associated with anti-
gen processing. ] Immunol 1996;156:3196-3206.

61.  Brocke P, Armandola E, Garbi N, Hammerling
GJ. Downmodulation of antigen presentation by H2-O
in B cell lines and primary B lymphocytes. Eur ] Immu-
nol 2003;33:411-421.

62.  Garbi N, et al. Impaired immune responses and
altered peptide repertoire in tapasin-deficient mice. Nat
Immunol 2000;1:234-238.

63.  Elliott T, Smith M, Driscoll P, McMichael A. Pep-
tide selection by class I molecules of the major histo-
compatibility complex. Curr Biol 1993;3:854-866.

64. Rammensee HG, Falk K, Rotzschke O. Peptides
naturally presented by MHC class I molecules. Annu
Rev Immunol 1993;11:213-244.

65.  Schumacher TN, et al. Peptide length and se-
quence specificity of the mouse TAP1/TAP2 transloca-
tor. ] Exp Med 1994;179:533-540.

66.  Bouvier M, Wiley DC. Importance of peptide
amino and carboxyl termini to the stability of MHC
class I molecules. Science 1994;265:398-402.

67.  Fruci D, Niedermann G, Butler RH, van Endert
PM. Efficient MHC class I-independent amino-termi-
nal trimming of epitope precursor peptides in the en-
doplasmic reticulum. Immunity 2001;15:467-476.

68.  Roelse J, Gromme M, Momburg F, Hammerling
G, Neefjes J. Trimming of TAP-translocated peptides in
the endoplasmic reticulum and in the cytosol during re-
cycling. ] Exp Med 1994;180:1591-1597.

69. Arnold D, Faath S, Rammensee H, Schild H.
Cross-priming of minor histocompatibility antigen-
specific cytotoxic T cells upon immunization with the
heat shock protein gp96. ] Exp Med 1995;182:885-889.
70.  Castelli C, et al. Heat shock proteins: biological
functions and clinical application as personalized vac-
cines for human cancer. Cancer Immunol Immunother
2004;53:227-233.

71.  Lammert E, et al. The endoplasmic reticulum-
resident stress protein gp96 binds peptides translocated
by TAP. Eur ] Immunol 1997;27:923-927.

72.  Gillece P, Luz JM, Lennarz WJ, de La Cruz FJ, Ro-
misch K. Export of a cysteine-free misfolded secretory
protein from the endoplasmic reticulum for degrada-
tion requires interaction with protein disulfide isomer-
ase. ] Cell Biol 1999;147:1443-1456.

73.  Shepherd JC, et al. TAPl-dependent peptide
translocation in vitro is ATP dependent and peptide se-
lective. Cell 1993;74:577-584.

74.  Yewdell JW. Not such a dismal science: the eco-
nomics of protein synthesis, folding, degradation and
antigen processing. Trends Cell Biol 2001;11:294-297.
75.  Basta S, Chen W, Bennink JR, Yewdell JW. Inhibi-
tory effects of cytomegalovirus proteins US2 and US11
point to contributions from direct priming and cross-
priming in induction of vaccinia virus-specific CD8(+)
T cells. ] Immunol 2002;168:5403-5408.

76.  Ben-Arieh SV, et al. Human cytomegalovirus
protein US2 interferes with the expression of human
HFE, a nonclassical class I major histocompatibility
complex molecule that regulates iron homeostasis. J Vi-
rol 2001;75:10557-10562.

77.  Hewitt EW, Gupta SS, Lehner PJ. The human cy-
tomegalovirus gene product US6 inhibits ATP binding
by TAP. Embo J 2001;20:387-396.

78.  Koppers-Lalic D, et al. Bovine herpesvirus 1 in-
terferes with TAP-dependent peptide transport and
intracellular trafficking of MHC class I molecules in hu-
man cells. Arch Virol 2003;148:2023-2037.

79.  Galocha B, et al. The active site of ICP47, a herpes
simplex virus-encoded inhibitor of the major histocom-
patibility complex (MHC)-encoded peptide transporter
associated with antigen processing (TAP), maps to the
NH2-terminal 35 residues. ] Exp Med 1997;185:1565-
1572.

80. Kane RC, Bross PE Farrell AT, Pazdur R. Vel-
cade: U.S. FDA approval for the treatment of multiple
myeloma progressing on prior therapy. Oncologist
2003;8:508-513.

81. Kondagunta GV, et al. Phase Il trial of bortezomib
for patients with advanced renal cell carcinoma. ] Clin
Oncol 2004;22:3720-3725.

82.  Papandreou CN, Logothetis CJ. Bortezomib as
a potential treatment for prostate cancer. Cancer Res
2004;64:5036-5043.

23




