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The antigen presentation pathway yields peptide-
MHC class I complexes on the antigen presenting cell
(APC) surface for recognition by appropriate T-cells.
Expression of the peptide-MHC complex on APC surface
is preceded by several steps that include the generation
of peptide fragments in the cytoplasm and their assem-
bly with MHC molecules in the endoplasmic reticulum.
It is now clear that MHC binding to optimally processed
peptides in the endoplasmic reticulum is obligatory for
their stable expression on the cell surface. However,
whether a similar obligatory relationship exists be-
tween generation of processed peptides and their ex-
pression as peptide-MHC on APC surface is not known.
Here, we addressed this question by analyzing the proc-
essing of ovalbumin (aa257-264, SL8) or influenza nucle-
oprotein (aa366-374, AM9) analogs. We examined the
generation of naturally processed peptides using pre-
cursors that did, or did not, contain residues flanking
the optimal MHC-binding peptides. By characterizing
the peptides generated from these precursors by T-cell
stimulation assays and by high performance liguid chro-
matography analysis, we established that intracellular
assembly of peptide-MHC complexes and their expres-
sion on the cell surface can occur with peptides that lack
flanking residues. The presentation of these endog-
enously synthesized perfeet fit peptides demonstrates
that the cleavage of precursor polypeptides is an inde-
pendent step in the antigen presentation pathway.

Antigen presentation is the mechanism by which peptide-
MHC? class I complexes are displayed on the cell surface for
recognition by appropriate T-cells (1, 2). The peptides displayed
by MHC on the cell surface represent precisely cleaved prote-
olytic fragments of intracellular proteins (3, 4). From the anal-
ysis of naturally processed peptides, a clear picture of the
general structural features of these peptide products (5) and
how they bind to the MHC molecules has emerged (6, 7). This
taken together with discoveries of the transporter and prote-
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asome genes within the MHC has suggested an outline of how
endogenous proteins yield peptide-MHC complexes on the cell
surface (8).

At least four distinct events are necessary for generating
peptide-MHC complexes on the APC surface. (¢} Intracellular
proteins are fragmented, and their peptide products are (b)
transported into the ER wherein (c) they are assembled into
peptide-MHC complexes that (d) travel to their final destina-
tion on the cell surface (8—10). The constitutive nature and
remarkable efficiency of this process (11-15) raises the ques-
tion of whether these steps oceur independently, or whether
each step is dependent upon successful completion of the pre-
ceding step, i.e. the peptide-MHC complexes are generated by a
series of concerted steps. Indeed, the last three steps (b-d) of
this pathway are concerted. Loss of either one or both subunits
of the TAP1/2 transporter prevents assembly and surface ex-
pression of peptide-MHC complexes (16—20). Likewise, empty
MHC class 1 molecules are physically associated with the TAP
heterodimer as well as with calnexin and are retained in the
ER until they bind peptides (21-23). Thus, peptide transport,
assembly of peptide-MHC complexes, and their expression on
the cell surface are sequential and concerted steps. Because all
known naturally processed peptides represent proteolytic prod-
ucts of cellular proteins, existence of a similar obligatory rela-
tionship, if any, between the requirements for proteolysis and
display of their products on the cell surface is not known. For
example, it is conceivable that, under physiological conditions,
TAP may transport only those endogenous peptides that were
produced by the proteasome.

Current evidence favors the 26S proteasome, containing the
MHC-encoded (24-27), y-interferon-inducible (28, 28) LMP-2
and LMP-7 polypeptides, as being responsible for antigen proc-
essing (8, 10). Whether this is the only mechanism for gener-
ating processed peptides has been questioned first by the intact
antigen presenting ability of cell lines lacking both LMP-2 and
LMP-7 (30-32), and more recently by the dramatically distinct
phenotypes of peptide-MHC expression between TAP1 knock-
out mice (20) and LMP-7 (33) or LMP-2 knock-out mice (34).
TAP1 mutant mice are virtually devoid of MHC molecules on
the cell surface, fail to present endogenous peptide-MHC class
I complexes, and as a consequence are severely depleted in
their CD8+ T-cell subset in the thymus and periphery (20, 35,
36). By contrast, LMP-7 or LMP-2 mutant mice express signif-
icant to normal levels of MHC and CD8+ T-cells and show only
selective defects in antigen presentation to T-cells (33, 34).
Whether the incomplete defects in peptide-MHC expression in
LMP-2 and LMP-7 mutant mice can be attributed to a reduced
or abnormal supply of naturally processed peptides and/or to
inefficient peptide transport by disruption of LMP-2 and/or
LMP-7-dependent link between the proteasome and the TAP
complex is presently unclear. Thus, while it is established that
efficient supply of cytoplasmic peptides to the MHC in the ER

6515



6516

depends upon proteolysis (37), as well as TAP-mediated trans-
port (20), the mechanism(s) that generate naturally processed
peptides and deliver them to TAP remain poorly understood.

A different approach to addressing the role of proteolysis in
antigen presentation is to focus on the antigen rather than the
protease(s). By examining the processed products of antigen
precursors that do or do not contain residues flanking the
optimal MHC-binding (“perfect-fit”) peptides, we can deter-
mine whether peptide cleavage had occurred and whether it
was an obligatory step in the expression of peptide-MHC com-
plexes on the cell surface. Although conceptually straightfor-
ward, this approach has been difficult to implement. First, only
vanishingly small amounts of processed peptides are present in
the APC, and individual peptides are detectable in complex cell
extracts only because of highly sensitive T-cell activation as-
says (3, 4, 38). Second, a more profound problem is the fact that
efficient synthesis of precursor polypeptide requires presence of
the translational initiation (“ATG,” methionine) codon (15, 39).
Thus, endogenously synthesized perfect-fit precursors must
contain methionine as the first residue of the processed pep-
tide. Recently, we showed that cells expressing minimal ana-
logs of the ovalbumin octapeptide, aa257-264 (SIINFEKL,
SL8), serve as efficient APCs for SL8/K-specific T-cells as well
as allow analysis of the processed peptides in HPLC-fraction-
ated cell extracts (14, 40). By comparing extracts of cells ex-
pressing different MHC molecules, we showed that appropriate
MHC molecules are essential for stabilizing otherwise rapidly
degraded processed peptides. This extreme instability of proc-
essed peptides ruled out their direct analysis in cells lacking
MHC. However, we noticed one instance where the Met-SL8
(MSLB8) peptide was actually present in D cells expressing the
minigene encoding the MSL8 precursor. The fortuitous discov-
ery of the perfect-fit MSL8 peptide that could be endogenously
translated as well as be detected as such in cell extracts
prompted us to use this model system to address the question
of whether cleavage of flanking residues from endogenously
synthesized polypeptides is an obligatory step in the antigen
presentation pathway.

We compared the naturally processed peptides that were
generated from N terminally extended precursors or from per-
fect fit peptides. DNA constructs encoding ovalbumin
(OVA257-264, SL8) or influenza nucleoprotein (NP366-374,
AM9) analogs were used as model antigens for generating
peptide/K® or D® MHC complexes. MHC-bound peptides were
extracted from transfected cells and were characterized by
their HPLC elution profiles. Here we show that sequences
flanking the optimal MHC-binding peptides were unfailingly
cleaved from endogenously synthesized precursors indicating
that they were processed. However, perfect fit precursors that
exactly matched the optimal MHC-binding peptides were pre-
sented on the cell surface as such with comparable efficiency.
These results show that cleavage of flanking residues is not
obligatory for the intracellular assembly or for cell surface
expression of peptide-MHC complexes and establish that pro-
teolytic cleavage of antigenic precursors can be segregated from
other steps in the antigen presentation pathway.

MATERIALS AND METHODS

Antibodies, Antigens, and Plasmids—Y3 (anti-K°) and B22.249 (anti-
DP) were from the American Type Culture Collection and kindly pro-
vided by Dr. David Raulet (University of California, Berkeley), respec-
tively. Synthetic peptides were prepared by automated solid-phase
synthesis and provided by Dr. David King (UC, Berkeley) and Dr. J.
Kobori (California Institute of Technology) (14). The sequences in the
single-letter code were SIINFEKL (SL8), MIINFEKIL (MLS8), IILFEKL
(IL7), ILFEKL (IL6), MSIINFEKL (MSL8), MKSIINFEKL (MKSLS8),
MMSIHNFEKL (MMSLS8), ASNENMETM (AM9), and MSNENMETM
(MM9). Plasmid constructs encoding peptides of indicated sequence
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were made by cloning synthetic oligonucleotides into the BstXI and
Xbal sites of the pcDNA1 vector (Invitrogen) as described earlier (14).
All constructs were confirmed by nucleotide sequencing.

Cell Lines—LacZ-inducible, SL8/K"-specific B3Z and AM9/D"-spe-
cific DBFZ.25 T cell hybrids have been described (14, 41, 42). The
ML8/K"-specific BKMZ T cells were obtained by in vitro immunization
with ML8 peptide.? KP-COS, D?-COS, and KP-L cells have been de-
scribed (14, 41, 42), and DP-L cells were obtained similarly. Stable K*-L
cell transfectants were obtained by co-transfecting the MSL8 or ML8
encoding DNAs with pMC1-neo” plasmid (Stratagene) as a selection
marker by the calcium phosphate method, and stable MAM9- or MM9-
expressing DP-L cells were obtained similarly (14). G418" transfectants
were cloned by limiting dilution and screened for expression of peptide-
MHC complexes by T-cell stimulation assay. Cells were maintained in
RPMI 1640 with 10% fetal bovine serum, 2 mM glutamine, 1 mM pyru-
vate, 50 uM B-mercaptoethanol, 200 units/ml penicillin, 200 ug/ml
streptomycin at 37 °C in 5% COyhumidified air.

DNA Transfections—KP- or DP-COS cells were transiently trans-
fected with plasmids using the DEAE-dextran method. DNA titrations
in 96-well plates for agsaying APC function have been described (14).
For large scale transfections, 1 pg/ml plasmid DNA in 100 pg/ml DEAE-
dextran and 100 uM chloroquin phosphate in RPMI 1640 with 10%
NU-serum (Collaborative Research) was added to 1-3 X 10° adherent
cells in a T25 or T75 flask. After 2 h, the cells were incubated with 10%
Me,SO in PBS for 2 min and returned to complete medium. After 2-3
days, cells were either assayed directly for expression of peptide-MHC
on the surface (endogenous peptide assay) or used for extracting the
naturally processed peptides.

Peptide Assays—The antigen/MHC-gpecific T cell response was
measured as the pB-galactosidase activity induced in the T cells follow-
ing T-cell receptor occupancy (14, 42, 43). 3-10 X 10* T-cell hybrids
were co-cultured with appropriate APC overnight. The B-galactosidase
activity induced in the T cells was then measured by addition of the
substrate chlorophenol red B-galactoside. After 4 h, the absorbance of
the cleaved chlorophenol red in the wells was measured at 595 nm with
635 nm as the reference wavelength. To detect endogenously synthe-
sized peptide-MHC complexes (endogenous peptide assay), cells trans-
fected with DNAs encoding the antigen were used as APCs. To quan-
titate synthetic peptides or antigenic peptides present in peptide
extracts (exogenous peptide assay), T-cells were co-cultured with either
KP- or DY-expressing L-cells in the presence of synthetic or extracted
peptides. Endogenous and exogenous peptide assay experiments were
repeated at least three times, and typically the sensitivity of the assays
was about 1 pM with synthetic standards.

Peptide Extraction—Total cellular peptide extractions were achieved
by lysing cells in 0.1% trifluoroacetic acid in water as described (40, 44).
For extraction of total MHC-bound peptides, 1.2 ml of ice-cold lysis
buffer (20 mm Tris-HCI, pH 8, 150 mMm NaCl, 1% Nonidet-40, 10 mM
EDTA, 0.01% NaN,, 5 mg/ml bestatin, 200 mM puromycin, 1 mg/ml
pepstatin A, 10 mM 1-chloro-3-tosylamido-7-amino-2-heptanone, 1
mg/ml aprotinin, 500 mM iodoacetamide, 0.1 M phenylmethylsulfonyl
fluoride) was added to 1-2 X 10° washed cells. The lysate was incubated
on ice for 5 min and centrifuged to pellet cell debris. 10-20 pl of
anti-MHC antibody ascites and protein A-Sepharose beads (Sigma)
were added to supernatant fluid and rocked for 1.5 h at 4 °C. Peptides
were eluted from washed beads with 0.5 ml 0.1% trifluoroacetic acid
and filtered through a 10-kDa cutoff filter (Millipore, Bedford, MA). The
filtrate was dried in a vacuum centrifuge (Savant Instruments, Inc.,
Farmingdale, NY). Samples were resuspended in PBS or medium and
used for HPLC analysis.

For separation of peptides associated with intracellular and cell
surface MHC molecules, cells were first incubated with B22.249 (anti-
DP) ascites and thoroughly washed before lysis. The supernatant fluid of
the centrifuged lysate was added to protein A-Sepharose beads to iso-
late cell surface MHC molecules. The supernatant fluid of the lysate
containing intracellular MHC molecules was then subject to another
round of anti-D® immunoprecipitation. Peptides from these MHC im-
munoprecipitates were eluted and assayed as described above. Data
shown are representative of three independent experiments.

HPLC Analysis—Samples of peptide extracts were redissolved in
PBS and fractionated on an Hewlett Packard 1050 quaternary pump
HPLC using a 4.6 X 250-mm Vydac C18 column with 5-um particle size
and 300 A pores. For the SL8 family of peptides, the gradient began at
77% of 0.1% trifluoroacetic acid in water and 23% of 0.1% trifluoroacetic
acid in acetonitrile and increased to 38% of 0.1% trifluoroacetic acid in

2 P. Scott, unpublished results.
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FiG. 1. Schematic diagram showing the precursor-product re-
lationships for the antigens and MHC molecules used. Precursor
peptides and their abbreviations are shown on the left with boxed
peptides representing the products associated with the K® or D®* MHC
class I molecules. One, two, or no N-terminal amino acids are cleaved to
result in the peptide products shown with their abbreviations on the
right. Peptide sequences with xs represent the MHC allele-specific
consensus motifs for bound peptides. A, SL8/K"-specific B3Z T cell
hybrids were used to analyze the depicted precursor-product model
systems. B, AM9 or MM9/DP-specific DBFZ.25 T cell hybrids were used
to analyze this depicted precursor/product model system.

acetonitrile at the rate of 0.5%/min, The same gradient was used to
separate NP peptide analogs but began at 95% of 0.1% trifluoroacetic
acid in water and 5% of 0.1% trifluoroacetic acid in acetonitrile. One-mi
fractions were collected, dried in a vacuum centrifuge, resuspended in
PBS, and used in the exogenous peptide assay. Mock runs of 0.1%
trifluoroacetic acid in water were performed and assayed between each
sample run to demonstrate absence of peptide carry over from previous
runs. These experiments were repeated 2-10 times, and the HPLC
profiles were extremely reproducible with less than 0.5 min variation
between runs.

RESULTS

Generation of Cleaved SL8/K® Complex from Precursor
Polypeptides—In K® APC, processing of the 386 aa ovalbumin
protein yields the processed octapeptide OVA257-264 (SL8)
(14, 45, 46). We have recently established that naturally proc-
essed SL8 can be detected in HPLC-fractionated trifluoroacetic
acid extracts of cells transfected with minimal SL8 precursors
such as Met-SL8 (MSL8) or Met-Lys-SL8 (MKSLS8) (Fig. 14;
Ref. 40). This study showed that sequences (Met or Met-Lys)
flanking the K® motif-bearing octapeptide SL8 were removed
by a proteolytic step of the antigen processing mechanism.
Interestingly, we also found that in cells expressing the DY
MHC molecules, the processing of the same precursors yielded
nonapeptides (KSL8 or MSL8) that contained an additional
residue flanking the SL8 peptide in the trifluoroacetic acid
extracts (Fig. 14 in Ref. 40). Thus, as judged by analysis of
trifluoroacetic acid extracts, residues flanking the optimal pep-
tides in each of the precursors tested were consistently and
reproducibly removed.

Peptide-MHC complexes expressed on the cell surface are
first assembled in the ER (47), and the possibility remained
that processed peptides in the trifluoroacetic acid extracts rep-
resented only a subset of processed peptides (e.g. only those
peptides present on the cell surface). To establish that all extra-
and intracellular MHC-bound peptides had been cleaved to the
optimal SL8 peptide, we looked for possible SL8 analogs that
could be bound to K? MHC in cells lysed with detergents. First,
synthetic SL8, KSL8, or MSL8 peptides were all capable of
stimulating SL8&8/KY-specific B3Z T-cells (Fig. 24). The dose-
response curves, consistently within 2-fold of each other, show
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that picomolar concentrations of these peptides could be readily
detected, and in addition, each of these peptides could also be
readily distinguished by their characteristic HPLC elution pro-
files (Fig. 2B). Second, both MSL8 and MKSL8 DNA constructs
allowed generation of T-cell-stimulating peptide/K® complexes
on the cell surface (Fig. 2C). Nevertheless, with both precursors
only the cleaved SL8 octapeptide was bound by KP MHC (Fig.
2D). The HPLC elution profiles of T-cell stimulating activity of
naturally processed peptides in anti-K® (Y3 monoclonal) immu-
noprecipitates from either MSL8- or MKSL8-transfected cell
extracts corresponded exactly to that of synthetic SL8. Other
possible candidates such as MSL8 or KSL8 peptides were
clearly undetectable and were estimated to represent less than
0.1% of the amount of SL8 recovered. In other experiments
(data not shown), the same profiles were obtained when K®
MHC were immunoprecipitated with polyclonal antiserum spe-
cific for the cytoplasmic tail of K® (48), ruling out a possible
peptide-specific bias in the subset of K> MHC immunoprecipi-
tated by the Y3 mAb (49, 50). We conclude that in living cells,
similar to the native ovalbumin, the same SL8 octapeptide was
processed from these 9—10 aa precursors for presentation by KP
MHC. However, SL8 itself cannot be synthesized within cells
without the addition of the methionine residue for initiating
translation (15). Therefore, to test whether this proteolytic
removal of N-terminal-flanking residues, regardless of the spe-
cific mechanism involved, was obligatory for generation of pep-
tide-MHC complexes, we analyzed model precursors that ex-
actly matched the MHC-bound, naturally processed peptides
and could be translated within cells.

MSL8 Peptide Achieves Cell Surface Expression as a
MSL8-D® Complex without Processing—We had observed ear-
lier that the MSL8 nonapeptide was present in total trifluoro-
acetic acid extracts of DP cells transfected with the MSLS
construct (40). However, because T-cells specific for MSL8/DP
complexes are not available, it remained unclear whether the
MSLS peptide was physically bound to D and whether it was
present on the cell surface as a MSL8-D® complex. To resolve
these possibilities, D"-COS cells were transfected with MSLS or
MMSLS8 constructs to provide precursors that were either a
perfect-fit (MSL8) or contained an additional Met residue
(MMSLS8) flanking the DP consensus motif (see Fig. 14). By
sequential immunoprecipitations, the D* MHC molecules were
separated into those present on the cell surface versus those
present intracellularly (see “Materials and Methods”). The co-
immunoprecipitated peptides were then eluted with trifluoro-
acetic acid and analyzed with SL8/KP-specific B3Z T-cells.
MSL8 cells produced amounts of T-cell stimulating peptides
from intracellular or cell surface D® molecules comparable to
amounts recovered from cells expressing MMSLS8 precursors
(Fig. 3A4). Interestingly, the amount of intracellular peptide
was about 3-fold higher than that recovered from the cell sur-
face perhaps reflecting the known slow rate of peptide/D” as-
sembly and/or transport (23). Most importantly, the activity in
the trifluoroacetic acid extracts represented predominantly the
MSLS8 peptide as shown by its identical HPLC elution profile
with synthetic MSL8 peptide (Fig. 3B). No MMSL8 was de-
tected in the extracts. The small amount of activity (<2%)
detected as SL8 is most likely due to post lysis degradation
because this activity was only observed in whole cell trifluoro-
acetic acid extracts, but not in extracts of immunoprecipitated
molecules (data not shown). The generation of MSL&/D® com-
plexes on the cell surface from MSLS8 precursor strongly sug-
gests that cleavage of flanking residues is not obligatory for
entry into the antigen processing pathway. Moreover, because
comparable amounts of cleaved (from MMSLS transfectants) or
uncleaved (from MSLS8 transfectants) MSL8 peptide were re-
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covered in the extracts also suggests that the cleavage of a
single flanking residue is not a rate-limiting step in the antigen
presentation pathway.

ML8 and MM9 Peptides Yield Cell Surface Peptide-MHC
Complexes without Processing—To establish the generality of
the above biochemical analysis, we tested two additional model
systems where the presence of endogenously synthesized per-
fect fit peptide-MHC complexes on APC surface could be di-
rectly assayed with T-cells. This was particularly important
because T-cell activation is by far the most sensitive indicator
for the existence of peptide-MHC complexes on the cell surface
(14, 15). As the second model, we used the optimal octamer,
ML8 (MIINFEKL) peptide as a perfect-fit, endogenously syn-
thesized peptide for generating the ML8-K® complex. BKMZ
T-cells recognize both ML8-K® and SL8-K® complexes (Fig. 44),
yet B3Z T cells recognize only the SL8-K® complex (Fig. 4B).
The hepta- or hexapeptides, IL7 (IINFEKL) or IL6 (INFEKL),
lacking one or two N-terminal residues were 100-1000-fold less
active in stimulating both T-cells. To obtain endogenous pres-
entation, K*L cells were stably transfected with either ML8
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(ML8/K’-L) or MSL8 (MSL8/K-L) DNA constructs. Signifi-
cantly, both MSL8- and ML8-expressing K transfectants were
comparable in their ability to present peptide-MHC complexes
to BKMZ T cells (Fig. 4C). This shows that KP complexes were
generated with both the processed SL8 product from the MSL8
precursor (see Fig. 2) and with the unprocessed ML8 itself.
Given that shorter seven- or six-mer peptides are poorly trans-
ported by the TAP complex (51-54) and are also poorly bound
by K® MHC (55), it is unlikely that a cleaved, shorter peptide
such as IL7 or IL6, was actually presented on the APC surface.
Moreover, that B3Z T cells do recognize the shorter IL7 and IL6
peptides as well as BKMZ cells but fail to recognize ML8/K"-L
cells (Fig. 4D) strongly suggests that ML8 itself was presented
on the cell surface rather than a cleaved product such as IL7.

As the third and completely independent model, we used
T-cells specific for the influenza nucleoprotein peptide AM9
{ASNENMETM)-D? complex (Fig. 1B). The DBFZ.25 T-cells
recognize both AM9 and MM9 (MSNENMETM) synthetic pep-
tides with superimposable dose-response curves indicating that
the Ala to Met substitution does not affect D? binding or T-cell



Presentation of Uncleaved Precursors

0.4

@ o
[ w

B3Z Response (A, )

@
=

Fi6.3. Uncleaved MSL8 is ex-
pressed on the cell surface of D*-COS

6519

A. Fractionated cell extracts

MMSLS8
} Intracellular
MSLS8

MMSLS8
MSL8 } Cell Surface

cells. D*-COS cells were transfected with x Medium
vector DNA (O) or DNA constructs encod-
ing MSL8 (@) or MMSLS8 (). A, stirr;;ﬂa- 0 . e ] P I
tory peptides present on cell surface
(large symbols) or intracellular (small 0.0001 0.001 0.01 0.1
symbols) MHC molecules were acid eluted Extract Dilution
and detected in the exogenous peptide as-
say. Medium control (X). B, identification
of stimulatory peptides as cleaved 07 T
MMSLS or uncleaved MSL8 was achieved “ I B.Whole cell extracts
by HPLC fractionation of total MHC- r
bound peptide extracts from MMSLS (W) 0.6 + SL8 MSL8 MMSLS
and MSLS8 (®) transfected D*-COS cells b
and assay of the fractions in the exoge- [ ¢ ¢ ¢
nous peptide assay. One of two to three ~a 05 4T
similar experiments is shown for each R
panel. < F MSLS8 transfectants

$ 04t

c L

3 L

] L MMSLS transfectants

ez 03 i

N r

) L

B 02 T

[
01—+ Vector alone
e S R
5 10 15 20 25 30 35

receptor specificity for the peptide-D? complexes (Fig. 54). Be-
cause the presence of methionine as the first residue allows
translation, DP-COS cells were transfected with DNA con-
structs encoding MM9 or MAM9 and were tested with DBFZ.25
T-cells. Significantly, the T-cell response to cells transfected
with either DNA construct was superimposable suggesting
that comparable amounts of peptide-DP complexes were ex-
pressed on the cell surface (Fig. 5C). The naturally processed
peptides from DP-COS cells expressing either MAM9 or MM9
peptides were extracted and analyzed by HPLC. This was
important to establish their identity as well as to test the
formal possibility that both MAM9 and MM9 were giving rise
to a common cleaved peptide fragment (e.g. the octamer SNEN-
METM) that was responsible for stimulating the DBFZ.25 T-
cells. The HPLC elution profiles of extracted peptides produced
in either MAM9- or MM9-transfected cells yielded single activ-
ity peaks with distinct retention times (Fig. 5D). Furthermore,
the elution profiles of these peaks were identical to those ob-
tained with synthetic AM9 and MM9 peptides (compare Figs. 5,
B and D). Similar results were also obtained with DP-L cells
stably transfected with MAM9- or MM9-encoding DNA con-
structs ruling out any potential artifacts in the transient COS

HPLC Fractions (minutes)

cell expression system (data not shown). Thus, as observed
above for the MSL8-D® and the ML8-K” complexes, the MM9
peptide also entered the antigen processing pathway to yield
the MM9-D” complex on the cell surface. In summary, our data
unequivocally show that cleavage of flanking residues that
necessarily occurs for all known cellular proteins is not oblig-
atory for peptide-MHC expression on the cell surface.

DISCUSSION

The display of precisely cleaved peptides from cellular pro-
teins has emerged as a defining feature of the peptide-MHC
class I presentation pathway. Here, we establish for the first
time that the precise cleavage of flanking residues that invari-
ably occurs during the generation of optimal MHC-binding
peptides is not obligatory for presentation of endogenously
translated precursors.

Several key steps regulate the MHC class I antigen presen-
tation pathway. The best characterized of these is the translo-
cation of antigenic peptides from the cytoplasm to the ER by
the TAP1/TAP2 (TAP) transporter. Compelling evidence is now
available that TAP-mediated translocation of synthetic pep-
tides into the ER is ATP-dependent and is selective for peptide
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length (between 8-25 residues) and upon the nature of the
C-terminal residue (20, 51-54). Loss of TAP function, with a
few exceptions (56-58), effectively disrupts assembly of pep-
tide/MHC complexes in the ER and as a consequence causes
dramatic loss of the ability to present endogenous peptide-
MHC complexes on the cell surface (19, 20, 57, 59). Because
endogenous peptide-MHC class I expression in the thymus is
essential for positive selection, TAP knock-out mice also lack
CD8+ T-cells (20). In vitro assays have shown that TAP binds
synthetic peptides (54) and is associated with empty MHC class
1 molecules (21, 22), thus providing the structural basis for
peptide transport and for efficient loading of these peptides
onto MHC molecules in the lumen of the ER. In addition to
physical association with TAP, empty MHC molecules interact
with the chaperone calnexin in the ER that regulates assembly
of MHC heavy chains with 82-microglobulin and their exit from
the ER (23, 60). Therefore, the availability of peptides in the ER
and their loading onto the MHC molecules are key steps that,
if disrupted, can severely compromise the exit of peptide-MHC
complexes from the ER en route to the cell surface.

Antigen Presenting Cell (cell number)

By contrast to the overwhelming evidence for the key role of
TAP in the antigen presentation pathway, the mechanism by
which peptides are generated and supplied to TAP remain
poorly defined. The hypothesis that precisely cleaved peptides
are generated by the proteasome in the cytoplasm and are the
natural substrates for TAP transport remains to be proven.
Clearly the 26S cytoplasmic proteasome is involved in the
antigen presentation pathway as elegantly demonstrated with
selective inhibitors by the Rock laboratory (37). However,
whether the physiological products of this proteasome are op-
timal peptides as suggested by its in vitro activity is not yet
clear (61). Indeed, MHC-associated peptides considerably long-
er (up to 33 aa) than the final 810 residue peptides have been
found in cells (62—64). Although it is not known whether these
longer peptides are intermediates in the antigen presentation
pathway, the expression of the HLA-B27-associated peptides
was shown to be TAP-dependent (63). In addition, two exam-
ples have provided evidence consistent with the notion that
cleavage of longer precursors to the final products can occur in
the ER (40, 65). These observations have raised questions
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concerning the identity of the natural TAP substrates and the
temporal order of peptide cleavage steps, i.e. before and/or after
transport. In this context, presentation of the perfect-fit pep-
tides used here can serve as the first definitive examples of an
endogenous antigen (MSL8, ML8, or MM9) that remain un-
modified from synthesis to cell surface expression as peptide-
MHC complexes. Furthermore, because efficient presentation
of cytoplasmic peptides depends upon TAP, as shown by Bacik
et al. (66) and in our own unpublished studies,® strongly sug-
gests that TAP can transport perfect-fit peptides in living cells.
It is important to emphasize, however, that while our results
suggest that perfect-fit peptides are transported by TAP, the
identity of processed peptides of normal cellular proteins and
the cleavage events that occur before or after transport remain
to be established. We emphasize that our results do establish
that none of these cytoplasmic or ER cleavage events are oblig-
atory for cell surface expression of the peptide-MHC complex.

The presentation of perfect-fit peptides shows that proteo-

3 8. Goth and N. Shastri, unpublished data.

HPLC Fractions (minutes)

Iytic cleavage steps can be dissociated from other concerted
steps in the antigen presentation pathway. Both endogenously
synthesized and cytoplasmically loaded native proteins yield
peptide-MHC complexes on the cell surface. Except for the
signal sequence-associated peptides (56, 57, 66) and rare ex-
ceptions {58), presentation of endogenous peptides occurs in a
TAP-dependent manner. Whether a single obligatory cleavage
mechanism (such as the LMP2/LMP7 containing proteasome)
is the sole source of processed peptides or whether multiple
mechanisms converge to feed into the subsequent transport
step is an important unresolved question. That perfect-fit pep-
tides bypass the cleavage steps for presentation on the cell
surface allows the possibility that there could be more than one
mechanism supplying processed peptides. It is interesting that
redundancy in the proteolytic mechanisms was also indicated
by the antigen presentation function of cells lacking LMP2
and/or LMP7 (30-34). On the other hand, it is formally possible
that perfect-fit peptides are presented because they pass
through the proteolytic mechanism but without removal of any
residues. Further biochemical analysis of the fate of precursor
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proteins and their products is required to elucidate the nature
of these peptide cleavage and delivery mechanism. The model
systems described here provide the tools for such analysis.
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