
HLA-A2.1-Associated Peptides from a Mutant Cell the sequence XXDVPTAAV (Table 1 )  Be- 

Line: A Second Pathway of Antigen Presentation cause of their identical mass Leu and Ile 
cannot be distinguished under the condi- 
tions used, and are therefore designated 

ROBERT A. HENDERSON,' HANSPETER MICHEL,* with an X. The peptides at m/z 1011 and 
KAZUYASU SAKAGUCHI,' JEFFREY Smmowrrz, ETTORE APPELLA, 1211 also contained this sequence, These 
DONALD F. HUNT, VICTOR H. ENGELHARD two peptides contained an additional NH,- 

terminal Leuflle residue and the 1211 pep- 
Peptides extracted from HLA-A2.1 class I major histocompatibility complex (MHC) tide contained the additional residues QA at 
molecules expressed on the antigen processing mutant CEMx721.174.T2 were char- the carboxyl terminus. These sequences 
acterized by electrospray ionization-tandem mass spectrometry. Only seven dominant were found in only a single protein, IP-30, 
peptides were found, in contrast to over 200 associated with HLA-A2.1 on normal in which all of the Xs corresponded to Leu 
cells. These peptides were derived from the signal peptide domains of normal cellular residues (17). A fourth peptide at m/z 1056 
proteins, were usually larger than nine residues, and were also associated with had the sequence MXXSVPXXXG, and was 
HLA-A2.1 in normal cells. These results suggest that proteolysis of signal peptide represented in a single protein, calreticulin, 
domains in the endoplasmic reticulum is a second mechanism for processing and in which all of the Xs were Leu residues 
presentation of peptides for association with class I molecules. (18-20). A reported sequence motif com- 

mon to HLA-A2.1-associated peptides in- 

C LASS I MOLECULES OF THE MHC line T1, were analyzed for the presence and cludes a 9-amino acid length, Leu at position 
bind to peptides derived from intra- complexity of peptides by microcapillary 2, and an aliphatic hydrocarbon side chain 
cellular pathogens or normal cellular high performance liquid chromatography (Val, Leu, Ile, or Ala) at position 9 (5, 7). 

proteins, and present them to the immune (HPLC) and mass spectrometry (7, 16). The This motif is present in the nine-residue 898 
system (1-7). The characterization of anti- peptides isolated from T1 cells consisted of a peptide (underlined residues in Table 1). 
gen processing mutants has suggested a complex mixture, representing at least 200 Although the other three peptides are long- 
model wherein proteins are degraded in the different species [Fig. 1A and (7)]. We have er, each contains a Leu at position 2 and an 
cytoplasm, translocated into the endoplas- estimated that each of the 20 most prevalent aliphatic hydrocarbon side chain at position 
mic reticulum, and subsequently bound by peptides occupied between 0.3 and 1.2% of 9. The 1011 and 1211 peptides also contain 
newly synthesized class I molecules (8-14). the HLA-A2.1 molecules (7), and similar a Leu at position 3 and an aliphatic hydro- 
Studies with these mutants have also shown numbers were observed for the peptides carbon side chain at position 10, suggesting 
that peptide binding is critical for the stable extracted from T1. The extract of HLA- two possible modes of peptide binding. The 
cell surface expression of most class I mole- A2.1 purified from T2 contained an amount location of the conserved hydrocarbon side 
cules (1 1, 12, 14). However, certain allelic of material similar to that found in the T1 chains in the 1211 and 1056 peptides also 
forms of class I molecules continue to be extract (Fig. 1, B and D). This extract was suggests that they need not be the COOH- 
expressed on the surface (15). It has been dominated by seven major species that each terminal residue. 
unclear whether these molecules are ex- represented between 1 and 21% of the total IP-30 has been found in both extracellular 
pressed in the absence of peptides or wheth- HLA-A2.1 from which the peptides were and lysosomal locations (1 7), whereas calre- 
er they are associated with peptides that isolated (Fig. 1C and Table 1). These obser- ticulin is located in the lumen of the endo- 
arise through different mechanisms. We pre- vations indicate that the normal mixture of plasmic reticulum. The sequences corre- 
pared acid extracts from the HLA-A2.1 peptides does not associate with the HLA- sponding to these four HLA-A2.1- 
molecules that were expressed on the sur- A2.1 molecules expressed on T2, consistent associated peptides are found in the signal 
face of the antigen processing mutant with the antigen processing defect in these peptides that mediate translocation of these 
CEMx721.174.T2 (T2). With the use of cells. However, a small subset of peptides, proteins into the endoplasmic reticulum 
electrospray ionization-tandem mass spec- represented in relatively high quantities, is (Fig. 2). These results suggest the existence 
trometry, we show that these molecules found in association with these molecules. of a second mechanism capable of generat- 
contain bound peptide, and we provide Amino acid sequences of peptides identi- ing peptides that can associate with class I 
information on their complexity and se- fied in the T2 extracts were determined by MHC molecules that is distinct from the 
quence. The results suggest the existence mass spectrometry (7, 16). The peptide ob- described cytoplasmic pathway. We suggest 
of a second mechanism of peptide import served at mass-to-charge ratio (m/z) 898 has that the ability of this subset of peptides to 
into the endoplasmic reticulum for class I 
binding. 

Extracts of HLA-A2.1 molecules purified Fig. 1. Complexity of HLA- 
from cells of the antigen processing mutant p.l-assOciated peptides 

isolated from T1 and T2 '& T2, as well as from the normal parental cell HLA-m.l molecules ,- 5 0 -1 
were purified, acid extracts " 

400 600 800 1000 were prepared, and material 
50 100 150 

R. A. Henderson and V. H. Engelhard, Depamnent of equivalent to the extract 
Microbiolo and Beirne Carter Center for Immunolog- 
ical Charlottesville, ~esearcf university VA 22908. of Virginia School of Medicine, from on a lo' Finnigan-MAT was analyzed (San :;;El 20- 
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H. Michel, J.  Shabanowitz, D. F. Hunt, Department of Jose, California) TSQ-70, 5 \lOly 
Chemistry, University of Virginia, Charlottesville, VA triple quadmpole mass spec- 
22903. trometer equipped with an 400 600 600 1000 50 100 150 
K. Sakaguchi and E. Appella, Laboratory of Cell Biolo- M E  Mass spectrum number 
gy, National Cancer Institute, National Institutes of electrospray ion all 
Health, Bethesda, MD 20892. as described (7). The data in (A) and (C) represent ion chromatograms, whereas the data in (B) and (D) 

represent total ion signal, obtained by scanning m/z  values between 300 and 1500 every 2 s and 
*Contributions of these authors were equivalent and summing each of the spectra. (A) and (B) are material extracted from T1 and (C) and (D) are material 
their order should be considered arbitrary. extracted from T2. 
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Fig. 2. Location of peptide -31 
sequences in signal peptide IP-30 MDSRHTFAl 

domains of candidate source 
proteins. Source proteins 
and regions of homology 
were determined using re- Calreticulin 
lease 70 of Genbank (De- 
cember 1991). 

circumvent the antigen processing defect in 
T2 cells is due to their entry into the endo- 
plasmic reticulum as intact signal sequences 
during cotranslational protein translocation. 
These sequences are then cleaved by the 
signal peptidase and subsequently become 
associated with newly synthesized class I 
molecules. The COOH-terminus of the 
1211 peptide corresponds precisely to the 
COOH-terminus of the signal peptide, sug- 
gesting that this end of the peptide is gen- 
erated directly by the signal peptidase. The 
involvement of other proteases in the endo- 
plasmic reticulum c-ot be ruled out. 
However, the predominance of peptide se- 
quences from signal peptide domains, as 
opposed to internal sequences from proteins 
that are present in the lumen of the endo- 
plasmic reticulum, suggests that such prote- 
ases are at best inefficient participants in this 
pathway. 

We have also identified peptides in ex- 
tracts of normal cells that have m/z  values 

Table 1. Characteristics of HLA-A2.1- 
associated peptides expressed on T2 cells. 
Aliquots of extracted peptides corresponding to 
20 pmol of HLA-A2.1 (representing 2.5 x 10' 
T1 and 4 x 10' T2 cells) were analyzed by mi- 
crocapillary high-performance liquid chroma- 
tography (HPLC) and electrospray ionization- 
mass spectrometry. Yields are based on 
comparisons with synthetic peptide standards. 
Sequences were deduced from collision-activated 
dissociation mass spectra with the use of a triple 
quadrupole mass spectrometer (7, 16). Binding 
motif-related residues are underlined. Single 
letter abbreviations for the amino acid residues 
are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H,  His; I, Ile; K, Lys; L, Leu; M, Met; N, 
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, 
Val; W, Trp; and Y, Tyr. 

Peptide 
$eld 

Pep- (M+H)+ (fmol) Sequence* 
tide (m/z)  

*Leu and Ile cannot be differentiated on the triple 
auadruoole instrument and are therefore desienated with 
&I X. ' ?Also observed as a doubly  charge$(^+^)'+ 
ion at 112 this m/z value. +Observed as a triply 
charged (M+H)3+ ion at an m/z of 475, and as a doubly 
charged (M+H)'+ ion at an m/z of 712. 

-2 1 -11 -1 1 11 
?AAMTLSPLLLFLPPLLLLLDVPTAAVQA SPLQALDFFGNGPPVNYKT 

LLDVP TAAV 
LLLDVPTAAV 
LLLDVPTAAVQA 

-11 -1 1 11 
MLLSVPLLLGLLGLAVA EPAVYFKEQFLDGDGWTSR 
MLLSVPLLLG 

and HPLC elution characteristics appropri- 
ate for five of the seven major peptides 
associated with HLA-A2.1 in T2 cells (Ta- 
ble 1). Collision-activated disassociation 
(CAD) spectra have established that the 
sequences of the 101 1 and 1210 peptides in 
normal cells are identical to the peptides 
isolated from T2 cells (21). The peptides 
processed by this second pathway are asso- 
ciated with a larger fraction of the HLA- 
A2.1 molecules on T2 cells, presumably 
because there is no competition from pep- 
tides generated by the cytoplasmic pathway 
(Table 1). However, the relative amounts of 
the IP-30-derived 9-, lo-, and 12-residue 
peptides were similar in T2 and in normal 
cells. Thus, this second pathway for the 
generation of class I MHC-associated pep- 
tides appears to operate in normal cells as 
well. 

All naturally processed peptides previous- 
ly isolated from class I molecules have been, 
with a single exception (22), nine residues 
long (7, 23-25). This may reflect the bind- 
ing of the class I molecule to a larger pep- 
tide, which is then trimmed by a protease to 
a size that is protected from further diges- 
tion by the binding site (26). However, our 
data indicate that longer peptides bind to 
MHC molecules and are not necessarily 
trimmed further. On the other hand, mod- 
eling studies suggest that free NH,- and 
COOH-termini of nine-residue peptides can 
form additional hydrogen bonds with side 
chains in the class I binding site (6) and 
might therefore bind with particularly high 
affinity. For at least some sequences, nonam- 
ers bind to class I molecules with higher 
atKnity than longer related species (27-29). 
Consequently, the relative binding afTinity 
of the IP-304erived peptides was assessed 
in a competitive binding assay. Cells of the 
HLA-A2.1 expressing line JY were incubat- 
ed with the Ml,,.,, peptide of influenza 
virus in the absence or presence of various 
concentrations of synthetic peptides corre- 
sponding to the 898, 1011, and 1211 se- 
quences and then assayed for their ability to 
be lysed. AU three peptides inhibited equiv- 
alently at all concentrations tested (Fig. 3). 
These peptides had been rigorously pursed 
by HPLC and assessed for the presence of 
lower molecular weight contaminants prior 
to analysis. Taken together with the obser- 
vation that all three species are found in 
association with HLA-A2.1 in vivo, these 

results suggest that peptides longer than 
nine residues can bind to class I MHC 
molecules with af€inities similar to those of 
nonameric species. 

The relatively high affinity of the 1011 
and 1211 peptides could reflect an unusual 
interaction with the HLA-A2.1 binding 
site, and it remains possible that a nine- 
residue length is preferred for the majority 
of class I-associated peptides because of 
favorable binding inteiactions. Alternative- " 
ly, nonameric peptides may be preferentially 
generated by cytoplasmic proteases or pref- 
erentially transported into the endoplasmic 
reticulum. ~onetheless, peptides of different 
lengths that bind efficiently to class I mole- 
cules are clearly generated by this second 
processing and may also be gener- 
ated by the cytoplasmic pathway. The rela- 
tive proportion of such peptides is not yet 
clear, but peptides of longer or shorter 
length will almost tertainly be found to 
comprise particular T cell epitopes. 

The observation that HLA-A2.1 is excep- 
tional among human class I molecules in its 
ability to be expressed on the surface of T2 
cells (15) may reflect the importance of 
hydrophobic signal sequence residues in the 
motif that supports the binding of peptides 
to HLA-A2.1 (7, 30). The relatively low 
expression of other class I molecules on the 
surface of T2 may indicate that they use 
peptide binding motifs that are not well 
represented in signal peptides. Because most 
cells express many secreted and membrane- 
bound proteins with signal peptides, the 
small set of peptides that predominate in 
association with HLA-A2.1 mav reflect the 
level of protein expression or the rate at 
which appropriate signal peptide fragments 
are generated. Alternatively, as suggested 

+ LLDVPTAAV 
-LLLDVPTAAV - LLLDVPTAAVQA 

-SXPSNXGV 
-=-NO Competitor 
+-No Peptide 

O; 
I 

10 100 I000 
Competitor peptide (yM) 

Fig. 3. Binding of peptides to HLA-A2.1 mole- 
cules. JY cells were incubated with the M15748 
peptide of influenza A (6 pg/ml) in the presence 
or absence of the indicated concentration of com- 
petitor peptide in RPMI 1640 supplemented with 
5% newborn calf serum (Gibco) and 51Cr (50 
pCi) for 2 hours. Cells were washed and assayed 
for their sensitivity to lysis by the M1 peptide- 
specific, HLA-A2.1-restricted cytotoxic T lyrn- 
phocyte clone 5.2-16 (32) at an effector:target of 
10. Maximal release was determined in the pres- 
ence of 2 N HCI. Peptides whose sequences 
contain the letter X were synthesized with an 
equimolar mixture of Leu and Ile at that position. 
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above for the IP-30 peptides, this set of 
peptides may all share common sequence 
elements that confer an unusually high &- 
ity for HLA-A2.1. Despite the fact that the 
use of this second pathway is dominated by 
a few peptides in the case of HLA-A2.1, the 
number of peptide-MHC complexes neces- 
sary for T cell recognition is quite small (25, 
29, 31). Consequently, even signal peptides 
that are processed relatively inefficiently may 
be capable of generating peptide antigens 
that are expressed in association with HLA- 
A2.1 or other class I molecules and recog- 
nized during normal immune responses. 
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