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Antigens recognized by T cells are expressed as peptides bound to major histocom-
patibility complex (MHC) molecules. Microcapillary high-performance liquid chro-
matography—electrospray ionization—tandem mass spectrometry was used to fraction-
ate and sequence subpicomolar amounts of peptides isolated from the MHC molecule
HLA-A2.1. Of 200 different species quantitated, cight were sequenced and four were
found in cellular proteins. All were nine residues long and shared a distinct structural
motif. The sensitivity and speed of this approach should enhance the analysis of
peptides from small quantities of virally infected and transformed cells as well as those
associated with autoimmune disease states.

yroToxiC T LyMPHOCYTES (CTLs)
‘ are a part of the immune system
concerned with recognition of host
cells that express new antigens as a result of
viral infection or transformation. CTLs do
not recognize new antigens directly, but
only as short peptides bound to a deep cleft
in class I molecules of the MHC (1-3).
Newly synthesized viral and cellular proteins
are degraded into peptides in the cytoplasm,
transported to the endoplasmic reticulum
where they bind to class I molecules, and
then expressed on the cell surface (4-7).
Each of the allelic forms of the class I MHC
molecule binds to a complex mixture of
structurally distinct peptides (8, 9). Infor-
mation on the nature of these peptides has
been obtained from studies with synthetic
peptides (10-12) and from Edman degrada-
tion applied to unfractionated mixtures of
peptides extracted from five different class I
MHC molecules (8). Sequences of 11 pep-
tides extracted from HLA-B27 were identi-
fied after high-performance liquid chroma-
tography (HPLC) fractionation and Edman
degradation (9). Because HPLC was unable
to completely resolve the complex mixture,
this analysis could only be applied to the few
fractions that contained one or two domi-
nant peptides. Declining PTH (phenylthio-
hydantoin)-amino acid yields made it diffi-
cult to determine the exact number of
residues in several peptides.
We have applied microcapillary HPLC-
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electrospray ionization—tandem mass spec-
trometry to circumvent the above problems.
In a matter of hours, this technique deter-
mines the molecular mass and therefore
maximum length of each peptide compo-
nent, and the approximate number and
quantity of individual peptides. Sequence
information can be also obtained on subpi-
comolar amounts of peptides. We analyzed
the naturally processed peptides bound to
HLA-A2.1, one of the most widely distrib-
uted class I molecules within the human
population. The three-dimensional structure
of this molecule allows modeling of the
complex (2).

HLA-A2.1 molecules were purified by
immunoprecipitation from the human B
lymphoblastoid cell line CIR-A2.1. The as-
sociated peptides were released by acid ex-
traction and separated from HLA-A2.1 and

antibody by filtration. A “mock” extract was
prepared from an equal number of
Hmy2.CIR (CIR) cells, which do not ex-
press any HLA-A or -B products (13). Since
C1R-A2.1 is a transfectant of CIR, these
cell lines should be identical except for the
expression of HLA-A2.1. Extracts were
fractionated by microcapillary reversed-
phase HPLC and eluted directly into the
electrospray ion source of a triple quadru-
pole mass spectrometer (14). A broad band
of material was observed in the extract from
CIR-A2.1 (Fig. 1A), but not in the extract
from CIR (Fig. 1B). If all HLA-A2.1 mol-
ecules contain bound peptide, the total pep-
tide yield from 10® C1IR-A2.1 cells should
be roughly 20 pmol; we estimate that our
total yield of peptide was about 70 to 80%
of the amount expected. This provides evi-
dence that the material isolated for CI1R-
A2.1 cells by this method is specifically
associated with the HLA-A2.1 molecule.
Material with a nominal mass-to-charge
ratio (m/z) of 1121 was present in the
extract from CIR-A2.1 cells but not that
from CIR cells (Fig. 1 insets). By a similar
analysis, approximately 200 distinct ions
having a signal-to-noise ratio (S/N) of at
least 2 were observed in the material eluted
from CIR-A2.1 cells. Of these, 47% were
singly charged, 45% were doubly charged,
and 8% were triply charged. Calculated mo-
lecular masses ranged between 737 and
1370. Known quantities of synthetic pep-
tides added to cell extracts allowed quanti-
tation of peptides, and defined the lower
limit of detection (S/N = 2) as 30 fmol. Of
the 200 peptides detected, 10% were pre-
sent at 150 to 600 fmol per 10® cells,

Fig. 1. Total ion chromato-
grams of HILA-A2.1-associ-
ated peptides. CIR-A2.1
(A) or CIR (B) cells (2 x
10%) were solubilized in 20
mM tris, pH 8.0, 150 mM
NaCl, 1% NP-40, 2 mM
PMSEF, 100 pM iodoaceta-
mide, Aprotinin (5 pg/ml),
Leupeptin (10 pg/ml), Pep-
statin A (10 pg/ml), EDTA
(3 ng/ml), and 0.2% sodium
azide. After sample centrifu-
gation at 100,000¢ for 1
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hour, supernatants were im-
munoprecipitated with the
HILA-A2.1-specific mono-
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clonal antibody BB7.2 (30) and protein A-Sepharose (Sigma). Precipitates were extracted with 0.2 N
acetic acid. The supernatants were brought to pH 2.1 with glacial acetic acid and boiled for 5 min,
centrifuged through an Ultrafree-Cl unit (Millipore) with a nominal limit of 5 kD, and concentrated by
vacuum centrifugation. Mass spectra were recorded on a Finnigan-MAT TSQ-70 (San Jose, California)
triple quadrupole mass spectrometer equipped with an electrospray ion source and a C-18 microcap-
illary-HPLC column (75 wm by 10 cm) (14). The column was eluted with a gradient of 0 to 80%
acetonitrile in 0.5% acetic acid over 10 min at 1 to 2 pl/min. The electrospray needle was operated with
a voltage differential of 4 to 5 keV and a sheath flow of 2 to 4 pl/min of a 3:1 mixture of methanol:0.5%
acetic acid. Total ion signal from samples equivalent to 108 cells was obtained by scanning the range of
masses corresponding to m/z values between 300 and 1500 every 2 s and then summing each of the
spectra. Insets are plots of ion current for the peptide (M+H)* 1ons at m/z 1121 (nominal mass).
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whereas 90% were present at 30 to 150
fmol. By this measure, individual peptides in
the mixture represent between 0.08 and
1.2% of the total peptide bound. Depend-
ing on the cell, this would correspond to as
few as 100 complexes per cell or as many as
3000. These numbers are in accord with
estimates of the number of peptide-MHC
complexes required to stimulate T cells (12,
15, 16). However, 67 of the 200 peptides
detected carried two-thirds of the ion cur-

rent observed for this group. Thus, HLA-
A2.1 seems to be preferentially occupied by
a relatively small set of peptides. On the
other hand, the number of peptides detected
accounts for only 50% of the total ion
current. If the remaining undetected pep-
tides are all present at amounts near that of
the background, the total number of differ-
ent peptides presented by HLA-A2.1 could
easily exceed 1000.

Table 1 shows a partial list of data ob-

Relative abundance (%)

Ixe

600

1000

Fig. 2. CAD mass spectrum of peptide (M+H)™* ions at m/z 1121 using 100 to 300 fmol of material
derived from 2 x 10® cells. Predicted masses for fragment ions of types b and y (17) are shown,
respectively, above and below the deduced amino acid sequence. Ions observed in the spectrum are
underlined. Subtraction of m/z values for any two fragments that differ by a single amino acid generates
a value that specifies the mass and thus the identity of the extra residue in the larger fragment. Residues
5 to 9 were deduced from fragments of type b, whereas residues 3 to 5 were defined by fragments of
type y. CAD spectra recorded on additional aliquots of the sample mixture that had either been
subjected to a single cycle of Edman degradation (17) or treated with methanolic-HCl to convert
peptides to their corresponding methyl esters (17) confirmed the order of the first two amino acids as
Thr and Leu/lle, and the presence and location of the two acidic residues in the peptide. Total sample
consumed in these analyses corresponded to the extract from 2 x 10° cells. Since Ile and Leu are of
-identical mass, they cannot be differentiated on the triple quadrupole instrument and are specified here

as Lxx.

Table 1. Partial listing of data for peptides extracted from HLA-A2.1. HLA-A2.1 was purified

and acid extracts prepared from the cell lines

JY, C1R-A2.1, and CIR as outlined in Fig. 1.

Aliquots corresponding to 10? cells were analyzed by microcapillary HPLC-electrospray ionization—

mass spectrometry. Signals represent measured

ion current. Synthetic peptides corresponding to

sequences 8 and 14, doped at 1 pmol into samples, gave signals of 60 X 10° to 70 x 10°, whereas
background noise gave a signal of 1 x 10°. Sequences were deduced as in Fig. 2. Single letter

abbreviations for the amino acid residues are: A,

Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,

His; 1, 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.
JY CIR-A2.1 CIlR
Pep- (M+H)* Se . Database
tide  (m/z)  Signal Yield Signal Yield Signal quence match
(x10%) (fmol) (x10% (fmol) (x10%)
1 786 9.1 137 2.0 30 -t SXPSGGXGV
2 868 27 41 7.9 119 -
3 871 2.9 44 6.1 98 -
4 898 11.9 179 15.8 237 - XXDVPTAAV LLDVPTAAV
5 903 4.7 71 11.8 177 -
6 930 4.9 74 - - - GXVPEXVSV
7 945 11.8 177 3.1 47 -
8 954 11.9 179 25 38 - SXXPAXVEX  SLLPAIVEL
9 971 85 128 44 66 -
10 994 6.2 93 - - -
11 999+ 35 53 - - - SXXVRAXEV
12 1018+ 4.3 65 25 38 -
13 1037% 10.0 150 7.3 110 - KXNEPVXXX
14 1038+ 394 591 8.1 122 - YXXPAXVHX  YLLPAIVHI
15 1064 8.1 122 35 53 -
16 1095 52 78 - - -
17 1098 2.3 35 - - -
18 1115 114 171 2.9 44 -
19 1121 6.4 320§ 20 100§ - TLWVDPYEV TLWVDPYEV
*Leu and Ile are not distinguishable by tandem mass spectrometry, and are designated X. tSignal was at or below
background.  $Observed as a double charged, (M+H)?* ion at half of this m/z value.  §Signal obtained from

1 pmol of this synthetic standard added into sample was 2 x 10°.
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tained on peptides chosen at random from
the more than 200 species observed. Four-
teen of the peptides were in extracts of
immunoprecipitates from both C1R-A2.1
and another HLA-A2.1—expressing cell line,
JY, but not in extracts from CIR cells. Five
others afforded relatively weak signals in
extracts from the JY cells but were undetec-
ted in extracts from either C1R-A2.1 or
CIR cells. To obtain sequence information,
(M+H)* and (M+2H)?" ions were sub-
jected to collision-activated ~dissociation
(CAD) on the triple quadrupole mass spec-
trometer (17). Representative results for the
(M+H)™ ion at m/z 1121 (peptide 19) are
shown in Fig. 2. Complete sequences for 8
peptides in Table 1 have been obtained;
partial sequences have been obtained on 11
others. Each of the completely sequenced
peptides is a nonamer and contains either
Leu or Ile at position 2. Since Ile and Leu
are of identical mass, they cannot be differ-
entiated on the triple quadrupole instru-
ment. Leu was considered a “dominant res-
idue” at position 2 in unfractionated peptide
mixtures isolated from HLA-A2.1 (8). For
peptide 19, a definitive assignment of Leu at
position 2 was established by adding syn-
thetic peptides containing Leu or Ile at this
position to the cell extract, and demonstrat-
ing that only the Leu-containing peptide
coeluted from a microcapillary HPLC col-
umn with the naturally processed species.
For the 19 peptides for which COOH-
terminal information is available, all end in
residues with aliphatic hydrocarbon side
chains: nine terminate in Val, eight in Leu/
Ile, and two in Ala [Table 1 and (18)]. Only
Val was categorized as “dominant” based on
the pool sequencing technique (8). No other
residues were present at any position in
more than 50% of the peptides. None of the
sequences in Table 1 contains Met at posi-
tion 2, Lys at position 4, Val at position 6,
or Lys at position 8, assignments that were
considered “strong” in analysis of pooled
peptides (8).

The length of the peptides bound to
HLA-A2.1 is identical to that of peptides
bound to HLA-B27 (9) and inferred for
other class I molecules (12). This could
reflect the mechanism by which these pep-
tides were generated, or their ability to bind
with particularly high affinity (3, 19). How-
ever, the motif for peptides bound to HLA-
A2.1 is different from that of peptides
bound to HLA-B27. Position 2 was also the
most conserved in the peptides isolated from
HLA-B27, but was an Arg (9). This residue
is suggested to interact with negatively
charged Glu*® in the B pocket of the HLA-
B27 antigen binding site (3). In HLA-A2.1,
this pocket is hydrophobic and is capable of
accommodating a Leu or an Ile side chain
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Fig. 3. Synthetic peptides

Peptide S
corresponding to sequenced

peptides bind to HLA- 1 SXPSGGXGV
A2.1. Synthetic peptides are 1 SXPSN_xav
referenced by the numbers A SXOVE R AAN]

8 GXVPFXVSV

in Table 1. JY cells were

incubated with the M15,.45 8 SLLPAIVEL

peptide of influenza A (8 :; by gy

KXNEPVXLL
pg/ml), in the presence or 14 YLLPAIVHI
absence of one of the syn- 19 TXWVDPYEV
thetic peptides (200 p.g/ml) 19 VDWVDPYEV
as a competitor, in a total 19 VNWVDPYEV

volume of 250 pl of RPMI No M1 Peptide

1640 containing 5% new-
born calf serum and 50 nCi
of 51Cr for 3 hours. Washed
target cells (2 x 103) were

e
No Competitor

10 20 30 40 50 60
Specific lysis (%)

incubated in 200 pl with either an M1 peptide-specific, HLA-A2.1-restricted CTL clone 5.2-11 (31)
(filled bars) or an HLA-A2.1-specific human alloreactive CTL line (stippled bars) at an effector to
target ratio of 1.25:1. Data are the means of duplicate samples with an SD of less than 5% and are
representative of at least three independent experiments.

(2). In addition, positively charged residues
predominate at position 9 in peptides asso-
ciated with HLA-B27, and this residue was
suggested to interact with Asp''® in the F
pocket. In HLA-A2.1, position 116 is a Tyr,
rendering the F pocket smaller and more
hydrophobic. Based on these considerations
and the similarity of the electron density
corresponding to peptide in these two mol-
ecules (2, 3), we suggest that interactions of
Leu or Ile at position 2 with the B pocket,
an aliphatic side chain at position 9 with the
F pocket, and perhaps a nine-residue length
are the primary determinants of peptide
binding to HLA-A2.1.

The eight completely sequenced peptides
in Table 1 were synthesized in order to
demonstrate that the peptides identified ac-
tually bound to HLA-A2.1. When no com-
plete match to a sequence in the protein or
gene databases was found (below), a mix-
ture of Leu and Ile was incorporated at
positions specified by X. Cells of the HLA-
A2.1-expressing line JY were incubated
with the Ml;, 3 peptide of influenza A
virus in the absence or presence of a 16- to
20-fold molar excess of one of the compet-
itor peptides and assayed for their ability to
be lysed by an M1 peptide-specific, HLA-
A2.1-restricted CTL clone. All eight pep-
tides inhibited recognition under these cir-
cumstances but had no effect on recognition
by a human alloreactive CTL line that is
specific for HLA-A2.1 (Fig. 3). Thus, these
synthetic peptides bind to HLA-A2.1 in
vitro, which confirms their association with
HLA-A2.1 in intact cells. Additional pep-
tides were synthesized in which two Gly
residues at positions 5 and 6 in peptide 1
were replaced by a single Asn to produce an
octamer, or the Thr and Leu in positions 1
and 2 of peptide 19 were substituted with
Val and Asn or Val and Asp. None of these
peptides blocked recognition, indicating
that a nine-residue length, the presence of
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Leu or Ile at position 2, and perhaps a polar
residue at position 1 are important features
for peptide binding.

To identify possible precursor proteins
for these peptides, gene and protein se-
quence databases were searched in a manner
that allowed X residues to be assigned as
either Leu or Ile. Only four peptides gave
100% matches with proteins in the library
(Table 1). All of the sequences contain Leu
at position 2, although Ile is often found at
other positions. A match for peptide 8 oc-
curs in the 65-kD « and B regulatory sub-
units of human protein phosphatase 2A and
in a highly homologous human transforma-
tion-associated protein, p61. Both are cyto-
plasmic proteins and p61 represents only
0.01 to 0.02% of the total cellular protein
(20). A match for peptide 14 appears in the
human nuclear protein p68, which exhibits
RNA-dependent adenosine triphosphatase
activity and RNA unwinding activity (21).
A different sequence from this protein is
found in a peptide bound to HLA-B27 (9).
A match for peptide 19 is found in TIS21, a
protein of unknown function that is a mem-
ber of the primary response group of genes
induced by growth factors (22). Finally, a
match for peptide 4 is found in the human
protein IP-30, the expression of which is
induced by gamma interferon (23). This
precursor sequence is unique among all nat-
urally processed peptides described to date
in that it is located in the signal peptide
domain of the protein. This peptide is also
bound to HLA-A2.1 molecules expressed
on CEMx721.174(T2) (24), a mutant cell
line defective in the normal antigen process-
ing pathway (6, 7). This result suggests a
second pathway through which peptides can
enter the endoplasmic reticulum and associ-
ate with MHC class I molecules.

Peptides derived from the processing of
normal cellular proteins located in the cyto-
plasm have been implicated in the correct

folding and intracellular transport of class I
molecules (6, 7) and in the epitopes recog-
nized by alloreactive T cells (25-28). The use
of tandem mass spectrometry for the direct
analysis of these peptides has enhanced our
knowledge of peptide-MHC interactions
and the cellular processes that regulate for-
mation of these complexes and should allow
the direct identification of peptides that are
alloreactive T cell epitopes. Peptides associ-
ated with class II MHC molecules can also
be characterized by the above approach (29).
This same methodology should also facili-
tate identification of peptide antigens asso-
ciated with viral infection, cellular transfor-
mation, and autoimmunity.
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