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We have recently isolated a rhesus macaque cytotoxic T cell line, 2N5.1, that specifically recognizes an N-myristoylated 5-mer
peptide (C,,-Gly-Gly-Ala-Ile-Ser [C14nef5]) derived from the simian immunodeficiency virus (SIV) Nef protein. Such C14nef5-
specific T cells expand in the circulation of SIV-infected monkeys, underscoring the capacity of T cells to recognize viral lipopep-
tides; however, the molecular basis for the lipopeptide antigen presentation remains to be elucidated. Here, functional studies
indicated that the putative antigen-presenting molecule for 2N5.1 was likely to have two separate antigen-binding sites, one for
interaction with a C,,-saturated acyl chain and the other for anchorage of the C-terminal serine residue. Mutants with alanine
substitutions for the second glycine residue and the fourth isoleucine residue were not recognized by 2N5.1 but interfered with
the presentation of C14nef5 to 2N5.1, indicating that these structural analogues retained the ability to interact with the antigen-
presenting molecules. In contrast to the highly specific recognition of C14nef5 by 2N5.1, an additional cytotoxic T cell line, SN45,
established independently from a Cl14nef5-stimulated T cell culture, showed superb reactivity to both C14nef5 and an N-myris-
toylated Nef 4-mer peptide, and therefore, the C-terminal serine residue was dispensable for the recognition of lipopeptides by
the SN45 T cells. Furthermore, the mutants with alanine substitutions were indeed recognized by the SN45 T cells. Given that
N-myristoylation of the Nef protein occurs in the conserved motifs and is critical for viral pathogenesis, these observations pre-

dict that the lipopeptide-specific T cell response is difficult for viruses to avoid by simply introducing amino acid mutations.

Modern immunology has established a central paradigm for
antigen (Ag) presentation that major histocompatibility
complex (MHC) class I and class I molecules bind peptide Ags
and present them to CD8" and CD4 ™" T cells, respectively (1). The
important role of MHC-restricted T cells in various aspects of
acquired immunity has been noted, and effective protein vaccines
have been developed to control many infectious diseases. Subse-
quently, the repertoire of Ags recognized by T cells has been ex-
panded to include not only proteins, but also lipidic molecules.
Human group 1 CD1 molecules (CD1a, -b, and -c) are capable of
binding glycolipids and presenting them to T cells. Such glycolip-
id-specific group 1 CD1-restricted T cells have been shown to
expand significantly in response to mycobacterial infections, and a
role for them in controlling intracellular microbes has been sug-
gested (2-5).

Unlike bacteria, viruses do not possess their own lipids, and
thus, lipid-specific adaptive immunity may not function effi-
ciently against viral infections. However, viruses can indeed bio-
synthesize their own lipopeptides by utilizing the host cellular
machinery. Human (HIV) and simian (SIV) immunodeficiency
viruses borrow the host-derived N-myristoyl-transferase and its
substrate, myristoyl-coenzyme A (CoA), for coupling a saturated
C,, fatty acid (myristic acid) to the N-terminal glycine residue of
theNefprotein (6). Thislipidation reaction, referred to as N-myris-
toylation, is a key modification for anchoring the Nef protein to
the plasma membrane, thereby assisting its immunosuppressive
activity (7). Interestingly, our previous study indicated that the
host-acquired immunity was equipped with cytotoxic T cells ca-
pable of monitoring the N-myristoylation of the Nef protein (8).
A rhesus macaque CD8 ™ T cell line, 2N5.1, specifically recognized
an N-myristoylated, but not unmodified, 5-mer peptide of the SIV
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Nef protein. Furthermore, the number of N-myristoylated Nef
peptide-specific T cells was increased significantly in the circula-
tion of SIV-infected monkeys, and the plasma viral load in in-
fected monkeys was found to correlate reciprocally with the num-
ber of lipopeptide-specific T cells (8). Taken together, these results
point to an intriguing possibility that, in addition to peptides and
lipids, viral lipopeptides may comprise a new repertoire of Ags
recognized by host T cells.

To gain insight into the molecular basis for lipopeptide Ag
presentation, we established an additional CD8* T cell line, SN45,
independent of 2N5.1, that recognized the same N-myristoylated
5-mer peptide. A comparative study of the two T cell lines detected
different molecular patterns for the recognition of lipopeptide
Ags. Strikingly, the mutant with a C-terminal serine deletion and
the mutants with alanine substitutions of the N-myristoylated
5-mer peptide were recognized by the SN45 T cells, suggesting that
pathogenic viruses may find difficulties in escaping from the lipo-
peptide-specific T cell responses by simply introducing amino
acid mutations.
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C14nef3 C14nefd4 C14nef5 C14nef6
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501.29 557.36 669.48 725.54
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FIG 1 Synthetic lipopeptides used in this study. The names and the chemical
structures are shown. The monoisotopic mass of each compound, as well as the
observed m/z of the [M + H] ™" (in parentheses), are also shown.

MATERIALS AND METHODS

Synthesis of lipopeptide Ags. Chemical reagents were purchased from
Nacalai Tesque (Kyoto, Japan) unless otherwise indicated. The lipopep-
tide Ags listed in Fig. 1 were synthesized as described previously (8).
Briefly, peptides were synthesized by a manual 9-fluorenylmethoxy car-
bonyl (Fmoc) solid-phase peptide synthesis technique using Wang resin
precoupled with a relevant C-terminal amino acid (EMD Chemicals,
Gibbstown, NJ). Acylation was carried out by reacting the N-terminal
amino acid group with acid anhydrides prepared with N,N’-diisopropyl-
carbodiimide, followed by the release of the acylated peptides in 95%
trifluoroacetic acid. Purification of the crude samples was performed by
high-performance liquid chromatography (HPLC) with a gradient elu-
tion based on water and methanol with 0.1% trifluoroacetic acid. After
freeze-drying, the purified samples were subjected to liquid chromatog-
raphy (LC)-mass spectrometry, using a C,¢ column (GL Sciences, Tor-
rance, CA) with a solvent system of water and methanol with 0.1% formic
acid. The observed m/z of the [M + H]™ for each purified sample was
consistent with the monoisotopic mass (Fig. 1), thus confirming the iden-
tity of the synthesized lipopeptides.

Establishment of lipopeptide-specific rhesus macaque T cell lines
and flow cytometric analysis. The C,,-Gly-Gly-Ala-Ile-Ser (Cl4nef5)-
specific T cell line 2N5.1 was described previously (8). Another Cl4nef5-
specific T cell line, SN45, was obtained independently from a SIV-infected
monkey (MM521). Peripheral blood mononuclear cells (PBMCs) (1.2 X
107/well) were cultured with Cl4nef5 at a concentration of 5 pg/ml, and
antigenic stimulation was repeated every 2 weeks in the presence of irra-
diated autologous PBMCs. Interleukin 2 (IL-2) was added at 0.3 nM after
the second stimulation, and the concentration was gradually increased to
3 nM by the fourth stimulation. RPMI 1640 medium (Invitrogen, Carls-
bad, CA) supplemented with 10% heat-inactivated fetal calf serum (FCS)
(HyClone, Logan, UT), 2-mercaptoethanol (Invitrogen), penicillin, and
streptomycin was used for T cell culture. The expression of T cell
markers on the T cell line was analyzed by flow cytometry, as described
previously (8).

T cell assays. T cells (5 X 10*/well) were incubated with each synthetic
lipopeptide (5 pg/ml) in the presence of irradiated autologous or alloge-
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FIG 2 Specific recognition of C14nef5 by SN45. (A) The surface expression of
T cell markers was analyzed for SN45 by flow cytometry (filled histograms). A
dashed line in each panel indicates a negative-control histogram. (B) SN45 T
cells (5 X 10*/well) were stimulated with the indicated Ags (5 pg/ml) in the
presence of irradiated autologous PBMCs (3 X 10°/well), and the amount of
IFN-vy released into the culture medium was measured. Assays were performed
in triplicate, and mean values and standard deviations (SD) are shown.

neic PBMCs (3 X 10°/well), using 96-well flat-bottom microtiter plates.
In some experiments, irradiated allogeneic PBMCs (2 X 10°/well) were
preincubated for 30 min with test competitors (0.5 pg/ml or 5 pg/ml),
and then, responder T cells (5 X 10*/well) and C14nef5 (50 ng/ml) were
added. After 24 h, aliquots of the culture supernatants were collected, and
the amount of either gamma interferon (IFN-vy) or granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) released into the medium
was measured using Mabtech ELISA kits (Nacka Strand, Sweden). To
examine if the T cell response might be mediated by MHC or CD1 mole-
cules, PBMCs (3 X 10°/well) were incubated with saturating amounts (5
pg/ml) of monoclonal antibodies (Abs) to CD1a (10H3), CD1b (b3.1),
CDl1c (M241), MHC class I (W6/32), and MHC class II (L243) or nega-
tive-control Ab (P3) for 20 min before the addition of responder T cells
(5 X 10*/well) and the C14nef5 Ag (5 wg/ml). Alternatively, the LLC-MK2
rhesus macaque kidney epithelial cell line was transiently transfected with
rhesus macaque group 1 CD1 genes (CDIA, CDIB, and CDIC) (9) or
MMS521-derived MHC class I genes (Mamu-AI1*02, Mamu-A1*110, and
Mamu-B*56) and used as Ag-presenting cells (2.5 X 10*/well) in the T cell
assays described above.

TCR cloning. T-cell receptor (TCR) cloning was performed by the
inverse-PCR method (10, 11). Briefly, total RNA was extracted from 1 X
10° T cells, and oligo(dT)-primed double-stranded cDNA was synthe-
sized from 0.25 g of the total RNA using PrimeScript reverse transcrip-
tase (TaKaRa Bio, Inc., Otsu, Japan), RNase H (New England BioLabs,
Inc., Ipswich, MA), Escherichia coli DNA polymerase I (New England
BioLabs, Inc.), and E. coli DNA ligase (New England BioLabs, Inc.), fol-
lowed by treatment with T4 DNA polymerase (New England BioLabs,
Inc.) for blunt-end formation. The blunt-ended DNA was then circular-
ized with T4 DNA ligase (New England BioLabs, Inc.) and used as a tem-
plate for inverse PCR with a pair of Ca- or Cf3-specific primers oriented in
opposite directions. The primers used were as follows: TCRa forward,
5'-GGG TCG ACG ACC TCA TGT CTA GCA CAG T-3'; TCRa reverse,
5'-GCA TGC GGC CGC CCT GCT ATG CTG TGT ATC-3"; TCRp for-
ward, 5'-GGG TCG ACA CAG CGA CCT TGG GTG GG-3"; TCRP re-
verse, 5'-GCA TGC GGC CGC GGT CAA GAG AAA GGA TTC-3'. The
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TABLE 1 TCR usage of 2N5.1 and SN45

Sequence”
T cell line Genes Va AY%¢) Junction Ja 1B
TCRa
2N5.1 TRAV35-TRAJ54 GTYFCAG QNW GAQKLVEG
SN45 TRAV4-TRAJ6 VYYCLVG GGGYVLTFG
TCRB
2N5.1 TRBV27-TRBJ27 YLCASSY SGQA YEQYFGP
SN45 TRBV3-TRBJ27 YFCASSQ DLGAGEV YEQYFGP

@ The TCR usage of the two T cell lines was determined by inverse PCR, and the deduced amino acid sequences of the junctional regions are shown.

amplified TCR genes were cloned into pBlueScript II (Stratagene, La Jolla,
CA). More than 10 clones were sequenced, using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA).

Animals. The rhesus macaques (Macaca mulatta) used in this study
were treated humanely in accordance with institutional regulations, and
the experimental protocols were approved by the Committee for Experi-
mental Use of Non-Human Primates at the Institute for Virus Research,
Kyoto University. For infection, STVmac239 (12) was inoculated intrave-
nously at a dose of 2,000 50% tissue culture-infective doses (TCIDs).

Nucleotide sequence accession numbers. Sequences were deposited
in the DDBJ/GenBank/EMBL databases under the following accession
numbers: AB701289 (2N5.1 « chain), AB701290 (2N5.1 B chain),
AB701291 (SN45 « chain), and AB701292 (SN45 B chain).

RESULTS
Establishment of an additional C14nef-specific T cell line, SN45.
We had previously isolated a rhesus monkey T cell line, 2N5.1,

that specifically recognized the N-myristoylated 5-mer lipopep-
tide (Cl4nef5) derived from the SIV Nef protein (8). Another
Cl4nef5-specific T cell line, termed SN45, was obtained indepen-
dently by repeated stimulation of rhesus macaque PBMCs with
Cl4nef5. As for 2N5.1 (8), the SN45 T cells were CD4~ and
CD8a™" (Fig. 2A), and produced IFN-v in response to Cl4nef5,
but no response was observed when myristic acid and the 5-mer
peptide were added as a free form (Fig. 2B). Therefore, the SN45 T
cells specifically recognized the 5-mer peptide that was conjugated
covalently with myristic acid.

The TCR usage of 2N5.1 and SN45 was determined by inverse
PCR, in which the TCR genes were randomly cloned and se-
quenced. For both T cell lines, a single pair of TCR « and 3 chains
was detected, suggesting that the cell lines were clonal. Both T cell
lines expressed distinct Va and V3 families and exhibited clono-
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FIG 3 Involvement of MHC and CD1 molecules in the recognition of C14nef5 by 2N5.1 and SN45. Autologous PBMCs (3 X 10°/well) were preincubated with
a saturating amount (5 pg/ml) of the indicated Abs and cultured with 2N5.1 (A and B) and SN45 (C) T cells (5 X 10*/well) in the presence (+) or absence (—)
of C14nef5 (5 pg/ml). Note that these Abs were used to block relevant human T cell responses specifically and are known to recognize the corresponding monkey
molecules efficiently (9, 23-26). nega. cont., negative control. (D and E) The LLC-MK2 rhesus macaque cell line was transiently transfected by lipofection with
rhesus macaque CD1 genes or MM521-derived MHC class I genes (Mamu-A1*02, Mamu-A1%*110, and Mamu-B*56) and tested for the ability to present C14nef5
to 2N5.1 (D) and SN45 (E). The transfection efficiency was approximately 50%, as determined by flow cytometric analysis of CD1-transfected cells labeled with

relevant anti-CD1 Abs. The error bars indicate standard deviation (SD).
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typic variations in the junctional region, except for the SN45
TCRa chain, which was germ line encoded without N additions
(Table 1). Therefore, the recognition of the C14nef5 lipopeptide
by 2N5.1 is unlikely to be mediated by invariant-type TCRs. It
remains to be addressed whether SN45 may represent a new subset
of semi-invariant TCR-expressing cells, but obviously, the cells
are distinct from the CD1d-restricted, Va24™ natural killer (NK)
T cells (13). Ab-blocking experiments suggested that none of the
classical MHC molecules and group 1 CD1 molecules could me-
diate the lipopeptide Ag presentation to 2N5.1 (Fig. 3A and B) and
SN45 (Fig. 3C). Furthermore, rhesus macaque cell transfectants
expressing rhesus macaque group 1 CD1 molecules (CD1a, CD1b,
and CD1c) and those expressing MM521-derived MHC class I
molecules (Mamu-A1*02, Mamu-A1*110, and Mamu-B*56)
failed to present C14nef5 to the T cell lines (Fig. 3D and E). There-
fore, the molecular identity of the Ag-presenting molecules for the
Cl4nef5 lipopeptide has not yet been determined, but as shown
below, functional studies predicted that two discernible molecules
exist in rhesus macaques that are capable of presenting N-myris-
toylated peptides to T cells.

2N5.1, but not SN45, was stimulated by all the donors tested.
While the presentation of peptide Ags to T cells is mediated by
highly polymorphic MHC molecules, the activation of glycolipid-
specific T cells depends on non-MHC-encoded molecules of the
CD1 family that are virtually monomorphic. To gain insight into
the yet unidentified Ag-presenting molecules for the Cl4nef5 li-
popeptide, we wished to determine if the restriction elements for
the two lipopeptide-specific T cell lines might be shared function-
ally among individuals. Allogeneic PBMCs derived from all 9 do-
nor rhesus macaques tested could present the C14nef5 lipopeptide
Ag to 2N5.1 (Fig. 4A). In sharp contrast, only a single donor
(MM460), and not the other 2 donors (MM450 and MM499), was
capable of presenting Cl4nef5 to SN45 (Fig. 4B). The superb ca-
pacity of MM450- and MM499-derived PBMCs to present Agto T
cells was confirmed by demonstrating that the two donors were
able to present Cl4nef5 to 2N5.1 (Fig. 4A). Studies of 8 additional
monkeys revealed that two donors (MM1774 and MM1795), but
not the other 6, could present the Ag to SN45 (Fig. 4C), indicating
that the capacity to activate SN45 was not shared broadly among
the subjects. Thus, these results suggested that the Ag-presenting
molecules for 2N5.1 and SN45 were different.

Distinct patterns of Ag recognition by 2N5.1 and SN45. We
then compared the two Cl4nef5-specific T cell lines in terms of
their abilities to recognize an array of related compounds. We first
examined whether the T cell lines might differentially recognize
Ags with altered peptide lengths and amino acid compositions.
Both cell lines were obtained by repeated stimulation with
Cl4nef5 in an in vitro culture, and the 2N5.1 T cells faithfully
recognized Cl4nef5, but not N-myristoylated 3-mer (Cl4nef3;
C,4,-GGA), 4-mer (Cl4nef4; C,,~-GGAI), and 6-mer (Cl4nef6;
C,4,-GGAISM) peptides of the Nef protein (Fig. 5A, left) (8). Fur-
thermore, an alanine substitution (underlined) for either the sec-
ond glycine residue (C,,-GAAIS) or the isoleucine residue (C, 4-
GGAAS) of Cl4nef5 resulted in total abrogation of the antigenic
activity (Fig. 5B, left) (8). In sharp contrast, the SN45 T cells rec-
ognized Cl4nef4, as well as Cl4nef5 (Fig. 5A, right), and were
capable of reacting to the mutated Ags, albeit less efficiently to
C,4,-GGAAS (Fig. 5B, right).

We next addressed whether the length of the acyl chain impacts
the efficiency of T cell activation. Pentamer Nef peptides conju-
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FIG 4 Responses of 2N5.1 and SN45 to Cl4nef5 in the presence of either
autologous or allogeneic PBMCs. MM450-derived 2N5.1 T cells (A) and
MM521-derived SN45 T cells (B) were stimulated with C14nef5 (+) or un-
stimulated (—) in the presence of irradiated autologous or allogeneic PBMCs.
The amount of IFN-y released into the medium was measured as for Fig. 2B.
(C) For SN45, additional studies were performed with 8 allogeneic donors, and
the amount of GM-CSF released into the medium was measured. The error
bars indicate SD.

gated with either shorter saturated fatty acids (Cénef5 and
C10nef5) or longer saturated fatty acids (C18nef5 and C22nef5)
were synthesized and tested for the ability to stimulate the T cell
lines. As shown in Fig. 5C, both 2N5.1 (top) and SN45 (bottom)
exhibited the highest reactivity to the authentic Ag with a satu-
rated C,, fatty acid. It was also noted that, whereas SN45 failed to
respond to any of the altered Ags tested (Fig. 5C, bottom), 2N5.1
showed moderate reactivity to C10nef5 (Fig. 5C, top).
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FIG 5 Responses of 2N5.1 and SN45 to an array of synthetic lipopeptides. (A) 2N5.1 (left) and SN45 (right) T cells were stimulated with either the N-
myristoylated Nef 3-mer (Cl4nef3), 4-mer (Cl4nef4), 5-mer (Cl4nef5), or 6-mer (C14nef6) peptide, and the IFN-y response of the T cells was measured. (B)
T cells were stimulated with C14nef5 (C,,-GGAIS) or each of the mutants with alanine substitutions (C,,~-GAAIS and C,,-GGAAS), and the IFN-v response of
the T cells was measured. The error bars indicate SD. (C) 2N5.1 (top) and SN45 (bottom) T cells were stimulated with a Nef 5-mer peptide that was either
unconjugated (C,) or conjugated with a saturated Cg, C,, C, 4, C;5, or C,, fatty acid, and the IEN-y response of the T cells was assessed. The ratio of each response

to the response to Cl4nef5 is shown as the antigenic activity.

A role for the C14nef5 serine residue in lipopeptide Ag pre-
sentation. SN45 recognized both Cl4nef4 and Cl4nef5 (Fig. 5A),
suggesting that the C-terminal serine residue of C14nef5 was dis-
pensable for the activation of the T cells. On the other hand, 2N5.1
recognized Cl4nef5, but not C14nef4 (Fig. 5A), which pointed to
a critical role for the serine residue either as an anchoring residue,
as part of the T cell epitope, or both. We favored the hypothesis
that the serine residue of C14nef5 functions as an anchoring resi-
due because it was shared among many N-myristoylated proteins.
We reasoned that if this was the case, even an excess amount of
Cl4nef4 could not replace Cl4nef5 at the Ag-binding site. To
address this directly, Ag-presenting cells were preincubated with
excess amounts of Cl4nef4, and then the 2N5.1 T cells and the
authentic Cl4nef5 Ag were added to the culture. As predicted,
Cl4nef4 (C,,-GGAI) failed to interfere with the 2N5.1 T cell re-

A B C D
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FIG 6 Inhibition of the response of 2N5.1 to Cl4nef5 by competitors. Irradi-
ated autologous PBMCs were preincubated with excess amounts of the indi-
cated blockers, for which mutated residues are underlined, and then the 2N5.1
responder cells and the C14nef5 Ag were added to the culture as described in
Materials and Methods. After 24 h, the culture supernatants were collected,
and the amount of [FN-y released into the medium was measured. The error
bars indicate SD.
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sponse to Cl4nef5 (Fig. 6A). In sharp contrast, preincubation
with excess amounts of the mutants with alanine substitutions
(underlined) (C,,-GAAIS and C,,~-GGAAS) resulted in dose-de-
pendent inhibition of the 2N5.1 cell response to C14nef5 (Fig. 6B
and C, respectively). Therefore, the C-terminal serine residue
played a critical role in the activation of 2N5.1 cells and likely
mediated an anchoring function. Furthermore, we found that ex-
cess amounts of the 5-mer peptide with a short acyl chain (Cé-
GGALIS) failed to block the response of 2N5.1 and SN45 T cells to
Cl14nef5 (Fig. 6D and data not shown). Taken together, these re-
sults, obtained from inhibition experiments with an array of
blockers, indicated that, whereas the attached myristic acid was
important for the activation of both T cell lines, the C-terminal
serine residue played a different role.

DISCUSSION

The analysis of the two CD8™" T cell lines, 2N5.1 and SN45, that
recognized the same lipopeptide Ag, Cl4nef5, revealed their
shared and unshared properties, allowing us to grasp the molecu-
lar basis for lipopeptide Ag presentation and T cell activation (Fig.
7). One of the most remarkable similarities is that the optimal
length of the attached acyl chain is C,, (Fig. 5C). Both T cell lines
failed to recognize Ags with a longer saturated acyl chain (C18nef5
and C22nef5), suggesting that the putative Ag-presenting mole-
cules, tentatively termed LP1 for 2N5.1 and LP2 for SN45, may
form a hydrophobic pocket with a depth suitable for accommo-
dating the attached myristic acid. It should also be noted that the
Ag with a C,, acyl chain (C10nef5) was able to stimulate 2N5.1,
butnot SN45 (Fig. 5C), pointing to the possibility that the reduced
hydrophobic interaction of the short acyl chain with the LP1 Ag-
presenting molecules might be compensated for by an additional
interaction, such as that mediated by an anchoring amino acid
residue of the peptide, as discussed below. Such additional modes
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FIG 7 Schematic model of the putative Ag-presenting molecules for 2N5.1
(LP1) and SN45 (LP2). LP1 (left) has two separate Ag-binding sites, one for the
acyl chain and the other for the anchoring serine residue (triangle) of C14nef5.
The second (glycine) and fourth (isoleucine) residues (solid circles) are posi-
tioned outward for preferential interaction with the 2N5.1 TCR. Note that
even the Nef 5-mer peptide with a saturated C,, acyl chain (C10nef5) can bind
to LP1 for recognition by 2N5.1, although its affinity for LP1 is lower than that
of Cl4nef5. LP2 (right) also has an acyl-chain-binding pocket, but the serine
residue critical for binding to LP1 is dispensable while the isoleucine residue
(dashed circle) is essential. The myristic acid only fits into the hydrophobic
pocket of LP2, and Ags with a longer or shorter acyl chain fail to be presented
to the SN45 cells.

of interaction may be absent or only weak for LP2, resulting in a
failure of SN45 to recognize C10nef5.

The present study also detected substantial differences in Ag
recognition between the two cell lines. The C-terminal serine res-
idue of Cl4nef5, a crucial element for the N-myristoylation motif
(6), was an absolute requirement for recognition by 2N5.1, as the
T cell line recognized C14nef5, but not C14nef4 with a C-terminal
serine deletion (Fig. 5A). The excess amount of Cl4nef4 failed to
inhibit the 2N5.1 reactivity to C14nef5, favoring the idea that this
residue functions as an anchor for the stable binding of LP1 (Fig. 7,
left, triangle). As discussed above, this interaction may play a sig-
nificant role in capturing C10nef5, which has only weak affinity
for the acyl-chain-accommodating pocket. Furthermore, the mu-
tants with alanine substitutions (underlined) (C,,-GAAIS and
C,4,-GGAAS) were not recognized by 2N5.1 but were able to in-
hibit its recognition of Cl4nef5, indicating that the mutants in-
deed bound to LP1. Therefore, it would be reasonable to predict
that the second glycine and the isoleucine residues (Fig. 7, left,
solid circles) would be positioned preferentially for T cell recog-
nition.

The putative Ag-presenting molecule, LP2, which mediates Ag
presentation to SN45, appears much less stringent in terms of Ag
binding. The Cl4nef4 Ag lacking the C-terminal serine residue
could be recognized by SN45 as efficiently as or even more effi-
ciently than Cl4nef5 (Fig. 5A), immediately excluding the an-
choring model proposed for LP1 (Fig. 7, right, dashed circle). As
Cl14nef3 failed to stimulate SN45, the fourth amino acid residue,
isoleucine, would be particularly important for either binding to
LP2, T cell recognition, or both. As described above, Ag binding to
LP2 is likely to depend heavily on the full range of C,, acyl chain
interactions with the hydrophobic pocket.

Our study indicates that the T cell Ag repertoire of N-myris-
toylated peptides includes those with 4-mer and 5-mer peptides.
Typically, N-myristoylation occurs for proteins with the N-termi-
nal motif Gly-X-X-X-Ser/Thr (in which X is any amino acid) (6),
and thus, the Ag diversity that can be generated as a result of
amino acid alterations would be greatly limited compared with the
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8- to 10-mer peptides presented by polymorphic MHC class I
molecules. This indicates that, although introducing amino acid
mutations in the target proteins is an efficient strategy that patho-
genic viruses, such as HIV, have evolved to escape from cytotoxic
T cell attack, the short stretch of the N-terminal amino acid resi-
dues of the Nef protein that contains N-myristoylation signal is
hard to mutate without affecting the function of the protein. This
also points to the possibility that the discrimination of foreign
lipopeptides from self by the immune system may not be safely
and strictly enforced. Viral infections are often associated with or
followed by manifestations of autoimmune disorders (14-18),
which could possibly be accounted for by the development of viral
lipopeptide-specific T cells that may cross-react with self lipopep-
tides. On the other hand, products of a fraction of oncogenes, such
as c-src, are N-myristoylated to function, and previous studies
detected highly upregulated expression of N-myristoyl-trans-
ferase in cancer cells (19-22). Therefore, the aberrant or dysregu-
lated expression of N-myristoylated cancer-associated proteins
may result in activation of lipopeptide-specific T cells capable of
recognizing abnormal cells derived from the self. The present
study can potentially shed light on a new aspect of viral immunity,
cancer immunity, and autoimmunity that has never been appre-
ciated previously.
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