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Summary

Post-translationally modified peptides, such as those containing either phos-

phorylated or O-glycosylated serine/threonine residues, may be presented to

cytotoxic T lymphocytes (CTLs) by MHC class I molecules. Most of these

modified peptides are captured in the MHC class I groove in a similar man-

ner to that for unmodified peptides. N-Myristoylated 5-mer lipopeptides

have recently been identified as a novel chemical class of MHC class I-pre-

sented antigens. The rhesus classical MHC class I allele, Mamu-B*098, was
found to be capable of binding N-myristoylated lipopeptides and presenting

them to CTLs. A high-resolution X-ray crystallographic analysis of the

Mamu-B*098:lipopeptide complex revealed that the myristic group as well

as conserved C-terminal serine residue of the lipopeptide ligand functioned

as anchors, whereas the short stretch of three amino acid residues located in

the middle of the lipopeptides was only exposed externally with the potential

to interact directly with specific T-cell receptors. Therefore, the modes of

lipopeptide–ligand interactions with MHC class I and with T-cell receptors

are novel and fundamentally distinct from that for MHC class I-presented

peptides. Another lipopeptide-presenting MHC class I allele has now been

identified, leading us to the prediction that MHC class I molecules may be

separated on a functional basis into two groups: one presenting long pep-

tides and the other presenting short lipopeptides. Since the N-myristoylation

of viral proteins is often linked to pathogenesis, CTLs capable of sensing N-

myristoylation may serve to control pathogenic viruses, raising the possibil-

ity for the development of a new type of lipopeptide vaccine.

Keywords: antigen presentation/processing; major histocompatibility

complex; structural biology/crystallography.

Introduction

Sensing cytosolic non-self and altered self proteins is criti-

cal for host defences against microbial infections and can-

cer. This immune surveillance pathway leads to the

specific elimination of abnormal cells, such as virus-

infected cells and transformed cells, for which MHC-

encoded class I molecules play a pivotal role by assisting

CD8+ cytotoxic T lymphocytes (CTLs) to precisely detect

abnormal cells. Almost all nucleated cells maintain mod-

erate MHC class I expression levels on the cell surface. In

these cells, a significant fraction of cytosolic self proteins

is constantly degraded into peptides by proteolytic activity

mediated by the proteasome complex, and transported to

the lumen of the endoplasmic reticulum (ER) through

the ER membrane-associated transporter associated with

antigen processing (TAP).1 The ER aminopeptidases trim

the peptides into a form that is optimal for binding to

b2-microglobulin-associated MHC class I heavy chains,

and the fully assembled MHC class I trimer complex then

exits the ER and traffics to the plasma membrane.

Cytosolic endogenous proteins comprise a major source

of MHC class I ligands in normal cells, as indicated by

the profoundly impaired expression of MHC class I mole-

cules on the surface of cells that are deficient in TAP

function.2 Similarly, peptides derived from non-self and

altered self proteins in abnormal cells are captured by

MHC class I molecules in the ER, delivered to the cell

surface, and exposed externally.3,4 Therefore, abnormal

cells are specifically recognized and eliminated by
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peptide-specific CTLs, providing the rationale for peptide

vaccines against human cancer.5

The widely accepted concept of the MHC class I-

mediated presentation of peptides to CTLs may now need

some modifications to incorporate the novel MHC class I

function of ‘lipopeptide’ antigen presentation.6 N-Myris-

toylation occurs for a sizable fraction of self and viral

proteins, and our recent findings have indicated that this

post-translational modification (PTM) of proteins is

monitored by the MHC class I system, which is capable

of presenting N-myristoylated short (4- to 6-mer) pep-

tides (lipopeptides) to lipopeptide-specific CTLs.7,8 In this

brief review, we start with an overview of known exam-

ples of MHC class I-presented PTM peptides, and then

focus on the discovery of N-myristoylated viral lipopep-

tides as a novel chemical class of antigens recognized by

MHC class I-restricted T cells.

MHC class I-presented peptides with PTMs

Phosphorylation, glycosylation and other covalent modifi-

cations to proteins that occur during or after their ribo-

somal synthesis are collectively referred to as PTMs.

These PTMs play an essential role in protein structures

and functions in normal cells.9 Furthermore, alterations

in the quality and quantity of PTMs are often induced in

abnormal cells;10–12 therefore, monitoring PTMs is of rel-

evance to host protection. An array of peptides with

PTMs is known to be presented by the MHC class I sys-

tem (Table 1). In most cases, T cells that specifically rec-

ognize peptides with a particular PTM do not respond to

the corresponding unmodified peptides,13–15 thereby pre-

dicting their ability to monitor PTMs.

Phosphorylation

In mammalian cells, serine-threonine kinases and tyrosine

kinases play a major role in protein phosphorylation.

Peptides containing phosphorylated serine/threonine resi-

dues, but not those containing phosphorylated tyrosine, have

been identified as MHC class I-presented ligands.16 Similar

to unmodified peptides, phosphorylated peptides produced

in the cytosol use TAP for their entry into the lumen of the

ER and are captured by newly synthesized MHC class I

molecules.15 X-ray crystallographic analyses of the HLA-A2:

phosphorylated serine-containing peptide complex indicate

that the phosphate groups are directed upward and appear

to be favourably positioned for interactions with T-cell

receptors (TCRs).17 The potential contribution of phosphate

groups to MHC class I–ligand interactions has also been

noted. Phosphorylated peptides containing a phosphorylated

serine at position 4 are favourably accommodated in the

groove of HLA-A2 with the negatively charged phosphate

group interacting with the positively charged Arg65 and

Lys66 residues located at the portal of the A pocket.

Glycosylation

O-linked glycosylation to serine/threonine residues is also a

common PTM known to be detected by the MHC class I

system, whereas N-linked glycosylation has not been

reported, possibly because of the size of N-linked glycans

being unfavourable for interactions with TCRs.12 Purcell

et al. predicted on theoretical grounds that ~ 1–5% of pep-

tide ligands may bear a glycan.18 O-linked glycan-contain-

ing peptides appear to be generated in the cytosol through

cytosolic glycosyltransferases and transported through the

TAP transporter into the lumen of the ER for interactions

with MHC class I molecules.19 The crystal structure of H-

2Kb accommodating a vesicular stomatitis virus-related

synthetic 8-mer peptide with an O-glycan at position 6

indicates that the glycan moiety is fully exposed externally,

thereby functioning as a major T-cell epitope rather than

contributing to MHC class I–ligand interactions.20

Citrullination

The conversion of arginine within proteins into citrulline

is termed citrullination (or deimidation), and is catalysed

by enzymes of the peptidylarginine deimidase family,

which are capable of replacing the positively charged

imine group of arginine with an uncharged ketone

group.21 The crystal structures of citrullinated peptide-

bound HLA-B27 molecules indicate that the loss of the

positively charged group of arginine results in a marked

conformational change in bound peptides, thereby allow-

ing CTLs to differentially recognize citrullinated and non-

citrullinated peptides.22

Acetylation

Coupling the a-amino group of the N-terminal amino

acid residue with an acetyl group is termed N-terminal

Table 1. Examples of post-translational modifications (PTMs) moni-

tored by MHC class I molecules

PTMs

Sites of

modifications

Crystallized MHC

class I alleles References

Phosphorylation Ser, Thr HLA-A2 10,16,17

O-linked

glycosylation

Ser, Thr H-2Kb 11,12,18,20

Acetylation N terminus HLA-B39 24,56

Formylation N terminus H2-M3 45,57

N-myristoylation N-terminal

Gly

Mamu-B*098 6–8

Citrullination Arg HLA-B27 22,58

Methylation Arg Not reported 59

Deamidation Asn Not reported 60

Cysteinylation Cys Not reported 61
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acetylation. N-terminal acetylation is a major PTM of

eukaryotic proteins, which is catalysed by N-terminal

acetyltransferases that use acetyl-Coenzyme A as the

donor substrate.23 The crystal structure of HLA-B39 that

binds an N-terminally acetylated peptide derived from

RNA helicase indicates that the attached acetyl moiety of

the N-terminal serine residue sticks out of the antigen-

binding groove for potential interactions with TCRs.24

On the other hand, N-terminal acetylation compromises

the stability of the MHC class I–peptide complex due to

the lack of molecular interactions involving the N-

terminal amino group of bound peptides. Alternatively,

N-terminal acetylation induces the spatial rotation of the

N-terminal serine residue, allowing its side chain to estab-

lish interactions with tyrosine residues located in the F

pocket.

N-Myristoylated lipopeptides: a novel antigen
repertoire

N-Myristoylation is a PTM conserved in eukaryotes, and

approximately 0�8% of mammalian proteins are estimated

to be N-myristoylated.25 N-Myristoyltransferases (NMT-1

and NMT-2) catalyse the modification reaction, in which

the saturated C14 fatty acid (myristic acid) of the donor

substrate, myristoyl-Coenzyme A, is transferred to the gly-

cine residue that is exposed by the removal of the N-term-

inal methionine residue.26,27 Internal glycine residues may

also receive the acyl chain when they are N-terminally

exposed during protein degradation processes.28 N-Myris-

toylation serves to anchor the modified proteins to the cell

membrane with the hydrophobic acyl chain embedded in

lipid layers, thereby regulating a number of key cellular

events, as indicated by the embryonic lethality of NMT-1-

deficient mice.29 Approximately 3�7% of viral proteins are

estimated to undergo N-myristoylation by borrowing the

host cellular machinery for N-myristoylation (Table 2)

(http://mendel.imp.ac.at/myristate/myrbase/), and N-

myristoylated viral proteins are often associated with

pathogenesis.30 For example, the retroviral gag protein

requires N-myristoylation to function, and the G2A mutant

of the gag protein that lacks the glycine residue for N-myr-

istoylation fails to stably interact with the cell membrane,

resulting in the impaired assembly of viral particles.31

The Nef protein of human and simian immunodefi-

ciency viruses (HIV/SIV) also requires N-myristoylation

to exert its key functions, which include: (i) down-regula-

tion of the cell surface expression of MHC class I, MHC

class II, CD1d, CD4, CD80 and CD86 molecules,32–34 (ii)

enhancement of virion infectivity,35,36 (iii) induction of

apoptotic cell death,37 and (iv) inhibition of the produc-

tion of class switched immunoglobulins.38,39 Based on

these pathogenesis-related functions, we predicted that

the N-myristoylation reaction of the Nef protein may be

a vital target that needs to be monitored by the immune

system. We recently discovered that N-myristoylated pep-

tides (lipopeptides) constitute a new chemical class of the

antigen repertoire recognized by CD8+ CTLs.7 Our initial

assessment of SIV-infected rhesus monkeys revealed that,

following infection, T cells that produced interferon-c in

response to N-myristoylated 5-mer and 6-mer peptides

(C14-GGAIS and C14-GGAISM; see Table 1) derived

from the SIV Nef protein expanded in the circulation.

Furthermore, the plasma viral load correlated reciprocally

with the number of lipopeptide-specific T cells, suggesting

their role in the control of infection. These unexpected

observations were further substantiated by the establish-

ment of the two rhesus CD8+ TCR-ab+ cytotoxic T-cell

lines, 2N5.1 and SN45. These T cells produced interferon-

c and perforin in response to C14-GGAIS (C14nef5), but

failed to respond to the GGAIS peptide, myristic acid, or

a mixture of the GGAIS peptide and myristic acid, which

led us to the conclusion that the covalent conjugation of

the 5-mer peptide with myristic acid is an absolute

requirement for antigenic activity. We initially considered

molecules of the CD1 family (CD1a, -b, -c, and -d) to

mediate the presentation of C14nef5 to T cells because of

their known ability to bind a number of lipid antigens,

including C20:1 fatty acid-containing and C18:0 fatty

acid-containing lipopeptides presented by CD1a and

CD1c, respectively.40–43 However, this prediction was not

substantiated because none of the anti-CD1 antibodies

blocked the presentation of C14nef5 to T cells mediated

by peripheral blood mononuclear cells, and none of the

cell transfectants expressing each CD1 isoform replaced

peripheral blood mononuclear cells as lipopeptide anti-

gen-presenting cells.8

Table 2. Examples of N-myristoylated viral proteins

Viruses Proteins

N-terminal

sequences1 References

Human

immunodeficiency

virus 1

Nef C14-GGKWSK 62

Gag C14-GARASV 31

Simian

immunodeficiency

virus

Nef C14-GGAISM 62

Gag C14-GVRNSV 31

Herpes simplex virus 1 UL11 C14-GLSFSG 63

Hepatitis B virus Pre-S1 C14-GQNLST 64

L protein C14-GGWSSK 51

Simian virus 40 VP2 C14-GAALTL 65

Poliovirus VP4 C14-GAQVSS 66

Mouse mammary

tumour virus

Gag C14-GVSGSK 67

Sabia virus RING

finger Z

C14-GNSKSK 52

Lassa virus Z protein C14-GNKQAK 52

1The serine or threonine residues at position 5 (underlined) are

shared among most N-myristoylated proteins.
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Molecular and structural bases underlying
lipopeptide antigen presentation

The recognition of C14nef5 by 2N5.1 T cells was shown

to be restricted by the MHC class I-encoded molecule,

Mamu-B*098.6 The alignment of the amino acid

sequences of Mamu-B*098 and other MHC class I mole-

cules indicated that Mamu-B*098 was similar to previ-

ously reported peptide-presenting MHC class I molecules,

and Mamu-B*098 was identified as a member of the clas-

sic, but not non-classic, MHC class I family by a phyloge-

netic tree analysis (Fig. 1). The X-ray crystal structure of

the Mamu-B*098:C14nef5 complex revealed that the

overall structure exhibited a high degree of structural

similarity with other peptide-bound MHC class I mole-

cules. Similar to previously identified MHC class I mole-

cules,44 six pockets, termed A through F, were readily

detected in the groove of Mamu-B*098; however, these
pocket structures were elaborately designed to bind N-

myristoylated short peptides rather than conventional

long peptides (Figs 2 and 3).

A pocket

The A pocket was spatially disconnected from the B and

other pockets in the groove of Mamu-B*098. This

contrasts sharply with the A pockets of known peptide-

presenting MHC molecules that accommodate the N-

terminal amino acid residues of ligands.44 The salt bridge

formed between Arg66 and Glu163 as well as the presence

of the relatively bulky amino acid (Gln) at position 63

narrowed the channel connecting the A and B pockets to

a size that hardly accommodated conventional peptides.

The mouse H2-M3 molecule capable of binding N-formy-

lated bacterial peptides was found to possess a salt bridge

between Lys66 and Glu163, and the side chains of Leu167

and Phe171 protruded into the groove, thereby contribut-

ing to the size reduction of the A pocket.45 The X-ray

crystal structure of another lipopeptide-presenting MHC

class I allele revealed an apparently collapsed A pocket

(D. Morita and M. Sugita, manuscript in preparation);

therefore, ‘non-functional’ A pockets may be a unique

feature of MHC class I molecules that specifically capture

peptides with N-terminal PTMs.

B pocket

The myristoyl group of C14nef5 was accommodated in

the B pocket of Mamu-B*098. The B pocket was lined

with an array of hydrophobic or non-polar amino acid

residues, serving to construct the hydrophobic environ-

ment. In addition, the small amino acid residues, Ser9,
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Figure 1. Phylogenetic tree of Mamu alleles. A

phylogenetic tree was constructed by a neigh-

bour-joining method with bootstrap values of

5000 replications. The a1 and a2 domains of

representative alleles belonging to the classical

(Mamu-A and -B) and non-classical (Mamu-

AG, -I, -E, and -F) MHC class I families were

analysed. Mamu-B*098 is shown in red and

Mamu alleles known to present peptide anti-

gens are indicated in blue.55
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Thr97, and Ser99, located on the floor contributed to the

spatial expansion of the pocket. These unique features are

essential for accommodating the myristic group of the

lipopeptide. We assume that these structural characteris-

tics are not reminiscent of CD1 because the myristic

acid-binding B pocket of Mamu-B*098 and the lipid-

binding pockets of CD1 differ significantly in their shape,

size, and spatial localization. Furthermore, most of the

amino acid residues of Mamu-B*098 critically establish-

ing Van der Waals interactions with the acyl chain are

absent in CD1 molecules.6 Hence, the B pocket of

Mamu-B*098 may have evolved independently of CD1.

D pocket

The D pocket of Mamu-B*098 also contributed to the

accommodation of the myristoyl group of the ligand with

Trp156 and Tyr159, particularly by establishing a number

of Van der Waals contacts with the acyl chain. Neverthe-

less, the ligand occupancy of the D pocket of the Mamu-

B*098:C14nef5 complex was significantly lower than that

of the B pocket, and its precise role remains unclear. How-

ever, the D pocket may provide extra space for accommo-

dating longer acyl chains such as palmitic acid (C16).

F pocket

The F pocket of Mamu-B*098 is one of the smallest F

pockets identified to date in MHC class I molecules. The

side chains of Tyr114 and Gln116 located on the floor of

the F pocket were found to protrude upwards into the

pocket, serving to reduce the volume of the pocket.

Hence, it is conceivable that, unlike most MHC class I

α1

α2

Q63 R66
S9

T97

Q116 T143

K146

Y114

S99

W156Y159E163

Y84

Figure 2. Crystal structure of the Mamu-B*098:C14nef5 complex.

The surface of the antigen-binding groove of Mamu-B*098 as well

as the bound lipopeptide (yellow stick) are shown. The side chains

of some amino acid residues critically interacting with the lipopep-

tide ligand are also indicated with black lines.
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Figure 3. Groove structures for accommodating peptide, lipopeptide, and lipid antigens. Top views of HLA-B27 (a, PDB code 3B6S), Mamu-

B*098 (b, PDB code 4ZFZ), and CD1a (c, PDB code 1ONQ) molecules are shown in the upper panels. Six pockets (A–F) of HLA-B27 and

Mamu-B*098 as well as two pockets (A0 and F0) of CD1a molecules are indicated, and bound ligands are shown in yellow sticks. Side views of

each complex are illustrated in the corresponding lower panels.
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molecules with a large F pocket suitable for binding a

bulky amino acid residue,46 only small amino acid resi-

dues may fit in well with the F pocket of Mamu-B*098.
The small side chain of the C-terminal Ser residue (Ser5)

of C14nef5 was found to be accommodated in this

pocket. As is the case with peptide-bound MHC class I

molecules,44 the main chain of Ser5 established a hydro-

gen bond network with the conserved Tyr84, Thr143 and

Lys146 residues of Mamu-B*098. The side chain of Ser5

was wedged into the bottom of the F pocket by establish-

ing a direct hydrogen bond with Gln116. Most N-myris-

toylated proteins contain the prototypic N-myristoylation

motif, Gly-X-X-X-(Ser/Thr);47 therefore, the structural

features of the B and F pockets predict that Mamu-B*098
may sample lipopeptides derived from a wide variety of

self- and foreign N-myristoylated proteins (Table 2). It

has also been predicted that Mamu-B*098 is unable to

bind conventional long peptides in a manner similar to

that of other known MHC class I molecules.

Limited epitopic diversity of the lipopeptide
antigen repertoire: implications for autoimmunity

The crystal structure of the Mamu-B*098:C14nef5 complex

has also provided valuable insights into the mechanisms by

which T cells recognize lipopeptides. The three amino acid

residues flanked by the conserved N-terminal glycine and

C-terminal serine residues protruded out of the antigen-

binding groove and were exposed externally, suggesting

that these residues primarily constituted the major T-cell

epitope. Peptide-specific TCRs often interact with as many

as six or seven amino acid residues of MHC class I-pre-

sented peptide ligands,48,49 allowing peptide-specific T cells

to easily discriminate foreign peptides from self-peptides.

Due to the apparently limited epitopic diversity achieved

by the lipopeptide antigen repertoire, it may be challenging

for lipopeptide-specific T cells to precisely discriminate

self- and non-self-peptides, suggesting that viral lipopep-

tide-specific T cells cross-react with self-lipopeptides.

Highly stringent negative selection in the thymus may be

executed to eliminate self-lipopeptide-specific T cells;

otherwise, autoimmune disorders may develop, as is often

observed in patients with viral infections.50

Conclusion

Besides peptides and lipids, lipopeptides may constitute a

distinct antigen repertoire recognized by ab CTLs. Despite

the potential risks of developing autoimmunity, CTL

responses capable of specifically sensing the N-myristoyla-

tion of viral proteins may be beneficial to host defences

against viral infections because most N-myristoylated viral

proteins are associated directly with pathogenesis.51,52 Fur-

thermore, it is difficult for viruses to mutate the N-terminal

amino acid residues constituting the N-myristoylation motif

without affecting protein function;53,54 therefore, it may be

challenging for pathogenic viruses to evade lipopeptide-spe-

cific CTL responses. ‘Classical’ MHC class I molecules have

the capacity to mediate the ‘new’ function of lipopeptide

antigen presentation. The findings of our recent studies have

indicated that classical MHC class I molecules may be sepa-

rated into at least two groups; binding peptide antigens and

binding lipopeptide antigens. MHC biology has been a

major focus of immunology research over the past three dec-

ades, and extensive efforts have been made to scrutinize it

from every possible aspect; nevertheless, studies do not

appear to be completed yet.
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