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A rational design approach was followed to develop peptidomimetic analogues of a cytotoxic T-cell epitope
capable of stimulating T-cell responses as strong as or stronger (heteroclytic) than those of parental antigenic
peptides. The work described herein focused on structural alterations of the central amino acids of the
melanoma tumor-associated antigenic peptide Melan-A/MART-126-35 using nonpeptidic units. A screening
was first realized in silico to select altered peptides potentially capable of fitting at the interface between
the major histocompatibilty complex (MHC) class-I HLA-A2 molecule and T-cell receptors (TCRs). Two
compounds appeared to be high-affinity ligands to the HLA-A2 molecule and stimulated several Melan-
A/MART-1 specific T-cell clones. Most remarkably, one of them even managed to amplify the response of
one clone. Together, these results indicate that central TCR-contact residues of antigenic peptides can be
replaced by nonpeptidic motifs without loss of binding affinity to MHC class-I molecules and T-cell triggering
capacity.

Introduction
Cytotoxic T-lymphocytes (CTL) play a major role in the

immune defense against infections and tumors.1,2 They recognize
and kill, in the context of appropriate immune responses, target
cells expressing ligands of their receptors (TCRs). These ligands
are made of short (8-10 amino acids long) peptides that are
derived from antigenic proteins through limited intracellular
proteolysis. They are bound to MHC class-I molecules and are
thus exposed at the target cell surface as peptide-MHC (pMHC)
complexes.3 The functional consequences of these TCR/pMHC
interactions for T-cells are highly variable, ranging from full
activation to inactivation, depending in part on the binding
stability of the peptide to the MHC and, in a poorly understood
manner, on the molecular recognition characteristics and kinetic
aspects of the TCR interacting with the pMHC complex. TCR/
peptide contacts are made primarily through the complementary-
determining region 3 (CDR3) loops of the TCR, which exhibit
the greatest degree of genetic variability.4 Therefore, different
TCRs interact in a different way with a given pMHC. The
identification of antigenic peptides (APs) raised the hope that
these TCR ligands could be used to stimulate specifically T-cell
growth and function in vivo and hence to enhance protective
immune responses.5 This question was, in particular, addressed
in the context of therapeutic cancer vaccine development. Yet,
infusion of tumor APs to cancer patients, alone or in association
with adjuvants, was so far poorly effective in inducing tumor
specific T-cell expansion and tumor regression.6 Tumor AP
characteristics that could contribute to this lack of efficacy are:
a limited antigenicity, revealed by the poor triggering of specific
T-cell growth in vitro, and/or a short bioavailability due to high
susceptibility to serum or tissue proteases.

Considerable efforts have therefore been done to derive
epitope analogues of enhanced antigenicity or half-life in vivo.
Because most tumor antigens are self-proteins, their limited
antigenicity often results from central (intrathymic) tolerance
mechanisms that eliminate the high-avidity self-specific TCR
repertoire during T-cell development.7 Therefore, the function
of spared tumor associated antigen (TAA)-specific T-cells may
remain poorly effective due to their limited avidity. In some
cases, low avidity of TAA-specific T-cells result from the
cognate AP exhibiting low affinity/stability for the self-MHC
presenting molecule. The best known example of this is the
Melan-A/MART-126-35 AP expressed on the MHC class-I HLA-
A2 molecule by most melanoma tumors.8 In this case, amino
acid substitutions enhancing HLA binding may provide peptide
analogues of increased antigenicity capable of, at least some of
them, efficiently triggering a T-cell repertoire that could cross-
react with the natural peptide,9 which is of course mandatory
for vaccine use. High susceptibility to proteases, the other
probable major cause of the limited in vivo antigenicity of APs
in general and tumor APs in particular, can conceivably be
counteracted by substituting standardR-amino acid residues by
nonpeptidic groups. For example, previous attempts that were
aimed at replacingN- and/orC-terminal residues to reduce AP
susceptibility to amino- and carboxypeptidases succeeded in
producing analogues with high-affinity binding to the MHC
molecule and efficient TCR triggering.10,11 Other studies ad-
dressed, also with some success, the compatibility of performing
more central modifications of MHC-binding AP residues to
increase AP binding affinity to the MHC pocket and, hence,
T-cell reactivity.12

Another yet unexplored possibility is to substitute the central
AP residues specifically interacting with the TCR by nonpeptidic
motifs. Here we examined the feasibility of this approach, using
as a model the aforementioned epitope of the melanoma-
associated Melan-A/MART-1 antigen. The protein Melan-A/
MART-1 (referred to as MART-1 hereafter) is a melanocyte
lineage specific protein expressed in about 90% of primary and
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metastatic melanoma tumors.13 MART-1-specific CTLs have
been isolated from both peripheral blood mononuclear cells
(PBMC) and tumor infiltrating lymphocytes (TILs) of HLA-
A2 melanoma patients.14,15 Later, the screening of peptides
derived from MART-1 has permitted the identification of two
APs: the nonapeptide AAGIGILTV (MART-127-35) and the
decapeptide EAAGIGILTV (MART-126-35). More recently, it
was reported that the MART-126-35 decapeptide was better
recognized by most tumor-reactive T-cells than the nonapep-
tide.16 However, a drawback of both peptides was their low
binding affinity to the HLA-A2 molecule. It is established that
most human APs bind to MHC class-I molecules through 2 or
3 conserved anchoring residues, such as leucine at the 2-position
in HLA-A2 binding APs.17 Hence, synthetic analogues of the
MART-1 epitopes having an alanine replaced by a leucine
residue were produced and showed considerably increased HLA-
A2 binding affinity (i.e., ALGIGILTV and ELAGIGILTV).9

The ELAGIGILTV analogue was found to be more im-
munogenic than the natural peptide,9 whereas ALGIGILTV was
not recognized anymore by most Melan-A tumor-reactive CTL
lines and clones. Drastic conformational differences were indeed
observed between the central regions of the two bound peptides,
and showed that the decapeptide ELAGIGILTV central region
(i.e., GIG29-31) adopts a “zigzag” structure, in which the
hydrophobic I30 side chain bulges out from the center of the
decamer.18 Hence, the HLA-bound decapeptide would be better
suited than its nonameric analogue to engage in more intimate
contacts with TCRs (see Figure 1) for enhanced CTL activation.
In any event, the heteroclytic properties observed in vitro for
the modified decapeptide ELAGIGILTV led to its selection for
vaccination clinical trials on melanoma patients.19

Such an AP analogue, however, still lacks acute immunoge-
nicity. This disappointing clinical observation may be due again,
at least in part, to the low stability of ELAGIGILTV in
biological fluids.3 Nevertheless, the considerable amount of work
that has been performed on ELAGIGILTV both at the medicinal
chemistry and clinical levels thus led us to select it as a first
AP analogue model for developing our approach to nonpeptidic,

potentially heteroclytic tumor-specific antigenic peptidomimetics
based on the substitution of AP central TCR-contact amino acids
by nonpeptidic moieties susceptible to interact efficiently with
most TCRs. The crystallographic data available on the
ELAGIGILTV/HLA-A2 binary complex18 and others reported
on TCR/AP/HLA-A2 ternary complexes,20,21 as well as recent
results reported by us and others,22 all underlie the critical role
played by hydrophobic structural elements on AP central regions
in eliciting CD8+ T-cell responses. In this article, we thus
describe the rational design and synthesis approaches we
followed with this premise in mind to generate novel and
functional ELAGIGILTV-derived peptidomimetics.

Results and Discussion
Rational Design Strategy.The major difficulty encountered

in the design of biologically active AP analogues is that their
activity depends upon the accomplishment of two critical
events: (1) binding to the MHC class-I molecule and (2)
recognition by a TCR for signal triggering. To direct the design
of our peptidomimetics, we relied on a shape-based docking
engine, LigandFit from the Accelrys Cerius2 software package
(see Experimental Section).23 Since no ternary complex structure
involving ELAGIGILTV (referred to as ELA hereafter) has been
reported as of today, we decided to base our docking studies
on the 2.6 Å structure of the A6-TCR/Tax/HLA-A2 complex
(PDB 1AO7, vide infra).21 Notwithstanding the fact that the
A6-TCR is not specific of ELA recognition, we surmised from
literature data that conformations of any AP presented in the
HLA-A2 binding groove would be quite similar.24 The selected
crystal structure shows that the HTLV-derived Tax AP
(LLFGYPVYV) is oriented diagonally over the HLA-A2
molecule with the variable loops CDR1 and CDR3 of both VR
and Vâ TCR subunits contacting the peptide. The central Y
residue protrudes out from the center of the HLA-A2 binding
site and is completely surrounded by a deep and hydrophobic
pocket delimited by the two TCR CDR3 loops (Figure 1). In
order to gain some insights into the binding features of ELA
into the HLA-A2 binding groove, while justifying the choice
of the Tax-including ternary complex 1AO7 as the reference
object for this study, we first docked ELA in place of the Tax
peptide (Figure 1). The ELA conformation thus predicted is very
similar to that of the Tax peptide with an almost perfect
superimposition of their anchor residue side chains. Moreover,
this docked conformation is quasi identical to that observed in
the crystal structure of the ELA/HLA-A2 binary complex (PDB
1JF1).18

A virtual screening of several series of conceivable ELA
analogues was then achieved using the LigandFit program before
considering their synthesis. Every first proposed docked con-
formation (having the best docked energy) was compared to
that of ELA by superimposition in Insight II again using 1AO7
structure as the reference object. Since the activity of a given
AP essentially depends on its docked structure in the ternary
complex, three main checkpoints were chosen as a mean of
selecting the most appropriate central region modifications: (1)
orientation of anchor residues (L2 and V10); (2) conservation
of peptide backbone folding; (3) orientation of putative TCR-
contact side chains. One of the benefits of this analysis in silico
was to gain diagnostic structural information to guide our
peptidic backbone modifications toward a better targeting of
the TCR binding groove. Different generations of ELA ana-
logues were iteratively designed from the simplest ones, bearing
only differentR-amino acid residues in their central region, to
peptidomimetics in which standard peptidic features were
gradually eliminated.

Figure 1. InsightII superimposition of the LigandFit-docked ELA
peptide (green) in the Tax peptide (orange) binding site of the A6-
TCR/HLA-A2 complex (PDB 1AO7). Positioning of main anchor
residues [i.e., L27 (P2) and V35 (P10)] is almost identical to that of
the Tax peptide with the ELA central region also bulging out from the
center of the HLA-A2 binding domain toward the CDR3 TCR variable
loops.
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Generation and HLA-A2 Binding Affinity of ELA Ana-
logues.Thus, our preliminary modifications of ELA were simply
based on the substitution of I30 (P5) by aromatic amino acids
in the aim of assessing the role played by central aromatic pegs
in the HLA-A2-restricted AP recognition process by TCRs.
Three peptides having Y, F, or W at P5 (1-3, Table 1) were
synthesized and assayed for their capacity to maintain binding
to the HLA-A2 molecule. All three bind with a relative affinity
comparable to that of ELA, but better than that of EAA, the
natural antigenic peptide.

The introduction of functional spacers was then envisioned
in the ELA central region. To mimic the central tetrapeptidic
fragment GIGI (P4-P7), nonpeptidic spacer needs to reproduce
as closely as possible the conformation of this central “zigzag”
region, while allowing adequate orientation of the anchor
residues L2 and V10. This is the reason why we initially
decreased as little as possible the central peptide features and
worked our way up stepwise to more drastic structural changes.
The first classical backbone modification implemented was the
introduction of reduced peptide bonds.25 Notwithstanding previ-
ous studies that have shown that such alterations are often
detrimental to the binding affinity to the MHC class-I mol-
ecules,26 not only one but two of these reduced bonds were
envisaged between each glycine residue and its right-adjacent
residue in peptides1 and3 to give4 and5 (Table 1). Docking
of the corresponding altered peptides in the A6-TCR/Tax/HLA-
A2 complex indicated backbone geometries similar to that of
the ELA peptide. These two modified ELA peptides4 and 5
were then synthesized and evaluated for their HLA-A2 binding
affinity. Strikingly, they turned out to be better ligands than
the ELA peptide, showing a 2-fold increase in relative affinity
as compared to that of the natural antigenic peptide EAA (Table
1).

Since the incorporation of 1,2-diaminoethyl units (i.e., reduced
G residue) in the peptide backbone was found to have a positive
influence on binding affinity to the HLA-A2 molecule, we

thought of pursuing our modification by replacing the dipeptide
GI29,30 by such a type of spacer and exploiting the secondary
amine function to attach various organic motifs that could mimic
the central TCR-oriented side chain functionalities of the natural
aromatic amino acids F, Y, and W used in peptides1-5. We
were further inclined to do so on the basis of previous studies
that have shown that the central part of an AP can be replaced
either by poly-N-acylated amines or by aliphatic spacers without
loss of binding affinity to MHC molecules.12,27 Among the
various spacers we considered,N-(2-aminoethyl)glycine, which
is classically used in peptide nucleic acid chemistry,28 was
identified as the unit responding the best to the structural criteria
imposed by the docking procedure, the most important of which
being the positioning of the central tether in the same vicinity
as the side chain of ordinary residues at P5 (Scheme 1, first
generation). When this spacer, bearing different organic motifs,
was introduced in the peptide sequence in place of GI29,30, the
resulting altered peptides7-12displayed docked conformations
similar to that of ELA. The L2 and V10 anchor side chains
were positioned as in ELA, and the modified central parts bulged
out of the HLA-A2 binding groove, hence presenting their
organic tether toward the CDR3R loop of the TCR (not shown).
An analogue of theN-benzylated construct8 (i.e.,13, Table 1)
was also made by replacing itsN-terminal glutamic acid (E)
residue by aâ-alanine residue, for such a modification of the
ELA N-terminus has been shown to render the molecule much
more resistant to peptidase-mediated degradation.10,29The seven
pseudo-peptides of this series (i.e.,7-13) expressed affinities
to the HLA-A2 molecule at a level comparable to that of the
ELA peptide (Table 1). Moreover, the presence of theN-terminal
â-alanine in13did not alter its HLA-A2 binding affinity (Table
1). Again, all of these pseudo-peptides were of course much
better ligands than the natural antigenic peptide EAA (Table
1).

Table 1. HLA-A2 Binding Affinities of the 23 ELA Analogues

compd sequencea R group
RFI

ratiob

ELA ELAGIGILTV 1.0
EAA EAAGIGILTV 0.63
1 ELAGYGILTV 0.80
2 ELAGFGILTV 0.97
3 ELAGWGILTV 0.73
4 ELAG(ΨCH2NH)YG(ΨCH2NH)ILTV 1.71
5 ELAG(ΨCH2NH)WG(ΨCH2NH)ILTV 1.61
6 ELAG(ΨCH2NH)W-Amba-LTV 1.34
7 ELA-NH-(CH2)2-(R)G-GILTV CH2-C6H4-NO2 0.85
8 ELA-NH-(CH2)2-(R)G-GILTV CH2-C6H5 0.90
9 ELA-NH-(CH2)2-(R)G-GILTV CH2-naphtalene 0.70
10 ELA-NH-(CH2)2-(R)G-GILTV CH2-quinoline 0.79
11 ELA-NH-(CH2)2-(R)G-GILTV CH2-C6H4-OH 0.83
12 ELA-NH-(CH2)2-(R)G-GILTV CH2-C6H11 0.86
13 âALA-NH-(CH2)2-(R)G-GILTV CH2-C6H5 0.96
14 âALA-NH-(CH2)2-(R)G-Amba-LTV CH2-C6H4-NO2 0.86
15 âALA-NH-(CH2)2-(R)G-Amba-LTV CH2-quinoline 1.31
16 âALA-NH-(CH2)2-(R)G-Amba-LTV CH2-C6H5 0.95
17 âALA-NH-(CH2)2-(R)G-Amba-LTV (CH2)2-C6H5 0.25
18 âALA-NH-(CH2)2-(R)G-Amba-LTV (CH2)2-indole 0.86
19 âALA-NH-(CH2)2-(R)G-Amba-LTV (CH2)2-C6H4-OH 0.42
20 âALA-NH-(CH2)2-(R)G-Amba-LTV CO-CH2-C6H5 0.54
21 âALA-NH-(CH2)2-(R)G-Amba-LTV CO-CH2-indole 1.02
22 âALA-G(ΨCH2NH)Tpi-Amba-LTV 0.81
23 âALA-G(ΨCH2NH)Tic-Amba-LTV 0.64

a For chemical structures, see Schemes 1 and 2 and Supporting
Information.b Normalized HLA-A2 binding affinities of ELA analogues
relative to that of ELA expressed as relative fluorescence intensities (RFI).

Scheme 1.Structural Representation of the Synthesized ELA
Mimetics of First and Second Generationsa

a NB: for 13, theN-terminal glutamic acid (E) residue was replaced by
a â-alanine residue (see text and Table 1).
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In addition to this spacer, the replacement of the second GI31,32

was envisaged. For the sake of simplicity of synthesis, com-
monly used building blocks were screened. Among the different
hydrophobic dipeptide mimetics described in the literature and
commercially available,30 the only one that gave satisfactory
docking results was the 3-aminomethyl benzoic acid (AMBA,
see Scheme 1, second generation). When AMBA was thus
introduced in place of GI31,32, the peptide backbone folding in
the HLA-A2 binding cleft was unchanged. Remarkably, the
phenyl ring of AMBA was oriented in a manner similar to that
of the I32 side chain at P7 (see AMBA positioning in Figure
2), filling the hydrophobic HLA-A2 pocket with no perturbation
of the positioning of the main anchor residue side chains at P2
and P10. This AMBA spacer was thus combined either with a
reduced peptide bond at P4 (i.e.,6, Table 1) or with theN-(2-
aminoethyl)glycine at P4 and P5. In this later case, the
N-terminal glutamic acid residue was also replaced by a
â-alanine residue (vide supra). A second generation of eight
peptidomimetics was thus synthesized and evaluated for their
binding affinity to the HLA-A2 molecule (i.e.,14-21, Table 1
and Scheme 1). In this series, the length of the central aromatic
tether was also increased by one carbon member either as a
methylene unit (i.e.,17-19) or as a carbonyl unit (i.e.,20-
21). These homologations were made in the aim of enabling

these ELA mimetics to penetrate deeper in between the TCR
CDR3 loops.22e Such transformations were found to be highly
detrimental to the binding affinity to the HLA-A2 molecule,
except for the indole-bearing compounds (see RFI values for
17 and 19-20 vs 18 and 21 in Table 1). The docking in the
A6-TCR/Tax/HLA-A2 complex structure of the indole-bearing
construct21 illustrates particularly well the adequacy of the
modifications made on ELA, as it shows an overall backbone
conformation and a hydrogen bonding connection with the HLA-
A2 molecule identical to those of the ELA peptide (Figure 2).
Both ELA and21 express the same level of binding affinity to
the HLA-A2 molecule (Table 1).

The satisfactory level of HLA-A2 affinity observed with the
AMBA-containing compounds of second generation led us to
examine an additional type of transformation aimed at rigidify-
ing the peptidomimetic backbone, while fixing the orientation
of central aromatic motifs toward the hydrophobic cavity of
the TCR CDR3 loops. In agreement with the results of our in
silico docking analysis, two additional analogues were thus
envisaged bearing either the cyclic Phe mimicN-Fmoc-L-
tetrahydroisoquinoline-3-carboxylic acid (i.e.,Tic)31 or the cyclic
Trp mimic N-Fmoc-L-tetrahydronorharman-3-carboxylic acid
(Tpi )32 in place of the first GI fragment. These building blocks
were coupled to a reduced glycine residue at P4 to constitute
CR-cyclized variants of theN-(2-aminoethyl)glycine spacer. This
last series of AMBA-containing ELA mimetics again featured
a bioresistantâ-alanine residue at P1 (i.e.,22 and23, Table 1
and Scheme 2). Unfortunately, these modifications did not lead
to any improvement of the binding affinity to the HLA-A2
molecule (Table 1).

Overall, our binding affinity results demonstrate that the
central GIGI part of ELA can be replaced by nonpeptidic
elements on which can be attached various organic motifs
without drastic changes in binding affinity to the HLA-A2
molecule. It is admittedly difficult to predict each time the
affinity behavior of a given peptidomimetic from its docking
in silico using the LigandFit protocol. All designed ELA
mimetics do not experimentally respond to the expectations
drawn from the preliminary docking analysis, but all peptido-
mimetics having a high affinity to the HLA-A2 molecule feature
structural modifications that were shown by LigandFit to allow
docking in between the HLA-A2 and the TCR molecules in a
manner similar to that of the starting peptide ELA. Thus, the
LigandFit program constitutes a valuable tool to screen potential
peptidomimetic structures prior to their synthesis.

Figure 2. LigandFit docking of ELA and its mimetic21 in the A6-
TCR/Tax/HLA-A2 complex. Top: InsightII superimposition of21
(green) and ELA (orange) after docking in the Tax binding site; the
CDR3-R loop is in blue, the CDR3-â is in gray, and the MHC class-I
HLA-A2 molecule is in yellow. Bottom: InsightII representation of
the H-bonding network between21 and the HLA-A2 molecule.

Scheme 2.Examples of ELA Mimetics of Third Generation
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Chemical Synthesis.All modified peptides and peptidomi-
metics1-23 (Table 1) were manually prepared via classical
solid-phase peptide synthesis (SPPS) on a Wang resin using
the Fmoc/t-butyl strategy.N-Fmoc-protected amino acids were
condensed using HBTUa and DIEA as coupling agents in DMF
for 45 min. N-Fmoc deprotections were carried out in 4:1
DMF-piperidine solvent mixture. TheN-terminal residue was
introduced as anN-Boc-protected amino acid. All compounds
were then simultaneously cleaved from the resin and fully
deprotected by the addition of TFA in the presence of TIS and
water (EDT was added to this cleavage cocktail in the case of
the indole-containing compounds18 and 21). Purification of
all compounds was accomplished by semipreparative RP-HPLC,
and their identification was carried out by positive-mode
electrospray ionization (ESI) mass spectrometry (MS) (see Table
1, Experimental Section and Supporting Information).

The synthesis of the peptide analogues containing reduced
peptide bonds (Table 1,4-6) required a reductive amination
between theN-R-amino function of the peptide fragments
anchored to the resin andN-Fmoc-glycinal (i.e., Fmoc-Gly-H),
preliminary generated in solution by reduction of its corre-
sponding morpholine amide using LiAlH4.33 Reduction of the
imine intermediate was carried out using NaBH3CN in DMF
containing 1% (v/v) of AcOH.25 This procedure was also applied
to the synthesis of the rigidified peptidomimetics22 and 23
(Table 1 and Scheme 2). These peptides were obtained in
satisfactory yields (54-68%) and purities, after purification by
semipreparative RP-HPLC (see Experimental Section and
Supporting Information, Table S1).

Four different strategies were followed for the synthesis of
ELA mimetics of first and second generations (Schemes 3-6).
For incorporation ofN-linked central side chains (RCH2-) that
are nonsensitive to the SPPS conditions used (Scheme 3), a first
reductive amination was performed between the freeN-terminal
R-amino function of the glycinyl residue of the fragments

anchored to the resin and the corresponding aldehyde RCHO
using NaBH(OAc)3 as reducing agent.34 The resulting secondary
amine was then subjected to a second reductive amination
reaction with Fmoc-Gly-H using NaBH3CN as reducing agent.27

Following condensation with theN-terminal ELA or â-ALA
(i.e., for13-17) fragment, final deprotection, and cleavage from
the resin, the peptidomimetics7-10 and12-17 were obtained
in yields ranging from 27 to 55%, after semipreparative RP-
HPLC purification (see Experimental Section and Supporting
Information, Table S1).

The second strategy consisted in preparing first the entire
peptide sequence using the required amino acid building blocks
and theN-Fmoc-N-(2-Aloc)-aminoethylglycine spacer27, the
synthesis of which is depicted in Scheme 4, and then in attaching
any organic side chain after release of the Aloc-protected
secondary amine. This strategy was thought to be advantageous
when using aldehydes RCHO bearing a second function
sensitive to SPPS conditions, for they could thus potentially be
attached via reductive amination as an unprotected entity just
before the release of the construct from the support. This turned
out to be successful only for the attachment of the 4-hydroxy-
benzaldehyde (Scheme 4), which led to the formation of the
first-generation construct11 in a yield of 46%, after RP-HPLC
purification (see Experimental Section and Supporting Informa-
tion, Table S1). All attempts to introduce theN-unprotected
3-formylindole group by this approach failed.

The third strategy was based on an approach previously used
for peptoid synthesis35,36and was applied here for the synthesis
of the second-generation AMBA-containing peptidomimetics
18 and 19, for which central side chains (RCH2-) could be
attached as free primary amines via nucleophilic substitution
reactions. Bromoacetic acid served to introduce the comple-
mentary electrophilic function and was directly condensed with
the AMBA amino group of the solid-supported peptidomimetic
precursor (Scheme 5). The resultingR-bromo acetyl amide28
was then reacted with eitherNin-Boc-tryptamine (29)37 or O-tBu-
tyramine (30),38 and each product was submitted to reductive
amination with Fmoc-Gly-H as before. Completion of the
synthesis via SPPS furnished the desired peptidomimetics18

a Abbreviations: HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uroniumhexafluorophosphate; DIEA,N,N′-diisopropylethylamine; DMF,
dimethylformamide; DCE, 1,2-dichloroethane, DIC, 1,3-di-iso-propylcar-
bodiimide; TFA, trifluoroacetic acid; TIS, triisopropylsilane; EDT, ethanedi-
thiol.

Scheme 3.Solid-Phase Synthesis of Peptidomimetics7-10 and
12/13 and the AMBA-Containing Peptidomimetics14-17a

a Key: (a) standard SPPS; (b) RCHO (0.25 M), 2% AcOH-DCE, 2 h,
filtration, NaBH(OAc)3, DCE, 3 h; (c) Fmoc-Gly-H, NaBH3CN, 1%
AcOH-DMF, 10 h; (d) SPPS; (e) final deprotection and cleavage from
resin, TFA-TIS-H2O (95:2.5:2.5). NB:t-butyl protecting groups on Thr
(T) and Glu (E) side chains are omitted for clarity; for13 to 17, the
N-terminal glutamic acid (E) residue was replaced by aâ-alanine residue
(see text).

Scheme 4.Synthesis ofN-Fmoc-N-(2-Aloc)-aminoethylglycine
27 and Peptidomimetic11a

a Keys: (a) Boc2O, THF, 0°C, 95%; (b) BrCH2CO2Et, TEA, THF, 56%;
(c) (i) Aloc-Cl, Na2CO3, H2O, dioxane, (ii) LiOH, H2O, 76%; (d) (i) TFA,
(ii) Fmoc-OSu, NaOH, H2O, CH3CN, 91%; (e) SPPS; (f) 20% piperidine-
DMF; (g) 27, HBTU, DIEA, DMF; (h) SPPS; (i) Pd(PPh3)4, PhSiH3, DCM;
(j) RCHO (i.e., hydroxybenzaldehyde), NaBH3CN, 1% AcOH-DMF, 10
h; (k) final deprotection and cleavage from resin, TFA-TIS-H2O (95:2.5:
2.5).
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and 19 in satisfactory yields and purities (see Experimental
Section and Supporting Information, Table S1).

The last strategy was followed to build peptidomimetics20
and 21 bearing side chains acylated to theN-(2-aminoethyl)-
glycine spacer. To theN-terminal amino group of their AMBA-
containing peptidomimetic precursor was successively attached
Fmoc-Gly-OH via standard SPPS coupling and Fmoc-Gly-H
via reductive amination (Scheme 6). The resulting free secondary
amine function was then acylated with either phenylacetic acid
(31) or indolacetic acid (32) using DIC in DMF. Completion
of the synthesis via SPPS furnished the desired peptidomimetics

20 and21 in satisfactory yields and purities (see Experimental
Section and Supporting Information, Table S1).

T-Cell Recognition. All 23 modified ELA peptides and
peptidomimetics were assayed for their capacity to stimulate a
panel of seven different Melan-A-specific T-cell clones (ex-
pressing different TCR Vâ segments) previously obtained from
melanoma infiltrating T-cells (TILs) or from peptide-stimulated
PBLs. HLA-A2+ human mutant T2 cells pulsed with each of
the 23 compounds in 10µM solutions were used to stimulate
T-cell clones (see Experimental Section). Both the natural
MART-126-35 epitope EAA, naturally expressed by tumor cells,
and its analogue ELA were used as positive controls. Since the
23 ELA analogues and mimetics were synthesized at different
periods of our investigation, they were assayed in two separate
series of experiments (Table 2). Their capacity to induce T-cell
responses was evaluated by determining the fraction of clone
cells producing IFN-γ by intracellular labeling. Cytokine
production by CTL clones correlates with the level of TCR
engagement and intracellular cytokine labeling of the fraction
of activated T-cells clones provides a fine quantitative assess-
ment of the relative T-cell activation.39 Results obtained with
all T-cell-stimulating antigenic peptide analogues and peptido-
mimetics are reported in Table 2 and are compared with
responses obtained in the same experiment with the control
peptides EAA and ELA. The simple replacement of the TCR-
contacting I residue at P5 by Y, F, or W (i.e., peptides1-3)
resulted in full conservation of the recognition by several
T-cell clones. All three peptides stimulated the same four clones,
although at a different level, and one (i.e.,3) also activated
another clone (M77.84). Therefore, the nature of the aromatic
residue thus introduced at P5 of the ELA sequence influences
both the specificity and the level of T-cell recognition. These
first results confirmed those of previous studies showing that
the introduction of an aromatic side chain at the center of the
ELA sequence was not detrimental to its recognition by TCRs,
even though the corresponding peptides were not as good HLA-
A2 ligands as ELA (Table 1).22d The next and first series of
pseudo-peptides (i.e.,4-6), still bearing the same types of
central aromatic amino acid residues (i.e., Y or W) was credited
with a high potential for efficient T-cell stimulation, because
of their high relative binding affinity to the HLA-A2 molecule
(Table 1). We were then obviously disappointed by the total
lack of activity of the two doubly reduced peptide analogues4
and 5. However, the replacement of the second reduced GI
fragment of5 by the AMBA unit led to the high-affinity ligand
6 that was capable of stimulating four different Melan-A-specific
CTL clones with similar efficacy than the ELA peptide. Indeed,
6 induced a response quite similar to that of ELA for two clones
(MEL1-37 and M17.29 ELA1) and slightly lower for two others
(M199.2.7 and CDM41.ELA1) (Table 2, second series).

These last and very encouraging results prompted us to know
whether or not our more drastically modified ELA mimetics of
first, second, and/or third generations could mimic as well the
activity of the ELA peptide. Among the 17 compounds of these
series (i.e.,7-23), it is another AMBA-containing structure that
revealed itself as a particularly interesting construct. This
peptidomimetic21 features four modifications of the starting
ELA peptide sequence. TheN-terminal residue has been
replaced by aâ-alanine, the first GI fragment by theN-(2-
aminoethyl)glycine spacer, the side chain of the central isoleu-
cine residue at P5 by aN-carbonylmethylene-linked indole, and
the second GI fragment by the AMBA unit. Gratifyingly, this
heavily modified structure turned out to be the best elicitor of
IFN-γ secretion, as it stimulated at significant levels four out

Scheme 5.Synthesis of AMBA-containing Peptidomimetics18
and19a

a Keys: (a) Fmoc-AMBA-OH, HBTU, DIEA, DMF; (b) 20% piperi-
dine-DMF; (c) bromoacetic acid (0.4 M), DIC (2 M), DMF, 5 min, rt; (d)
29or 30, DMSO (see text); (e) Fmoc-Gly-H, NaBH3CN, 1% AcOH-DMF,
10 h; (f) SPPS; (g) final deprotection and cleavage from resin using TFA-
EDT-TIS-H2O (92.5:2.5:2.5:2.5) for18and TFA-TIS-H2O (95:2.5:2.5)
for 19.

Scheme 6.Synthesis of AMBA-Containing Peptidomimetics20
and21a

a Keys: (a) Fmoc-Gly-OH, HBTU, DIEA, DMF; (b) 20% piperidine-
DMF; (c) Fmoc-Gly-H, NaBH3CN, 1% AcOH-DMF, 10 h; (d)31 or 32
(see text), DIC, DMF; (e) SPPS; (f) final deprotection and cleavage from
resin using TFA-TIS-H2O (95:2.5:2.5) for20and TFA-EDT-TIS-H2O
(92.5:2.5:2.5:2.5) for21.
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of the seven clones tested. This compound was even capable
of activating the clone MEL1-37 at a level superior to that
reached with ELA, as shown by the significantly higher mean
fluorescence intensity of T-cell clones stimulated by this
peptidomimetic21 (1425) than by ELA (1019) (Table 2 and
Figure 4). It is worth noting that the HLA-A2 binding affinity
of 21 is just about equal to that of ELA (Table 1). Therefore,
the higher capacity of this analogue essentially relies on the
TCR/peptidomimetic interaction. Although the fine character-
istics of TCR/peptide interactions that condition T-cell activation
and response remain unclear, Davies et al.40,41recently proposed,
in their two-step model for T-cell recognition, that it is the final
folding of the two CDR3 loops of the TCR over the antigenic
peptide that is crucial for T-cell activation outcome. In the case
of 21, its docking study revealed a binding mode to the MHC
class-I HLA-A2 molecule highly similar to that of ELA (Figures
2 and 3). The first step of T-cell recognition should therefore
probably be identical for both the peptide ELA and its mimetic
21. The capacity of21 to induce stronger IFN-γ secretion than
ELA could then be a consequence of stronger and/or more
appropriate contacts of its indole acetyl side chain with the
MEL1-37 TCR CDR3 loops. The fact that18, the analogue of
21 lacking the side chain carbonyl group, was unable to activate
T-cell clones could be due to its higher flexibility, whereas the

amide link of21 could better constrain its indolic side chain to
orient itself toward the TCR binding zone. In any event, these
results and those obtained here with other peptidomimetics are
new experimental illustrations to the fact that certain T-cells
are very sensitive to even minor structural changes of the central
part of their ligand. Nevertheless, this fine structural specificity
is not a characteristic common to all T-cells. This is clearly
illustrated by our observation that the CDM41-ELA1 PBL clone
responded in a similar fashion to several ELA analogues (i.e.,
6, 7, 10, 11, and21), all bearing polar aromatic units in their
central part (i.e., indole,p-nitroxyphenyl and quinoline, Table
2). One might thus argue that the CDR3 loops of the CDM41-
ELA1 receptor are flexible enough to accommodate sterically
and electronically different organic motifs of the same general
type during the second step of their recognition of these
peptidomimetics.42,43 In sharp contrast, one of the clones used
in this study (i.e., 10C10) did not tolerate any of the alterations
we performed on its ligand including the simple substitution of
Ile at P5 by other standard aromatic residues (i.e., in1 to 3).
Interestingly, another clone (M199.2.7) not tolerating either these
simple modifications was, however, capable of recognizing the
ELA mimetics 6 and 21. This suggests that nonpeptidic
alterations could be perhaps more efficient than peptidic ones

Table 2. IFN-γ Production of T-Cell Clones after Stimulation by T2 Cells Pulsed with Different ELA-Derived Peptides and Mimeticsa

First Series

compd M77.84 M199.2.7 M199.3.2 MEL1.37 CDM41 ELA1 M17.29 ELA1 10C10

EAA 87 41 85 83 73 75 50
ELA 90 38 88 86 77 65 71
1 4 0 78 84 63 32 0
2 32 7 83 71 58 48
3 90 15 54 81 47 55 0
7 0 0 0 0 64 0 0
10 0 0 0 3 69 0 0
11 0 0 0 0 46 0 0

Second Series

compd M77.84 M199.2.7 MEL1.38 MEL1.37 CDM41 M17.29 10C10

EAA 40 27 80 82 35 76 60
ELA 53 30 86 84 33 78 76
6 0 22 26 82 28 84 0
21 12 25 44 89 31 27 0

a Results are expressed as percentages of IFN-γ producing cells measured by flow cytometry upon intracellular IFN-γ labeling (see Figure 4 and Experimental
Section).

Figure 3. Space filling representations of21 and ELA docked in the
A6-TCR/Tax/HLA-A2 complex. ELA mimetic21 (A) and ELA (B)
viewed from above the HLA-A2 molecule. TheR-helical domains of
HLA-A2 are shown in blue, and itsâ-sheet floor is shown in magenta.
Peptidic structures are shown in Corey-Pauling-Kultun representations
(yellow) with their central P5 position in red. Both structures display
a similar global binding mode with an identical orientation of their
HLA-A2 anchoring side chains. The main difference resides in the
orientation of the indole side chain of21 as compared to that of I5 of
ELA.

Figure 4. Melan-A/MART-1-specific clone Mel1-37 was stimulated
for 6 h with T2 cells, pulsed with EAA, ELA,6, or 21 or without (as
negative control). T-cells were fixed at the end of the stimulation,
permeabilized, stained, and analyzed on a FACScan. Percentages of
IFN-γ-labeled cells are indicated, as well as mean fluorescence
intensities in parentheses.
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in generating active analogues of wild-type epitopes, as a
plausible consequence of their higher structural diversity.

Conclusion

Replacing the central part of MHC class-I bound antigenic
peptides (APs) by nonpeptidic residues is an approach to
peptidomimetics that has previously been followed in attempts
essentially aimed at increasing the binding affinity of the altered
peptides to MHC molecules, while improving their bioresistance
in applications in vivo. To the best of our knowledge, none of
these modifications were specifically implemented with the
possibility of altering and modulating TCR/peptide interactions
in mind. The experimental findings described therein demon-
strate the value of our LigandFit-based rational design of
antigenic peptidomimetics in which the central part is replaced
by a pseudo-peptidic unit that can be equipped with a side chain
capable of interacting with the CDR3 loops of TCRs. Most of
the 20 altered peptides, thus designed, retained or even exceeded
the binding affinity of the parent ELA peptide to the MHC
class-I HLA-A2 molecule. Furthermore, five of them (i.e.,6,
7, 10, 11, and21) were capable of inducing T-cell responses.
The Melan-A-specific T-cell clones used in this study appeared
particularly sensitive to polar aromatic side chains and, more
especially, to indole-containing motifs. The two most potent
compounds (i.e.,6 and 21) feature such a motif. The most
spectacular results of this study are those obtained with the
second-generation peptidomimetic21. Although this heavily
modified peptide structure is not the best HLA-A2 ligand of
those we designed therein, it is capable of inducing IFN-γ
secretion by one of the T-cell clones tested at a level higher
than that reached by the already optimized analogue ELA
peptide. This compound undeniably constitutes a valuable lead
for the development of peptidomimetic-based vaccine-type
immunotherapies against melanoma. Future work will address
the pursuit of the immunological evaluation of this peptidomi-
metic and of its structural modification aimed at improving its
bioresistance while maintaining or increasing its immuno-
genecity. Results will be reported in due course.

Experimental Section

Docking Methodology. All molecular modeling calculations
were performed on a Silicon Graphics Octane workstation using
Catalyst 4.7 and Cerius2 4.7 molecular modeling softwares. The
peptidomimetics used in this docking study are listed in Table 1.
The following procedure was used to perform the docking study.
First, the three-dimensional structure of the A6-TCR/Tax/HLA-
A2 complex was taken from the PDB file 1A07.21 The Tax ligand
and all the water molecules were removed. Hydrogen atoms were
added using the Cerius2 templates for the protein residues. The 23
peptide analogue and mimetic structures were constructed in
Catalyst. Partial charges were assigned using the Gasteiger method44

as implemented in Cerius2. A site model based on the Tax ligand
docked into the protein was identified by LigandFit. Then, the
docking45 of the 23 ligands employed the following protocol: (a)
a Monte Carlo conformational search for generating a candidate
ligand conformation, (b) selection of a ligand position and orienta-
tion based on comparing the shape of the binding site model with
that of the ligand conformation, and (c) evaluation of the goodness
of docking by computing the dock energies using a grid-based
energy calculation. The dock energy is expressed as the sum of
the ligand internal strain energy and the interaction energy of the
ligand with the protein. Then, the position and the orientation of
the ligand are optimized by minimizing the dock energy, with
respect to rigid body translations and rotations of the ligand using
a steepest descent method. The docked conformations found are
then clustered, and the first 20 are saved. A superimposition of the
highest docked structure obtained for each peptidomimetic with

the parental peptide structure from the 1A07 PDB file enables us
to gain insight of the backbone modification consequence on the
interaction with the protein.

Materials and Methods. All reagents were either purchased
from Aldrich, Acros, or Fluka. Amino acids and their derivatives
were purchased from Advanced Chem. Tech. (U.K.), Bachem, or
Novabiochem (Switzerland). The Wang resin and HBTU were
purchased from Novabiochem. All organic solvents were of
analytical quality and Milli-Q (Millipore) water was used for reverse
phase (RP) HPLC analyses and purifications. Peptide and pepti-
domimetic syntheses were performed manually in a glass reactor
(vide infra). RP-HPLC analyses were performed on a Thermo
system using a Chromolith performance RP-18e column (4.6×
100 mm, 5µm) with P1000 XR pumps at a flow rate of 3 mL
min-1 (see Table 1 and Supporting Information). Semipreparative
purifications were performed on the same Thermo system using a
Waters semi-prep deltapack RP-C18 column (3.9 mm× 300 mm,
100 Å pore size, 15µm). The mobile phase was composed of 0.1%
(v/v) TFA/H2O (Solvent A) and 0.1% TFA/CH3CN (Solvent B).
A gradient elution (0-40 min: 90% to 50% A) was applied at a
flow rate of 4 mL min-1. Column effluent was monitored by UV
detection at 214 and 254 nm using a Thermo UV 6000 LP diode
array detector. Flash column chromatography was carried out under
positive pressure using 40-60 µm silica gel (Merck) and the
indicated solvents. Evaporations were conducted under reduced
pressure at temperatures less than 45°C unless otherwise noted.
Further drying of the residues was accomplished under high
vacuum. NMR spectra of samples in the indicated solvent were
run at 400 MHz on a Bruker DPX spectrometer. Electrospray
ionization mass spectrometric low- and high-resolution data
(ESIMS, HRMS) were obtained from the Mass Spectrometry
Laboratory at the European Institute of Chemistry and Biology
(IECB), Pessac, France, and from the Centre Re´gional de Mesures
Physiques de l’Ouest (CRMPO), Universite´ Rennes 1, Rennes,
France.

N-tert-Butoxycarbonyl-1,2-diaminoethane (25).46 To an ice-
cooled solution of 1,2-diaminoethane (24, 2.23 g, 30 mmol) in dry
THF (30 mL) was added dropwise a solution of Boc2O (1.96 g, 9
mmol) in THF (15 mL). The reaction mixture was stirred at 0°C
for 30 min, then at room temperature overnight. After evaporation
of the solvent, the solid mixture was dissolved in ethyl acetate (200
mL) and washed with brine (3× 30 mL). The organic layer was
dried over Na2SO4, filtered, and evaporated to give25 as a white
solid (2.73 g, 97%):1H NMR (DMSO-d6, 400 MHz) δ 1.38 (s,
9H), 2.53 (m, 2H), 2.91 (m, 2H), 6.75 (bs, 1H, NH);13C NMR
(DMSO-d6, 100 MHz) δ 156.5, 78.5, 44.2, 42.3, 28.1.

N-(N′-tert-Butoxycarbonyl-2-aminoethyl)glycine ethyl ester
(26).47 To an ice-cooled solution of25 (1 g, 6.25 mmol) and
diisopropylethylamine (0.215 mL, 1.25 mmol) in dry THF (20 mL)
was slowly added a solution of ethylbromoacetate (0.206 mL, 1.85
mmol) in dry THF (20 mL). The reaction mixture was stirred 1 h
at 0 °C and then 3 h atroom temperature. The mixture was then
poured into brine and extracted with ethyl acetate (3× 20 mL).
The combined organic layers were washed again with brine, dried
over Na2SO4, filtered, and evaporated to give a residue, which was
submitted to flash column chromatography, eluting with CH2Cl2-
MeOH (10:1), to furnish pure26 as a colorless oil (0.26 g, 56%):
1H NMR (CDCl3, 400 MHz) δ 1.26 (t,J ) 7.1 Hz, 3H), 1.44 (s,
9H), 2.83 (m, 2H), 3.27 (m, 2H), 3.46 (s, 2H), 4.19 (q,J ) 7.1 Hz,
3H), 5.22 (bs, 1H, NH);13C NMR (CDCl3, 100 MHz): 177.8,
161.2, 83.0, 65.5, 55.6, 53.9, 33.8, 19.7; ESIMS (positive mode):
m/z (rel. intensity) 247 (MH+, 100%).

N-Aloc-N-(N′-Fmoc-2-aminoethyl)glycine (27).48 To a solution
of 26 (250 mg, 1.0 mmol) in a 2:3 water-dioxane solvent mixture
(10 mL) and Na2CO3 (534 mg, 5.0 mmol) was added dropwise a
solution of allylchloroformate (0.118 mL, 1.12 mmol) in dioxane
(2 mL). This reaction mixture was stirred at room temperature for
90 min, after which time it was poured into water (5 mL) and
extracted with ethyl acetate (2× 20 mL). The combined organic
layers were washed twice with 1 N HCl (10 mL) and brine (10
mL), dried over Na2SO4, filtered, and evaporated. The resulting
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residue was then submitted to flash column chromatography, eluting
with ethyl acetate-cyclohexane (1:1), to furnish the desiredN-Aloc
derivative of26as a colorless oil (242 mg, 76%):1H NMR (CDCl3,
400 MHz)δ 1.28 (t,J ) 7.0 Hz, 3H), 1.43 (s, 9H), 3.27 (m, 2H),
3.46 (t,J ) 5.7, 2H), 3.97 (d,J ) 6.4 Hz, 2H), 4.21 (m, 2H), 4.60
(dd, J ) 5.4, 16.4 Hz, 2H), 5.35 (m, 2H), 5.90 (m, 1H);13C NMR
(CDCl3, 100 MHz)δ 170.5, 156.5, 133.0, 117.8, 67.0, 61.9, 50.3,
49.1, 39.7, 28.8, 14.6; HRMS (ESIMS, positive mode) calcd for
C13H22N2O6Na 325.1375, found 325.1367.

To a solution of theN-Aloc derivative of26 (200 mg, 0.63 mmol)
in THF (5 mL) was added a solution of LiOH (46 mg, 1.90 mmol)
in water (5 mL). This mixture was stirred overnight at room
temperature, evaporated to remove THF, and lyophilized. The
resulting crude carboxylic acid was then dissolved in TFA (5 mL)
and let standing without stirring for 30 min. After removal of TFA
by evaporation, the resulting TFA salt was dissolved in water and
treated with 1 N NaOH until pH 9. A solution of Fmoc-OSu (213
mg, 0.63 mmol) in CH3CN (10 mL) was then added, and the
mixture was stirred at room temperature overnight, after which time
it was poured into water (20 mL) and extracted once with Et2O
(10 mL). The aqueous phase was acidified with 1 N HCl until pH
1 and extracted twice with CH2Cl2 (2 × 20 mL). The combined
organic layers were washed twice with brine (2× 10 mL), dried
over Na2SO4, filtered, and evaporated to furnish27 as a yellow
powder (260 mg, 91%): IR (CHCl3) 2360, 1697, 1540, 1474, 1450,
1141, 740 cm-1; 1H NMR (CDCl3, 400 MHz)δ 3.15 (s, 2H), 3.32
(m, 2H), 3.92 (d,J ) 12.7 Hz, 2H), 4.28 (d,J ) 7.33 Hz, 2H),
4.49 (m, 2H), 4.83 (d,J ) 6.0 Hz, 1H), 5.15 (m, 1H), 5.25 (m,
1H), 5.88 (m, 1H);13C NMR (CDCl3, 100 MHz)δ 172.1, 170.6,
157.0, 144.7, 143.5, 141.6, 134.0, 128.8, 128.5, 128.2, 126.0, 125.8,
121.2, 121.0, 117.6, 66.2, 61.9, 49.7, 47.6, 46.8; ESIMS (positive
mode) m/z (rel. intensity) 425.5 (MH+, 48); HRMS (ESIMS,
positive mode) calcd for C23H24N2O6Na 447.1532, found 447.1537.

General Procedure for Solid-Phase Peptidomimetic Synthesis.
The synthesis of all peptidomimetics and peptide fragments thereof
was carried out on a Wang resin (0.89, 0.91, or 0.93 mmol/g) via
standard SPPS protocols.49 To a solution ofN-Fmoc-Val-OH (10
equiv relative to resin loading) in dry CH2Cl2 (a few drops of DMF
were required to ensure complete dissolution) under N2 was added
di-iso-propylcarbodiimide (DIC, 5 equiv). The reaction mixture was
stirred for 20 min at 0°C. In the meantime, the resin was suspended
in dry CH2Cl2 and allowed to swell for 20 min. After filtration, the
symmetricalN-Fmoc-Val anhydride solution and DMAP (0.1 equiv)
were added, and the resin was shaken 4 h. After filtration, the resin
was successively washed twice with DMF, MeOH, and CH2Cl2
and again DMF. The Fmoc protecting group was removed by using
twice a solution of piperidine in DMF (1:4, v/v) for 3 min then for
7 min. After filtration, the resin was successively washed as before.
The SPPS was then continued usingN-Fmoc amino acids (3 equiv)
or N-Fmoc-AMBA-OH (3 equiv) in the presence of HBTU (3
equiv) and DIEA (5 equiv) in DMF. Each coupling reaction was
performed for 45 min, after which time the resin was washed as
before. The last amino acid (i.e., Glu orâAla) was introduced as
anN-Boc-protected residue. Completion of each coupling reaction
was monitored via the trinitrobenzenesulfonic acid (TNBS) test.
After final deprotection and cleavage from the resin, all compounds
were checked for purity by RP-HPLC and purified by semiprepara-
tive RP-HPLC (see Materials and Methods). Compound identifica-
tion was accomplished by ESIMS analysis in positive mode.

Formation of the Resin-Bound Peptidomimetics 4-6 by
Reductive Amination on Solid Support.The ELA mimetics4-6
were obtained by replacing one or two peptide bonds by the
aminomethylene (CH2-NH) surrogate. To theN-terminalR-amino
group of the resin-bound peptide was addedN-Fmoc-Gly-H (2.5
equiv relative to the resin loading) and NaBH3CN (7.5 equiv) in a
solution of 1% (v/v) AcOH in DMF for 2 h, as previously
described.25 The completion of the reaction was monitored by the
TNBS test. All coupling reactions that were performed after the
introduction of a reduced peptide bond were carried out as described
above.

Formation of the Resin-Bound Peptidomimetics 7-10 and
12-17 byN-Alkylation on Solid Support. To the free resin-bound
glycine amine (Scheme 3) suspended in a solution of 2% (v/v)
AcOH in DCE was added the appropriate aldehyde RCHO in a
quantity sufficient to reach a concentration of 0.25 M in the reaction
medium. After being mixed for 2 h, the reaction mixture was
filtered, and a freshly prepared 0.25 M solution of NaBH(OAc)3

in DCE was added and allowed to react for 3 h. The reaction
mixture was then quenched with MeOH (3 times) and filtered, and
the resin was washed twice with CH2Cl2, MeOH, and again CH2-
Cl2. The next reductive amination with the secondary amine
anchored to the support was then carried out overnight under
shaking by using a solution ofN-Fmoc-Gly-H (10 equiv) and
NaBH3CN (10 equiv) in a 1% AcOH-DMF solvent mixture. After
filtration and washings with MeOH and CH2Cl2, the last coupling
reactions were performed as before according to the general
procedure described above. For the peptidomimetic17, the same
procedure was applied except that theN-alkylation step was carried
out overnight using phenylacetaldehyde (20 equiv) in the presence
of NaBH3CN (20 equiv) in a solution of 1% AcOH in DMF.

Formation of the Resin-Bound Peptidomimetic 11. The
construction of its peptide fragment was done as described above
via standard SPPS protocols, andN-Aloc-N-(N′-Fmoc-2-amino-
ethyl)glycine (27, 3 equiv) was introduced using the coupling
reagents HBTU (3 equiv) and DIEA (5 equiv). The resin-supported
Aloc-containing peptide (see Scheme 4) was then treated at room
temperature with Pd(PPh3)4 (0.1 equiv) and PhSiH3 (20 equiv) in
dry CH2Cl2 with occasional stirring for 20 min at room temperature.
This deprotection step was repeated once. The completion of the
Aloc group removal was controlled via the chloranil test. After
filtration, the resin was washed twice with CH2Cl2, MeOH, and
again CH2Cl2. To the resin (50 mg, 23µmol) then suspended in a
solution of 2% ACOH in DCE (2 mL) was added 4-hydroxybenz-
aldehyde (53.5 mg, 46µmol, 20 equiv) and NaBH(OAc)3 (93.5
mg, 46µmol, 20 equiv). The resin was gently shaken overnight,
and the reaction mixture was quenched three times with MeOH
and washed twice with CH2Cl2, MeOH, and again CH2Cl2. The
completion of this alkylation step was checked via the chloranil
test.

Formation of the Resin-Bound Peptidomimetics 18 and 19.
To the free resin-bound AMBA-derived primary amine (100 mg,
0.556 mmol, see Scheme 5) were added bromoacetic acid (111 mg,
0.80 mmol), as a 0.4 M solution in DMF, and DIC (0.156 mL, 1.0
mmol) as a 2.0 M solution in DMF. The resin was allowed to react
in this media for 5 min, after which time the solution of reagents
was drained, and the resulting brominated resin28 was washed
with DMF (5 × 5 mL). To this functionalized resin was then added
a 1.0 M DMSO solution of eitherNin-Boc-tryptamine (29, 260 mg,
1 mmol) orO-tBu-tyramine (30, 193 mg, 1 mmol).50 These mixtures
were allowed to react for 3 h, after which time they were filtered
and the resins were washed twice with DMF, MeOH, CH2Cl2, and
again DMF (ca. 5 mL of each solvent), before being submitted to
the same reductive amination conditions as those described for
7-10, using N-Fmoc-Gly-H. The final amino acid coupling
reactions were then performed as before according to the general
SPPS procedure described above.

Formation of the Resin-Bound Peptidomimetics 20 and 21.
The free resin-bound AMBA-derived primary amine (100 mg, 0.556
mmol see Scheme 6) was first coupled with Fmoc-Gly-OH using
standard SPPS conditions according to the general procedure
described above. After removal of the Fmoc-protecting group, the
resulting free amine was condensed with Fmoc-Gly-H, under the
same reductive amination conditions as those described for4-6,
to furnish the AMBA-containing resin-boundN-Fmoc-aminoethyl
glycine construct. Its free secondary amine function was then
acylated with either indolacetic acid (101 mg, 0.56 mmol, 10 equiv)
or phenylacetic acid (87 mg, 0.56 mmol, 10 equiv) in the presence
of DIC (90 µL, 0.56 mmol, 10 equiv) in DMF (5 mL). The resin
was shaken for 1 h, after which time the mixture was filtered and
the resin was washed as before. Both acylation reactions were
repeated once. The final amino acid coupling reactions were then
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performed as before according to the general SPPS procedure
described above.

Formation of the Resin-Bound Peptidomimetics 22 and 23.
Peptidomimetics22 and 23 were synthesized according to the
general SPPS procedure described above, using eitherN-Fmoc-
Tic-OH (3 equiv) orN-Fmoc-Tpi-OH (3 equiv). The introduction
of the reduced peptide bond was performed again via condensation
reactions withN-Fmoc-Gly-H (3 equiv) using NaBH3CN (10 equiv).
These reactions were carried out overnight. The last coupling
reactions were then performed as before according to the general
SPPS procedure described above.

General Procedure for TFA Cleavage. Final deprotection and
cleavage from the resin were carried out using a TFA-H2O-TIS
mixture (95:2.5:2.5) for 4 h, except for the indole-containing
constructs17 and21, for which EDT was added to the cleavage
cocktail [i.e., TFA-H2O-TIS-EDT (92.5:2.5:2.5:2.5)]. All the
peptidomimetic constructs were then precipitated using cold Et2O,
filtered, dissolved in a water-acetonitrile-TFA mixture and
lyophilized. They were then purified by semipreparative RP-HPLC
(see Materials and Methods).

Cell Lines. The TAP-deficient human mutant cell line CEMx721
T2 (T2) used as presenting cell was a generous gift from T. Boon
(Ludwig Institute for Cancer Research, Brussels, Belgium). The
EBV-B-transformed cell line LAZ-338 used as feeder cell was a
gift from T. Hercend (Vertex Pharmaceutical, Abingdon, England).
These two cell lines were cultured in RPMI-1640 (Sigma-Aldrich,
Saint Quentin Fallavier, France) containing 10% FCS (Biowest,
Nuaille, France), penicillin-streptomycin (100U PEN/mL-100µg
STREP/mL (Sigma) and glutamine (1 nM) (Sigma).

T-Cell Clones.Melanoma-reactive CD8 T-cell clones (M77.84,
M199.2.7, M199.3.2, 10C10, M17.29ELA1, MEL1.37, and
CDM41ELA1), specific for Melan-A/MART-1 antigen, were
obtained from TILs or from PBLs stimulated ex vivo by peptide
pulsed antigen presenting cells (APC).51 Melanoma-specific clones
were expanded using a polyclonal T-cell stimulation protocol, as
previously described.52 Briefly, 2000 T-cell clones were distributed
in 96-well plates with 150µL of culture medium (RPMI with 8%
human serum and IL-2 150 U/mL) and irradiated feeder cells: LAZ
EBV-B cells (104/well) and allogenic PBLs (105/well). Polyclonal
T-cell amplification was performed using 15µg/mL of PHA-L
(Sigma) at the onset of the culture. Culture medium was changed
2 days later to remove PHA-L and then twice a week. T-cell clones
were split when their number exceeded 2× 105/well.

HLA-A*0201 Binding Assay. The relative peptidomimetic
binding capacity to HLA-A*0201 was assessed using the TAP-
deficient HLA-A2+ T2 cells. These cells were loaded with saturating
concentrations (100µM) of the different peptidomimetics and, in
parallel, of the natural Melan-A/MART-126-35 peptide (EAAGIG-
ILTV) and of its peptide analogue A27L (ELAGIGILTV), with
humanâ2-microglobulin (100 ng/mL, Sigma), by overnight incuba-
tion at 37 °C in serum-free medium (RPMI-1640). Cells were
washed twice before staining with mouse mAb HB54 (HLA-A2
specific) (ATCC) to measure HLA-A2 Ag expression. Briefly, cells
were stained with the specific or isotype control mAb for 30 min
at 4°C. After being washed, cells were incubated for 30 min with
the secondary goat F(ab′)2 fragment anti-mouse IgG-PE (Beckman
Coulter, Marseille, France) and analyzed on a FACScan flow
cytometer using Cellquest software (Becton Dickinson, Grenoble,
France). Increased fluorescence intensity, compared to fluorescence
in the absence of peptide or peptidomimetic is expressed as the
ratio fluorescence intensity (RFI) for HLA-A2 expression calculated
as follows: mean fluorescence intensity with the specific mAb
divided by mean fluorescence intensity with the negative control.
This RFI correlates with the HLA-A2 binding affinity. The relative
HLA-A2 affinity of each peptide analogue or peptidomimetic
construct is expressed as the ratio between the RFI induced by the
optimized analogue ELA and the tested peptide analogues and
peptidomimetics. RFI ratios superior or inferior to 1 respectively
indicate a higher or lower HLA-A2 binding affinity of the tested
peptide analogues and peptidomimetics compared to that of ELA.

T-Cell Stimulation. T2 cells were incubated for 1 h at 37°C in

the presence of ELA analogues or mimetics (10µM). After being
washed, 2× 105 peptide-pulsed T2 cells were incubated with 105

T-cell clones in 200µL of RPMI-1640/10% FCS, in the presence
of 10 µg/mL of brefeldin A (Sigma). The cultures were realized in
round-bottom 96-well plates and incubated for 6 h at 37°C in 5%
CO2 humidified atmosphere. Cells were then fixed 10 min at room
temperature in a solution of PBS 4% paraformaldehyde (Electron
Microscopy Sciences), washed, and stored at 4°C until labeling.

Flow Cytometric Analysis of Intracellular IFN- γ. Stimulated
T-cell clones were stained for IFN-γ using the method described
by Jung and co-workers.53 Briefly, fixed cells were washed in PBS
containing 0.1% BSA and 0.1% saponin (Sigma) and stained for
30 min at room temperature with the PE-conjugated mouse anti-
human IFN-γ MAb (BD Pharmingen) at a concentration of 5µg/
mL, which was shown to give optimal staining, and then washed
twice. Reagent dilutions and washes were made with PBS contain-
ing 0.1% BSA and 0.1% saponin. After being stained, cells were
resuspended in PBS and 1× 104 events were analyzed on a
FACScan flow cytometer using Cell Quest software (Beckton
Dickinson). Results are expressed by the fraction of stimulated
T-cells secreting IFN-γ and by the mean fluorescence intensity of
IFNγ labeled cells which correlates with the intensity of clone
activation.
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