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Mouse CD1d is a nonclassical MHC molecule able to present
lipids and glycolipids to a specialized subset of T cells known as
natural killer T cells. The antigens presented by CD1d have been
shown to cover a broad range of chemical structures and to fol-
low precise rules determining the potency of the antigen in the
context of T cell activation. Together with lipids, initial reports
suggested that CD1d can also bind and present hydrophobic
peptides with (F/W)XX(I/L/M)XXW. However, the exact loca-
tion of peptide binding and the molecular basis for the required
motif are currently unknown. Here we present the crystal struc-
ture of the first peptide identified to bind CD1d, p99, and show
that it binds in the antigen-binding groove of CD1d in a manner
compatible with its presentation to T cell receptors. Interest-
ingly, the peptide adopts an a-helical conformation, which ori-
ents the motif residues toward its deep binding groove, there-
fore explaining the molecular requirements for peptide binding.
Moreover, we demonstrate that a lipopeptide version of the
same peptide is able to bind CD1d in a similar conformation,
identifying another class of molecules binding this antigen-pre-
senting molecule.

The presentation of self- and non-self-peptides by the MHC
class of proteins to T cells represents a critical step in the adapt-
ive immune response. Peptides are bound in a shallow antigen-
binding groove generated by two antiparallel a-helices sitting
on top of a B-sheet. MHC class I peptides are bound in an
extended conformation with both N and C termini bound
inside a closed groove, limiting their size to 8 —10 residues (on
average 9). MHC class II peptides are also bound in an extended
conformation but, because of the open nature of the groove,
tend to be longer (14 —20 residues) (1). Binding of longer pep-
tides has also been reported for MHC class I, and in those cases,
the peptides either bulged out of the groove (2-5), bound in a
zig-zag fashion (6), or induced the opening of the F pocket to
protrude with their C termini into the solvent (7). In both MHC
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class I and 11, peptides are bound with specific anchor residues
inside allele-specific pockets (denominated A to F), thereby
exposing alternating amino acids for T cell receptor recognition
(5, 6). Allelic variation and polymorphism within both MHC
classes greatly increases the peptide repertoire that can be pre-
sented to T cells. In contrast, the nonclassical MHC-like mole-
cule CD1d is nonpolymorphic and presents lipid and glycolipid
antigens, rather than peptides, to a specialized subset of T cells
termed natural killer T (NKT)? cells (1, 8, 9). This innate-like T
cells can be divided in two main subsets, types I and II, based on
their antigen specificity, with each type showing distinct and
sometimes opposing immunomodulatory properties (8).
Unlike MHC molecules, CD1d molecules are characterized by a
deep, apolar groove divided in two pockets called A’ and F’
because of their similarity to the A and F pockets found in
MHC-I molecules (10). Polar moieties of the antigens, such as
sugar and phosphate-containing moieties, are generally
exposed for recognition by a T cell receptor (TCR), whereas the
hydrophobic portions of the antigens are bound inside the
groove. Prior to the discovery of the prototypical CD1d-pre-
sented antigen a-GalCer (11), peptides were also reported to
bind CD1d (12). However, these peptides were relatively long
and hydrophobic, compared with classical MHC-presented
peptides, and unlikely to bind in the similar mode as observed
for MHC molecules. In particular, attempts to define the
molecular requirements of peptide binding to CD1d by testing
random peptides with a phage display approach identified p99,
a 22-mer characterized by a hydrophobic binding motif of the
nature (F/W)XX(I/L/M)XXW (12). Interestingly, the motif
itself was not sufficient for CD1d binding, because truncation of
the peptide to versions containing only the minimal motif
showed reduced or abolished binding affinity for the protein.
Later, a peptide from chicken ovalbumin carrying the same
motif (p18) was also shown to bind to CD1d and elicit an
immune response (13, 14). However, even though peptide
CD1d-reactive T cells have been reported in these studies, their
frequency and role in the context of the immune response
remains controversial. Interestingly, other peptides carrying
the same motif can be identified, including a portion of the
leader sequence on mouse CD1d (15) or several viral peptides
(16), but it is currently unclear whether these peptides bind
CD1d. An interesting viral peptide that contains the CD1d

2The abbreviations used are: NKT, natural killer T; TCR, T cell receptor;
a-GalCer, a-galactosylceramide; SLF2, disulfatide.
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binding motif is the HIV-1 MPER (membrane-proximal exter-
nal region) peptide of GP41 (LELDKWASLWNWFDITNWL-
WYIK). Because HIV-1 down-regulates CD1d cell surface
expression via Nef and Vpu (17, 18), it is tempting to speculate
that CD1d could either present a viral antigen, such as a peptide
or lipopeptide, or a glycolipid self-antigen that is generated
upon infection to alert the immune system. However, so far, no
HIV-derived antigen for CD1d-restricted T cells has been iden-
tified. More recently, a peptide derived from collagen, mCIL,,,_-,;,
was reported to be presented to T cells by mouse CD1d (19).
Although the structural and biochemical details of the binding
of lipid antigens to CD1d have been extensively characterized
(8, 9), the molecular details of the binding of peptides to CD1d
molecules have not yet been understood. Here we describe the
crystal structure of the co-complex between the p99 peptide
and mouse CD1d, highlighting an unusual mode of peptide
binding by a nonclassical MHC molecule. Modifications of
the p99 moiety generating lipopeptides were also shown to bind
CD1d, suggesting new potential modifications of this CD1d-bind-
ing peptide able to modulate binding affinity for CD1d.

Experimental Procedures

mCD1d Expression and Purification—The mouse CD1d
extracellular portion (residues 1-278) was expressed recombi-
nantly in Sf9 insect cells and purified as previously described
(20).

Co-crystallization of the mCDI1d-Peptide Complexes—The
P99 peptide (in its biotinylated form, biotin-YEHDFHHIREW -
GNHWKNELAVM) and the p99p peptide (YEHDFHHIREK-
{palm}GNHWKNFLAVM) were synthetized by Genscript at
>95% purity and dissolved in DMSO at 5 mg/ml for further
experiments. Purified mCD1d/B2m heterodimers at 5-10
mg/ml were incubated with a 6 molar excess of the peptide
(DMSO concentration below 1%) for 16 h before removal of the
excess peptide and concentration of the sample with a Millipore
Amicon concentrator (molecular mass cutoff, 5 kDa). The
CD1d-p99 crystals were grown in 0.2 M ammonium tartrate and
20% PEG 4000 at 4 °C using a sample at a concentration of 10
mg/ml. The CD1d-p99p crystals were grown in 0.2 M ammo-
nium citrate and 20% PEG 4000 at 4 °C.

Structure Determination and Refinement—Diffraction data
were processed with the iMosflm (21) and CCP4 software suites
(22). Both the CD1d-p99 and CD1d-p99p crystals (P2,2,2,)
contain one complex per asymmetric unit and diffracted to a
resolution of 1.8A. The structure was determined by molecular
replacement using MOLREP (23) using the CD1d-B2m struc-
ture from the CD1d-OCH complex (Protein Data Bank code
3G08), with the ligand removed. Clear density was present
above the CD1d binding groove, allowing the building of a pep-
tide model covering residues 4-21 of p99 with iterative cycles
of model building in Coot and refinement in REFMAC5 (24,
25). The final refinement statistics for both structures are pre-
sented in Table 1.

Competition Binding Assay—Recombinant CD1d was loaded
with 6 X molar excess of disulfatide (SLF2; Avanti Polar Lipids)
at 37 °C for 1.5 h in 100 mm Tris, pH 7.0, 100 mm NaCl. After
lipid loading, excess lipid was removed by ultrafiltration using
Amicon filter cartridges (molecular mass weight cutoff, 30
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Resolution range (A)
(outer shell)

55-1.80 (1.9-1.8)

TABLE 1
Data collection and refinement statistics
mCD1d-p99 mCD1d-p99p
Data collection statistics
Space group P2,2,2, P2,2,2,
Cell dimension
a, b, c(A) 42.17,107.57,110.61  42.19, 107.85, 110.34
a, B,y () 90, 90, 90 90, 90, 90

49.1-1.8 (1.84-1.8)

No. of reflections 47,272 46,178
Rnerge (%) 8.9 (83.8) 5.6 (56.2)
Multiplicity 6.1(6.1) 3.5(3.2)
Average /01 11.1 (2.4) 10.9 (1.6)
Completeness (%) 99.5 (99.6) 97.4(96.7)
Refinement statistics
RIR. 0.205/0.234 0.219/0.244
Ramachandran plot (%)
Favored 98.4 98.4
Allowed 100.0 100.0
Rms* deviations
Bonds (&) 0.007 0.008
Angles (°) 1.267 1.334

“ Rms, root mean square.

kDa). CD1d-SLF2 complexes were then incubated overnight at
room temperature with 10X molar excess of peptides either in
the absence of any detergent or in the presence of 0.06 mm
Tween 20 or 0.01 mM tyloxapol. Successful loading of SLF2, as
well as its replacement by peptides was visualized using native
isoelectric focusing gel electrophoresis on pH 3-9 gradient gels
using the PHAST system (GE Healthcare).

Results

The p99 Peptide Binds CDI1d Above the Antigen-binding
Groove—The crystal structure of the mCD1d-p99 complex,
solved at 1.8A of resolution, revealed that the peptide binds
between the al and a2 helices of the antigen binding groove,
straddling the whole length of the groove, its N terminus sitting
above the F’ pocket and its C terminus at the opposite extrem-
ity, above the A’ pocket (Fig. 14, residues are numbered —3 to
19, with the first residue of the motif as residue 1). The peptide
binding orientation is reversed compared with MHC I, where
the N terminus binds at the A pocket and the C terminus in the
F pocket. The strong positive electron density after the molec-
ular replacement step clearly supported this location of the
peptide with well defined electron density observed for all but
the first three residues and the C-terminal residue of the pep-
tide, allowing for the unambiguous determination of the pep-
tide orientation and the placing of almost all side chains (Fig. 1,
Band C). Unexpectedly, the p99 peptide adopts a right-handed
a-helical conformation in the complex. In particular two a-hel-
ical segments, corresponding to residues 0—10and 11-17 in the
structure, can be distinguished. The first segment contains the
FXXIXXW motif and is situated at the entrance of the deep A’
and F’ binding pockets. The second segment contains the resi-
dues WKNFLAVM and sits above the surface of the protein,
correspondence to the A’ pocket (Fig. 1, B and C). Additional
electron density suggesting the presence of a spacer lipid was
also present at the bottom of the A’ and F' pockets not yet
occupied by the peptide. The nature of this spacer is currently
unclear, and a C32 aliphatic chain was modeled into the density.
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FIGURE 1. Crystal structure of the CD1d-p99 complex. A, overall view of the mCD1d-p99 complex with the CD1d chain in gray, B2m in blue, the p99 peptide
in yellow, and the spacer in green. The p99 peptide binds in the antigen-binding groove, between the a1 and a2 helices and above the spacer filling the
remaining of the cavity. B, side view of the antigen-binding groove with the a2 helix removed for clarity. 2 F, — F. density at 1.0 o is shown for the peptide and
spacer molecule. C, top view of the CD1d-p99 complex with the CD1d molecule shown as a surface and the 2F, — F_ density at 1.00 for the peptide.

The p99 Residue Orientation Explains the Requirements for
Binding—Although unexpected, the a-helical conformation
adopted by the p99 peptide provides a rational framework to
understand the molecular requirements for the peptide-bind-
ing motif. Because of their position along the helix, all three key
residues (Phe’, Ile*, and Trp’) are oriented in the same direc-
tion and point toward the CD1d binding groove, forming an
hydrophobic surface that mimics the acyl chains of the lipids
antigens commonly bound by CD1d (Fig. 24). Together, these
three residues fill the upper portion of the F’ pocket, which is
generally open to the exterior, and contact the spacer molecule
underneath. On the other side, the second segment of the pep-
tide binds above the A’ roof and does not contact directly the
spacer molecule. In particular, Trp**, Phe'*, and Leu'® form a
second hydrophobic interface, anchoring the peptide between
the al and a2 helices. Mutational studies done on the p99 pep-
tide revealed that the motif alone is not sufficient to promote
binding to CD1d (12), possibly as a result of the requirement for
the second “minor” binding motif or, alternatively, because of a
requirement for sufficient peptide length to stabilize the sec-
ondary structure. Contacts between the peptide and CD1d are
mainly of a hydrophobic nature, and only a handful of residues
on both a1 and a2 helices engage in polar contacts with the
peptide (Fig. 2B). Residues Met®®, Ser”®, and Asp®° on the al
helix and Asp'®® and Thr'*® on the 2 helix form H bond inter-
actions with the core motif of the peptide. Interestingly, only
Met®® and Asp'>® make H bonds with side chains of the peptide,
Trp” and Gln® respectively, consistent with the finding that
most of the nonanchoring positions are not restricted to a spe-
cific moiety (12).
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p99 Binding Does Not Require Major CD1d Structural Rear-
rangements and Is Compatible with Antigen Presentation—The
binding site of the p99 binding site overlaps significantly with
the binding site of the well characterized lipid and glycolipid
antigens presented by CD1d, including the protypical antigen
a-GalCer (Fig. 2C). We therefore checked whether the binding
of the p99 peptide resulted in major rearrangement in the ala2
domain compared with previously reported CD1d-lipid com-
plexes. Superposition of the CD1d-p99 complex with the
mCD1d-aGC structure (Protein Data Bank code 1Z5L) showed
no gross changes in the conformation of the antigen-binding
region (Fig. 2, C and D). We observed a minor shift (4.3 A
between Ca atoms of Met®”) at the C terminus of the a1 helix.
However, this region is followed by a rather disordered loop,
possibly as a result of different packing contacts between the
molecules in the two crystal structures. We next asked whether
the binding of p99 would allow for binding of NKT cell TCRs to
CD1d. Superposition of the CD1d-p99 structure on the
mCD1d-a-GalCer-type I-NKT TCR structure showed the
presence of several important steric clashes between the pep-
tide and the « chain of the TCR, suggesting that the p99 cannot
be recognized by this TCR (supplemental Fig. S1). This is con-
sistent with reports suggesting that this peptide could elicit only
CD8+ T cell responses in mouse and our own findings that
CD1d-presented p99 cannot activate iNKT cell hybridomas
(12) (data not shown).

Structure of Lipopeptide Bound to CD1d Suggests Novel Pep-
tide-like Ligands—To explore further the molecular determi-
nants of peptide binding to CD1d, we modified the p99 peptide
at the anchor residue Trp” by mutating the residue to Lys and
covalently attaching to it a palmitate moiety. The lipopeptide

JOURNAL OF BIOLOGICAL CHEMISTRY 10679
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FIGURE 2. Binding mode of the p99 peptide to CD1d. A, side view of the antigen-binding groove with the a2 helix removed for clarity. The residues
composing the CD1d-binding motif are labeled, highlighting how they are all oriented toward the cavity of the A’ and F’' pockets. B, top view of the
antigen-binding groove with highlighted the polar contacts between CD1d and the p99 peptide. C, superposition of the CD1d-p99 and CD1d-«-GalCer
structure. In the side view, a2 helix was removed for clarity. Note how the peptide and «a-GalCer overlap and protrude to similar extents from the antigen-
binding groove. D, top view of the antigen-binding groove with the superposition of the CD1d-p99 and CD1d-a-GalCer structures.

generated (p99p) was crystallized in complex with CD1d at a
resolution of 1.8 A. p99p binds in a similar orientation and
conformation to p99, adopting an a-helical conformation and
sitting above the antigen binding groove (Fig. 3). The palmitate
chain binds in the antigen binding groove, and it is best mod-
eled as occupying the A’ pocket. Interestingly, binding of p99p
to CD1d recruited a different set of spacer molecules in the A’
and F' pocket compared with p99. In this case, a short linear
molecule (modeled as caprylic acid, C8) and a citrate molecule
probably obtained from the crystallization mother liquor are
filling the remaining cavities in the two pockets of the groove.
The C8 spacer lipid found in the F’ pocket has previously been
reported to be recruited when short chain glycolipids, such as
OCH, do not fully occupy the F' pocket and appears to be a
general feature required for the stabilization of the F’ pocket of
CD1d (26).

Peptides and Lipopeptides Can Compete with Short Chain
Lipids for CD1d Binding—W e next assessed whether either p99
or p99p could compete with lipids for CD1d binding. We first
preloaded CD1d with a charged lipid, which upon CD1d bind-
ing results in a gel shift of CD1d using isoelectric focusing gel
electrophoresis (27, 28). We first tested the glycosphingolipid
sulfatide and the diacylglycerolipid phosphatidyl inositol. How-
ever, because sulfatide fully fills the CD1d binding groove
(C24:1 and C18:0 alkyl chains) and binds very intimately to
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CD1d (29), no competition by p99 or p99p could be observed.
Similarly, competition with phosphatidyl inositol (C16/C18
alkyl chains) was poor (not shown). We then chose a lipid that
does not fully fill the CD1d binding groove, similar to p99 or
p99p, which both only insert slightly, or only with one alkyl
chain into the binding groove. We used C12-SLF2, because we
expected it to bind CD1d less tightly, allowing for the presence
of the A" pocket spacer lipid that is also seen in the p99 and
p99p structure. Binding of SLF2 resulted in shift of ~60% of all
CD1d molecules to the —2 charge position (Fig. 4). This indi-
cates that the competition of SLF2 with the endogenously
loaded lipid (30) is not complete. However, incubation of
CD1d-SLF2 complexes with p99 resulted in a slight gel shift of
CD1d back to the 0 charge position. p99p did not compete for
SLF2 in this assay, likely because it is less soluble in the absence
of any detergent. Because it was recently shown that the nature
of the detergent can influence lipid loading efficiencies (31), we
performed the p99 and p99p competition assay in the presence
of 0.01 mm tyloxapol or 0.06 mm Tween 20. Although p99 and
p99p compete equally well with SLF2 in the presence of Tween
20, p99p competes more efficiently than p99 in the presence of
tyloxapol. We noticed a full migration back to the starting posi-
tion on the gel (Fig. 4). We also tested binding of the HIV-1
MPER peptide, which contains the CD1d binding motif, in this
assay. However, we failed to see any competition using MPER,
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FIGURE 3. Crystal structure of the CD1d-p99p complex. A, overall view of the mCD1d-p99p complex with the CD1d chain in gray, 2m in blue, and the p99p
lipopeptide in orange. The caprylic spacer is shown in green, and the citrate spacer is in pink. B, side view of the antigen-binding groove with the a2 helix
removed for clarity. 2 F, — F_density at 0.8 o'is shown for the lipopeptide and spacer molecules. C, top view of the CD1d-p99p complex with the CD1d molecule

shown as a surface and the 2 F, — F_density at 0.8 o for the lipopeptide.

preload | SLF2 SLF2 SLF2| SLF2 SLF2 SLF2
replace [none p99 p99p| none p99 p99p
with no detergent + 0.01 mM tyloxapol

SLF2 SLF2 SLF2 SLF2
none p99 p99p MPER
+ 0.06 mM Tween20

FIGURE 4. p99 and p99p can compete with disulfatide for binding to
CD1d. Isoelectric focusing gel showing mouse CD1d samples loaded with
SLF2 and incubated with peptides and surfactants. p99 and p99p are able to
compete with disulfatide antigens, as shown by the shift in the ratio between
the two bands observed toward the lower band. No competition was
observed with the MPER peptide with disulfatide preloaded CD1d.

suggesting that it does not bind CD1d. We generated a MPER-
CD1d model and noticed that this peptide has two bulky side
chains around the CD1d binding motif that likely leads to steric
clashes with CD1d and explains the lack of CD1d binding (sup-
plemental Fig. S2). In summary, our data suggest that the lipo-
peptide p99p can compete better with lipids than the peptide 99
itself, because its single alkyl chain assists in the competition.
However, solubility of p99p in aqueous buffers is likely reduced
compared with p99, necessitating the presence of detergent in
this assay. Therefore, p99p should be able to compete well with
lysolipids, an emerging family of NKT cell antigens that contain
only one fatty acid (32). However, because we did not see any gel
shift upon binding of lyso-phosphatidyl inositol and lyso-phos-
phatidyl glycerol in our isoelectric focusing assay (not shown),
likely because of their transient interaction with CD1d, we
could not test competition by p99 or p99p directly.

Discussion

We present here the structure of the p99 a-helical peptide
bound to CD1d, the first case in which an «a-helical peptide
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binds the antigen-binding groove of an MHC fold. The struc-
ture revealed that the secondary structure of the peptide is crit-
ical for the orientation of hydrophobic side chains within the
antigen-binding groove of the protein, therefore providing a
rationale for the previously determined CD1d-binding motif
((F/W)XX(I/L/M)XXW) found in the peptide.

It was initially proposed that MHC molecules could also
present a-helical peptides of amphiphatic nature (33, 34), but
the determination of the first MHC peptide co-crystal struc-
tures revealed that peptides bound the proteins in an extended
conformation, with MHC-I-specific peptides binding within
the groove, whereas MHC-II-specific peptides bind with their
extremities exposed outside of the binding groove (Fig. 5). The
CD1d-p99 structure highlighted here shows that CD1d can,
with minimal structural rearrangements, accommodate a third
helix between the a1 and a2 helices, therefore creating a com-
posite surface that could be involved in further protein-protein
interactions, possibly involving TCRs or NK cell receptors.
Interestingly, the reverse N- to C-terminal orientation of the
peptide, compared with MHC-I-peptide complexes, is possibly
the result of the lack of N- or C-terminal anchors, because
reverse peptide binding orientations have been previously
reported for MHC-II complexes (35). Moreover, we show that
it is possible to modify the p99 backbone to generate lipopep-
tides able to bind mouse CD1d. Further modifications of this
backbone, for example by extending the aliphatic portion to
completely fill the A’ pocket now only partly occupied by the
palmitate residue, could result in novel ligands for CD1d with
increased stability and affinity. Consistent with the structural
information presented here, p99 and p99p are able to compete
with short chain glycolipids for binding within the antigen
binding groove (Fig. 4).

JOURNAL OF BIOLOGICAL CHEMISTRY 10681
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FIGURE 5. Peptide binding to MHC and CD1d molecules. A, top view of the CD1d-p99 complex with the peptide in yellow. B, top view of a MHCl-peptide
complex (Protein Data Bank code 1FZK) with the peptide fully contained with the antigen-binding groove. C, top view of a MHClI-peptide complex (Protein
Data Bank code 1ESO) with the peptide straddling the whole antigen-binding groove.

Several other peptides have been identified that carry a sim-
ilar motifto p99, including a peptide derived from chicken albu-
min, pl8, that was reported to induce a CD1d-dependent
immune response (13) and several viral peptides including the
HIV MPER peptide. However, we were unable to clearly dem-
onstrate mouse or human CD1d binding of p18 (not shown) or
the MPER peptide (Fig. 4), possibly because of further steric
clashes between peptide side chains and the CD1d binding
groove (supplemental Fig. S2). Also, attempts at crystallizing
the complexes of p18 and MPER with CD1d have so far proven
unsuccessful. It is therefore possible that such peptides have a
reduced binding affinity for CD1d compared with p99, because
the latter was the result of several rounds of optimization by
phage display technique against mouse CD1d expressed in
insect cells, the same source of the material used for crystalli-
zation. Accordingly, the p99 peptide is not expected to bind to
human CD1d in the same conformation observed for mouse
CD1d because of several sterical clashes (supplemental Fig. S3).
Further functional, biochemical, and structural studies, possi-
bly involved improved versions of the (lipo)peptides studied
here, would therefore be required to advance our understand-
ing of the nature of CD1d-peptides interactions.
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