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CD1e is the only human CD1 protein existing in soluble form in
the late endosomes of dendritic cells, where it facilitates the
processing of glycolipid antigens that are ultimately recognized
by CD1b-restricted T cells. The precise function of CD1e remains
undefined, thus impeding efforts to predict the participation of
this protein in the presentation of other antigens. To gain insight
into its function, we determined the crystal structure of recombi-
nant CD1e expressed in human cells at 2.90-A resolution. The struc-
ture revealed a groove less intricate than in other CD1 proteins, with
a significantly wider portal characterized by a 2 A-larger spacing
between the a1 and a2 helices. No electron density corresponding
to endogenous ligands was detected within the groove, despite the
presence of ligands unequivocally established by native mass spec-
trometry in recombinant CD1e. Our structural data indicate that the
water-exposed CD1e groove could ensure the establishment of
loose contacts with lipids. In agreement with this possibility, lipid
association and dissociation processes were found to be consider-
ably faster with CD1e than with CD1b. Moreover, CD1e was found
to mediate in vitro the transfer of lipids to CD1b and the displace-
ment of lipids from stable CD1b-antigen complexes. Altogether,
these data support that CD1e could have evolved to mediate lipid-
exchange/editing processes with CD1b and point to a pathway
whereby the repertoire of lipid antigens presented by human den-
dritic cells might be expanded.

3D structure | glycolipid antigen presentation | human CD1b | lipid antigen
editing | lipid transfer protein

Four transmembrane CD1 molecules (CDla, -b, -c, and -d) are
expressed in different cell-specific combinations by human
immune cells and, among these, in dendritic cells (DCs), the
professional antigen-presenting cells (APCs). These proteins
present self or microbial lipid antigens to T cells, thus partici-
pating in innate and adaptive immunity (1, 2). Myeloid DCs also
express a fifth isoform, CDle, which indirectly participates in
glycolipid antigen presentation. This protein has been found to
facilitate the processing of complex mycobacterial hexamanno-
sylated phosphatidylinositol (PIMg) by lysosomal a-mannosidase
into dimannosylated forms (PIM,) that activate CD1b-restricted
T-cell clones (3).

In several respects, CD1e behaves differently from the other
human CD1 family members. After biosynthesis, all membrane-
anchored CD1 molecules reach the Golgi compartments. Apart
from CD1d, which is also delivered directly to endosomes (4),
CD1la-d molecules are then transported to the plasma mem-
brane, where they have been shown to bind some antigens. Sub-
sequently, CD1 molecules are constitutively internalized into the
endocytic network, where they capture antigenic ligands (4). Fi-
nally, the CDl-antigen complexes cycle back to the plasma

1323013235 | PNAS | August9,2011 | vol. 108 | no.32

membrane to activate specific T lymphocytes. In contrast, CDle
remains exclusively intracellular. After reaching the Golgi com-
partments, CDle is addressed to sorting endosomes and from
there to CD1b™ lysosomes. During its progression through the
endosomal network, the CD1e al-a3 soluble domain is released
from the transmembrane domain and the propeptide, consisting
of the 12 N-terminal residues, is removed by the action of un-
defined proteases. Hence, lysosomal CDle proteins are soluble
(sCD1e). The formation of sCD1e in late endosomes/lysosomes
has been shown to be necessary for the efficient presentation of
PIM; to CDlb-restricted T cells (3, 5). Intriguingly, CDle is
detected mainly as a membrane-associated form in the Golgi
compartments of immature DCs, and DC maturation results in
its transfer to CD1b™ compartments and a progressive down-
regulation of CD1e biosynthesis (6, 7).

Antigen presentation by CD1 molecules requires the prior
transfer of lipid antigens from biological membranes to CD1-
binding grooves, a key step mediated by lipid transfer proteins
(LTPs) (8-11). The presence of sCDle molecules in CD1b™*
compartments raises the question of whether sCD1e also func-
tions as an LTP. To better define its function, we determined the
crystal structure of sCDle. This structure revealed an exposed
lipid-binding groove that appears well suited to mediate lipid
transfer processes. This possibility was subsequently confirmed by
in vitro experiments that showed that sCD1e interacts with lipids
with fast rates and could mediate ligand exchange with CD1b.

Results

Di- and Triacylated Lipids Bind to CD1e. With the intention of
selecting the best CD1e recombinant proteins for crystallization,
we compared the isoelectric focusing (IEF) profile and lipid-
binding properties of two recombinant (r)sCD1e forms. The first
one is a heterodimer of the CD1e a-chain (allele 2) and human
B2-microglobulin (p2m) expressed in Drosophila S2 cells (rsCD1e-
2); the second form, produced in human cells, is a single-chain
CDle (scCD1e) with p2m covalently linked to the same a-chain.
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RsCD1e proteins were shown to bind in vitro diacylated PIM,
and PIM, glycolipids (3). We then enlarged the panel of lipids
tested to molecules composed of two or three fatty acid chains
(Fig. S1). These studies showed that rsCDle-2 forms stable
complexes with a wide range of two-tailed lipids, e.g., phospha-
tidylinositol (PI), sulfatides (SLF), bis-(monoacylglycero)phos-
phate (BMP), or diacylated sulfoglycolipids (Ac,SGL) from
Mycobacterium tuberculosis (Mtb) (Fig. S2). Triacylated lipids
like hemi-BMP or the Pam;CSK, lipopeptide also associated
with rsCD1e-2. No band shifts were observed with zwitterionic
neutral phosphatidylcholine (PC) or sphingomyelin (SM), sug-
gesting that endogenous CDle ligands could be neutral or
absent. Fully deglycosylated scCDle, prepared by sequential
treatment with exo- and endoglycosidases, was also found to
interact with di- and triacylated lipids (Fig. S2), demonstrating
that rsCD1e-2 and scCDl1e display similar lipid-binding properties.

Determination of the Crystal Structure of Human CD1e. To gain in-
sight into the function of CDle, we determined its 3D structure.
After many unproductive crystallization trials with rsCDle
molecules, we turned our attention to the scCDle construct,
which displayed similar lipid-binding (see above) and lipid-
exchange properties (see below) than rsCD1e-2. Fully deglyco-

sylated scCD1e could be crystallized and its structure solved to
a resolution of 2.90 A (Fig. S34 and Table S1). Consistent with
the sequence homologies, the backbone structure of scCD1e was
similar to those of other human CD1 isoforms. Root-mean-
square deviations (rmsd) of 1.10, 1.18, 1.19, and 1.15 A were
observed after superimposition of the backbone atoms of
scCDle on those of human CDla (PDB ID 10NQ), CD1b
(2H26), CDl1c (30V6), or CD1d (1ZT4), respectively. Differ-
ences were most pronounced between residues of the al-o2
superdomain (e.g., 1.24 A rmsd with human CD1b). Only the
first residue of the linker engineered to connect the $2m and the
CDle heavy chain could be resolved in the electron density. The
loop that connects the last two p-sheets of the o2 domain of
scCD1e was also poorly defined in electron density, and as a re-
sult residues Q120-1122 were excluded from the final model.

Structure of the CD1e Lipid-Binding Groove. The crystal structure of
scCDle revealed a binding groove comprising two main pockets,
which, according to the terminology for mouse CD1d, will be
called the A’ and F’ pockets (Fig. 1 4 and B and Fig. S3 B and
(). As in other CD1 molecules, the binding pockets are bordered
mainly by hydrophobic residues. The A’ pocket is the most
conserved structural feature among CD1 grooves. Access to this

Fig. 1. Structure of the scCD1e a1-a2 superdomain showing the groove architecture. Top (A) and side (B) views of the a1-a2 domain of scCD1e, with the

transparent molecular surface of the groove rendered in light green. (C and D) Similar views of the human CD1b groove (2H26, gray surface). (A-D) The
protein backbones are colored in yellow with the exception of the a-helical portions (red). PC associated with CD1b is shown as sticks with the carbon atoms in
yellow, oxygens in red, nitrogens in blue, and phosphates in orange. All UL atoms are colored in orange. Side-chain atoms of residues differing among CD1
isoforms and/or causing notable changes in scCD1e groove architecture are shown as green sticks, with the corresponding Ca atoms depicted as balls. (F)
Aperture of the CD1e groove portal. Comparison of the a1-02 domain of scCD1e (thick gray tubes) with those of human CD1a (yellow, TONQ), CD1b (blue,
2H26), CD1c (magenta, 30V6), and CD1d (green, 1ZT4). The image was generated by superimposition of residues 57-79 of the a1 helix and residues 93-101 of
the p-sheet platform of scCD1e on the corresponding residues of the other human CD1 molecules. The distance between the Ca atoms of Phe73 and Tyr144 of
scCD1e is compared with the distance between the corresponding Phe77 and Tyr151 of CD1b. (F-/) Comparison of the groove portals of scCD1e (F and G) and
human CD1b (H and /). The molecular surfaces are presented with electrostatic potentials calculated at neutral pH (red, electronegative; blue, electropositive;
—30 to +30 kT/e) in the top (F and H) and front views (G and /). PC and UL ligands are shown as sticks with atoms colored as in C and D. The position of the
CD1b-bound ligands is shown for comparison in F and G after superimposition on the scCD1e structure. (J-K) Weak electron density from ligands in the
scCD1e lipid-binding groove. The final FoFc map was contoured at 3.0c (blue mesh) around the position of atoms of groove-bound ligands from super-
imposed CD1 structures (PC and UL of human CD1b, aGalCer of human CD1d, SLF of human CD1a, and mannosyl-g1-phosphomycoketide (MPM) and C;, of
human CD1¢). For ease of comparison, only the CD1b ligands are shown with lines colored as noted above. The electron densities (2FoFc, contoured at 1.0 ¢)
around the side-chain atoms of Met8 and 11e94 (J) or Tyr69, 1le94, Met109, and Trp124 (K) are also shown in gray. The positions of the A’, C', F/, and T’ pockets/
tunnel of human CD1b are indicated for comparison.
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pocket is gained through the main portal at the protein surface.
A major portion of the A’ pocket in scCDl1e is shielded from the
aqueous milieu tgz a cover of well-conserved hydrophobic resi-
dues (PheS4, Leu®, Leu®, Leu', and Thrlss). Below this cover,
the pocket follows a toroidal trace around a central pole defined
by residues Met® and Phe®®. Similarly sized hydrophobic residues
occupy the corresponding ];)ositions in other human CD1 iso-
forms, e.g., Val'? and Phe’’ in CD1b (Fig. 1 C and D). The
remaining residues that border the A’ pocket of CDle or lie at
the interface with the F’ compartment are comparable in size to
those found in other CD1 molecules.A noteworthy difference is
Ile®®, which replaces the Gly®® of human CD1b and prevents the
occurrence of a similar T’ tunnel (Fig. 1 B vs. D). A comparison
with the superimposed structure of CD1b in complex with PC
and the unknown ligand (UL) spacer indicates that the A’ pocket
of human CDle provides enough space to accommodate up to
30-carbon-long (Cs5y) hydrophobic chains.

The most remarkable structural differences between human
CDle and other CD1 proteins lie in the F’ pocket (Fig. S3C).
This structure combines the F’ and the uppermost portion of the
C’ pocket of human CDI1b, as a result of the wider separation
between the helices of the ol and a2 domains (see below) and
the presence of the Phe’*/Tle"” residues in CD1e replacing the
Phe”’/Phe'** pole of CD1b (Fig. 1 A-D). Merged C' and F'
pockets also occur in human CD1a (Ser’’/Phe'**), CD1c (Leu’”/
Val'*), and CD1d (Phe”’/Ala'*") (Fig. S4). Also in common
with CD1a, CDlc, and CD1d, the T’ tunnel and the deepest part
of the C’ pocket of human CD1b are blocked in CD1e by the side
chains of Met'*? and Trp!'?*, respectively, at positions equivalent
to the smaller Gly''® and Cys™! of CDI1b. Otherwise, the
remaining hydrophobic residues lining the CDle F’ pocket re-
semble in size and hydrophobicity the corresponding residues of
other human CD1 molecules.

Wide Open Portal Above the CD1e F’ Pocket. The relative position of
the al and a2 helical segments of CDle differs considerably
from what is observed in other CD1 structures. The clefts formed
between the al and a2 domains of other CD1 molecules are
about 14 A wide and of nearly constant width. In CDle, the
distance between the two helices is ~2 A greater at the center of
the superdomain, resulting in a wider groove entrance above the
F’ pocket (Fig. 1E). Indeed, after superimposition of backbone
atoms of the al helix and the central p-sheet platform, an rmsd
of 3.2, 3.4, 3.4, and 3.10 A was calculated between the 142-146
o2 interhelical segment of CD1e and the corresponding 149-153
residues of human CD1a, CD1b, CD1c, and CD1d, respectively.
The 16-A-wide aperture in CDle is halfway between those in
CD1 and MHC class I and class II molecules (18-20 A in the
middle of the cleft) (12).

The portal dimensions of the CD1e groove also increase in the
direction running parallel to the two helices, compared with
other CD1 molecules (Fig. 1F and Fig. S4). The maximal
opening is dictated by the side-chain atoms of Leu® and Phe®,
which are 23.7 A apart. In comparison, the longest aperture
drops to 18.6 A in human CD1b (Fig. 1H and Fig. S4), mostly as
a consequence of the replacement of Ser®® in CDle by the
bulkier Phe®*. Furthermore, the Ser® of CD1e induces a marked
wall depression on one side of the groove cleft, between the ol
helix C terminus and the o2 helix N terminus (Fig. 1G). This
feature is most evident in comparison with CD1b (Fig. 1I). In-
terestingly, a similar lateral aperture of the F’ pocket has been
recently observed in the crystal structure of hCD1c (13).

Overall, the calculated surface area of the CD1e portal (130 A?)
is significantly greater than those of human CD1a (98 A?), CD1b
(89 A?), and CD1d (84 A?), but much smaller than that of
hCD1c (240 A%). A wide and laterally exposed CD1e cleft might
affect the way in which ligands will be anchored within the groove
and how lipid polar heads will be held in place by surrounding
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residues. A spatially less constrained CD1le groove might also
enhance the rates of lipid exchange.

No Endogenous Ligands Are Observed in the Groove of Crystallized
scCD1e. Weak and discontinuous electron density was detected
within the A’ and F’ pockets of the scCD1e-binding groove (Fig.
1 J-K), suggesting that endogenous lipids are absent in crystal-
lized scCDle. To confirm that CDle is secreted from human
cells in association with endogenous ligands, we characterized
scCDle by native mass spectrometry (14). Electrospray ioniza-
tion (ESI)-MS experiments in positive and negative modes and
tandem MS-MS spectra of selected precursors demonstrated
that fully deglycosylated scCD1e is associated with either PC or
SM (Fig. S5). ESI-MS data also suggested the simultaneous as-
sociation of scCD1e-PC and scCD1e-SM complexes with a sec-
ond ligand [CD1e-associated unknown ligand (ULe)] of about
260-280 Da, reminiscent of the spacer ligands found in human
CD1b (15) or mouse CD1d (16). This ULe ligand was detected
at marginal intensities as a dissociation product in negative-
mode tandem MS experiments (Fig. S5D, Inset). Its m/z values
might correspond to those of unsaturated C;; to Cy fatty acids.
The weak electron density within the scCD1e groove therefore
indicates either that endogenous ligands were lost in the course
of crystallization or that ligands adopt variable conformations in
the groove. Unfortunately, all our efforts to characterize crys-
tallized scCD1le molecules by native MS proved unsuccessful,
probably as a consequence of the impossibility of sufficiently
removing salts and precipitants required for crystallization.

Lipid-Exchange Processes Are Faster with CD1e Than with CD1b. The
wide and water-exposed groove cleft of CD1e suggests that lipids
could associate with and/or dissociate from CDle at faster rates
than with other CD1 isoforms. To investigate this possibility, we
compared the rate of lipid binding to rsCD1e-2 or scCD1e with
rsCD1b. In vitro, incubation of rsCD1e-2 or scCD1e with BMP or
SLF at pH 5.0 resulted in 40-60% lipid incorporation in less than
10 min (Fig. 24). In contrast, no significant binding to rsCD1b was
detected even when incubation was extended for 1 h. Only lipids
with exceedingly large polar heads, e.g., GM1 or GD3 ganglio-
sides, associated rapidly with rsCD1b. With all other lipids tested,
complex formation required either the presence of detergents or
longer incubation at pH <4.0, which is the reported optimal pH
for lipid loading by CD1b (17-19). In contrast, scCD1e-lipid
complex formation was complete within the first 10 min of in-
cubation at both neutral and acid pH (Fig. S64), in agreement
with published data obtained for rsCD1e forms with fluorescent
phosphatidylserine-nitro-benzoxadiazol (20).

The stability of CDle-lipid and CD1b-lipid complexes was
also compared. Complexes between scCD1e and either BMP or
sulfoglycolipid (SGL) 12, as well as between rsCD1b and either
SGL12 or SGLI1, were prepared and purified by chromatofo-
cusing with 30-50% yields. The two synthetic SGL molecules
share the same polar head and differ only by the length and the
presence of methyl ramifications in one of the two hydrophobic
tails (Fig. S1) (21). In the case of scCD1e-BMP, an ~1:1 mixture
of loaded and unloaded species was observed immediately after
purification. This was probably due to insufficient chromato-
graphic resolution rather than to poor stability because scCD1e—
lipid complexes (like rsCD1b-lipid complexes) were stable when
incubated in the absence of external lipids (Fig. S6B).

Purified complexes were next incubated at pH 5.0 in the
presence of liposomes composed of mixtures of neutral lipids
representing biological membranes. The persistence of CD1-
bound anionic lipids was monitored by IEF. These experiments
showed that anionic ligands dissociated from scCD1e considerably
faster than from rsCD1b (Fig. 2B). The proportion of scCDle—
BMP and scCD1e-SGL12 complexes dropped to 10 and 50%,
respectively, after the first 10 min of incubation. In contrast,
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Fig. 2. Lipid binding to and dissociation from CD1e is rapid. (A) CD1 mol-
ecules were incubated at pH 5.0 with a 10-fold molar excess of either BMP or
SLF for the time and at the temperature indicated, and the products were
analyzed by IEF. The binding occurring during the time of IEF deposition and
separation was controlled by mixing CD1 proteins and SLF at 4 °C immedi-
ately before deposition (lane 8). (B) CD1-lipid complexes were purified by
chromatofocusing and subsequently incubated at pH 5.0 for the time and at
the temperature indicated in the presence or absence of liposomes com-
posed of PC/PE/SM/Chol (1x represents 500/200/200/250 puM final concen-
trations). The last lane of each gel corresponds to the given complex after
incubation with 2.5 mM C;,DAO at room temperature for 3-5 min, a treat-
ment that induces ligand dissociation.

dissociation of rsCD1b-SGL complexes occurred slowly, reach-
ing 10-30% yields after 2 h. Interestingly, ligand displacement
from scCD1e occurred within the first minutes of incubation, but
then rapidly stagnated and was barely affected by the concen-
tration of neutral liposomes, pointing to the presence of com-
plexes of different stability. The dissociation behavior was
dependent on the identity of the ligand, suggesting that this
property is not intrinsic to the recombinant protein.

CD1e Exchanges Lipids with CD1b. Our structural findings and the
rapid kinetics of lipid association and dissociation support the
view that CDle might behave as an LTP in late endosomes/
lysosomes. To further explore this hypothesis, we tested (i)
whether CD1e modifies the stability of CD1b-lipid complexes
and (i) whether CD1e mediates the transfer of lipids to CD1b.

Despite the high stability of purified rsCD1b-SGL12 (see
above) and its demonstrated strong T-cell-stimulatory capacity
(21), incubation of the complex with rsCDle-2 caused almost
complete dissociation of SGL12 from rsCD1b within 30 min
(Fig. 34). Little or no such effect was observed in control
experiments using a recombinant soluble HLA class I protein;
human CD1a or CD1d; human $2m; BSA; or the LTP saposins
A, B, or C (Fig. S6C). The unloading of rsCD1b-SGL12 by
rsCD1e-2 was too fast to permit accurate kinetic analyses, sam-
ple loading and separation on IEF gels requiring a minimum of
10 min.

RsCD1e-2 unloaded the rsCD1b-SGL12 complexes more ef-
ficiently than the rsCD1b-SGL1 complexes (Fig. 34 and Fig.
S6D). The displacement of SGL12 from rsCD1b was also effi-
ciently elicited by scCD1e (Fig. 3B and Fig. S6C). Use of scCD1e
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Fig. 3. CD1e mediates the exchange of lipids with CD1b. (A) rsCD1e-2
induces the dissociation of ligands from CD1b. Purified rsCD1b-SGL12 or
rsCD1b-SGL1 was incubated for 30 min at room temperature in the presence
or absence of a 3-fold molar excess of HLA-A2, human rsCD1a, or rsCD1d;
a 1.5-fold excess of rsCD1e-2; or a 10-fold excess of saposin B, before IEF
separation. The incubation mixtures included 0.5x lipid vesicles (Fig. 2). (B)
Single-chain CD1e efficiently unloads CD1b-bound lipids. Purified rsCD1b-
SGL12 (8 pM) was incubated for 30 min with or without an equimolar
amount of scCD1e or scCD1e-SGL12 in the presence of 0.5x lipid vesicles,
before IEF separation. (C) Direct transfer of scCD1e-bound lipids to CD1b.
Mixtures containing rsCD1b and the indicated scCD1e-lipid complex or
unloaded scCD1e were incubated for 10 min at pH 5.0 and 37 °C, before
analysis by IEF. (D) CD1e transfers lipids from vesicles to CD1b. BMP or SGL12
vesicles were incubated for 30 min at pH 5.0 with rsCD1b in the presence or
absence of rsCD1e-2 or scCD1e, before analysis by IEF. To achieve higher
magnification, bands from sCD1e-2 observed at lower pl values (Fig. S6F) are
not presented here. Data are representative of at least three independent
experiments.

permitted us to visualize the appearance of a molecular species
identical in pI to scCD1e-SGL12, demonstrating the occurrence
of ligand transfer from CDI1b to CDle (lane 3, Fig. 3B). A
groove-to-groove mechanism of ligand transfer was further
supported by the fact that rsCD1b-SGL12 unloading was con-
siderably impeded in incubations with scCD1e-SGL12, com-
pared with similar incubations with scCDle (compare lanes 3
and 4, Fig. 3B). Altogether, these experiments show that CD1b-
bound ligands can be removed by and transferred to sCDl1e.

When the reverse process was investigated, lipid transfer to
rsCD1b occurred efficiently from scCD1e-BMP complexes, de-
spite the presence of an ~1:1 mixture of loaded and unloaded
species, but was faint from the scCD1e-SGL12 complexes (Fig.
3C). These findings support the idea that CDle could sustain
lipid transfer to CD1b and suggest that this process displays
ligand selectivity.

CD1b-Lipid Complexes Form Faster in the Presence of CD1e. We fi-
nally investigated whether sCD1e might mediate the transfer of
lipids from vesicles to CD1b. Addition of rsCD1e-2 or scCDl1e to
reaction mixtures containing rsCD1b and anionic lipid vesicles
resulted in fast formation of rsCD1b-lipid complexes (Fig. 3D
and Fig. S6F). The yields were influenced by the nature of the
lipid in the following order: BMP ~ PI > SLF > PS > SGL1 >
SGL12. RsCD1e-2 molecules still transferred to rsCD1b faint and
moderate quantities of triacylated hemi-BMP and Pam3CSK,,
respectively. Lipid transfer was fast, the reaction with BMP being
almost complete within 10 min. Moreover, substoichiometric
amounts of rsCDle-2 promoted efficient loading of rsCD1b.
Thus, an eightfold lower concentration of CDle than CDI1b
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sufficed to induce the formation of about 40% rsCD1b-BMP after
1 h of incubation (Fig. S6F). Remarkably, BMP transfer occurred
equally well under neutral and acidic conditions.

Discussion

CD1 proteins present self and nonself lipid antigens to helper
and cytotoxic T cells, thereby alerting the immune system to
infectious attacks and other pathological disorders of the host.
The stimulation and expansion of CD1-restricted T cells in vivo
depends on the nature and abundance of the lipid antigens oc-
cupying the grooves of CD1 molecules present on the APC
plasma membrane, which in turn will be determined by the cel-
lular localization and concentration of CD1 molecules, antigens,
and competing binders and by their binding affinities. Lipids bind
to the deep pockets of CD1 molecules through their long hy-
drophobic tails, and accordingly their binding affinity is assumed
to be dominated by unspecific hydrophobic interactions. Not
surprisingly, CD1 proteins have been described as interacting
with many lipids in vitro and even each CD1 isoform as pre-
senting diverse antigens (1, 2). It is therefore important to define
how the selectivity of antigen presentation is achieved.

Two factors contribute to minimize lipid-exchange processes
in the course of CD1 recycling between the plasma membrane
and the endosomal network (4). First, lipids are integral com-
ponents of biological membranes and need to be transferred
from membranes to the CD1 molecules. Second, the endogenous
lipids and spacer molecules that occupy the CD1 grooves directly
after biosynthesis may be expected to hamper spontaneous lipid
binding (15, 22-24). These observations suggest that additional
actors must exist to optimize lipid antigen presentation. Previous
studies have shown that lysosomal LTPs play an important role.
Saposin C facilitates the presentation of mycobacterial lipids to
CD1b-restricted T cells and was proposed to act by extracting
these antigens from membranes and interacting directly with
CD1b (10). The presentation of self-antigens by CD1d and the
development of type 1 NKT cells also rely on saposins and the
Niemann-Pick type C2 protein (NPC2) (8, 9, 11, 25, 26). Sap-
osins, NPC2, and the Gy, activator protein were shown to me-
diate the exchange of CD1d ligands in vitro and the editing of
CD1d-lipid complexes.

Our data support this notion and strongly suggest that CD1e
behaves as an efficient CD1-related LTP. Several observations
already pointed to this possibility: (i) CDle colocalizes with
CD1b in the late endosomes and lysosomes of mature DCs (7),
(if) the arrival of CDle in these compartments is synchronized
with proteolytic events that release the luminal domain as a sol-
uble form (27), and (iii) the generation of soluble CDle is
necessary for the presentation by CD1b of CDle-dependent
antigens (3). Our in vitro data confirm that CD1e might transfer
lipids to human CD1b and exercise quality control, as indicated
by its ability to disrupt stable CD1b-SGL12 complexes known
to stimulate T cells in CD1b-Ag-coated plate assays (21). Lipid
loading onto and unloading from CD1b was found to be rapid in
the presence of CDle. Notably, CD1b-lipid complexes formed
equally well at neutral and acid pH, suggesting that CD1e might
enhance lipid availability/accessibility or facilitate prior endoge-
nous lipid unloading from CD1b. Alternatively, CD1e might also
disrupt CD1b al-o2 interdomain tethers proposed to hamper
antigen capture (17), if tethering interactions persist at both pHs.
Remarkably, substoichiometric CD1e:CD1b ratios sufficed to
mediate lipid transfer, contrasting with what has been reported
for other LTPs. Thus, the transfer activity of saposins required
equimolar saposin/CD1d ratios (8), whereas at least 10-fold
molar excesses were needed in the case of NPC2 (9).

The 3D structure of CDle strongly suggests an adaptation of
groove design to an LTP function. The CD1e mitten-like groove
architecture and volume (2,000 A, using a 1.7-A radius probe)
ensures good recognition of potential ligands of other CD1s. The
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A’ pocket of CDl1e provides space to embed and tightly hold up
to C;¢-long hydrophobic tails. In contrast, the wider entrance of
the CD1e groove and lateral F” pocket exposition might ensure
that loose interactions are established with bound ligands. Such
F’ pocket design could also endow CDle with the capacity to
interact with, and thus to compete with, other CDl1s for struc-
turally diverse ligands. In line with this possibility, CD1le was
found to bind and to exchange di- and triacylated lipids. One
should note that only five ionic residues are found in the al helix
of CDle, compared with 11-13 in other CD1 isoforms. Among
them, only the polymorphic His”' and Arg” lie sufficiently close
to the CDle groove portal to participate in ligand-holding
interactions. Altogether, these structural features are predicted
to enhance lipid association and dissociation rates in CD1e and
permit an understanding of why lipids were not observed in the
scCD1e structure despite being associated with the protein be-
fore crystallization. The weak electron density from ligands in
the scCD1e structure is indeed a remarkable observation, which
contrasts with the fact that ligand electron densities were
invariantly observed in the grooves of all other reported CD1
molecules (28). This also raises the question of whether the
wider cleft of CD1e is an intrinsic property of this isoform or, in
contrast, could be consequence of such an empty groove state.
Unfortunately, all our attempts to clarify this important point via
the elucidation of crystal structures of purified scCDle-lipid
complexes (i.e., with SGL12 and hBMP) proved unsuccessful.
Finally, an alternative explanation to the weak electron density
might be proposed. Indeed, PC/SM/ULe ligands might be ex-
pected to adopt variable conformations and orientations within
the groove if the greater interhelical separation results in weaker
contacts between ligand acyl tails and hydrophobic groove resi-
dues. In our opinion, this hypothesis is unlikely because fatty acid
tail portions should still be detected in the relatively narrow A’
pocket, similar to what was reported for endogenous PC and
phosphatidylethanolamine (PE) ligands bound with variable ori-
entations to bovine CD1b3 (29).

Lipid polar heads probably define the selectivity of CD1e lipid
extraction from membranes and lipid exchange with CD1b, as
has been proposed for other LTPs (8). However, the fact that
SGL12 was more efficiently unloaded from CD1b than SGLI1
indicates that fatty acids are also sensed by CD1e. Interestingly,
we recently solved the crystal structure of the T-cell-stimulatory
CD1b-SGL12 complex and found that the methyl-branched
portion remains exposed above the A’ pocket. It can therefore be
argued that such motifs might be recognized not only by T-cell
receptor (TCR) but also by CD1e. Alternatively, the presence of
methyl branches could induce conformational changes in ex-
posed CD1b residues or differences of polar head positioning
that would be sensed by CD1le. Further investigations will be
necessary to determine the structural parameters recognized by
this protein.

In summary, the groove design of CDl1e, poorly intricate and
presenting a large laterally exposed portal surrounded by rela-
tively few residues capable of holding antigen polar heads,
combined with the particular traffic of CD1e within DCs and the
fact that soluble forms are generated in CD1b* compartments,
strongly suggests that CD1e has evolved to act as a privileged
CD1-related LTP. The CD1e groove architecture ensures partial
ligand selectivity overlap with other human CD1 molecules while
permitting sufficiently fast rates of lipid association and dissoci-
ation. In this manner, human CDle, in combination with other
lysosomal LTPs, may be predicted to control the repertoire of
lipids associating with CD1b and possibly those associating with
other CD1 molecules, thereby influencing the presentation of
lipid antigens to T cells.
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Materials and Methods

Reagents, cell lines, and detailed experimental procedures are described in
SI Materials and Methods.

Preparation of scCD1e. A f2m-CD1e-mouse Fc IgG1 fusion molecule was
expressed in pFuse-mIgG1 (InvivoGen). The human p2m sequence was fol-
lowed by a DDDDKGSSSSDDDDK connecting peptide linked to amino acids
32-303 of prepro-CD1e, followed by a tobacco etch virus protease recogni-
tion site and the Fc fragment of a mouse 1gG1. Stably transfected M10 cells
expressing the sequence encoding the fusion protein were isolated and
grown to confluence in 6,360-cm? Cellstack tissue culture flasks (Corning,
Sigma) containing 1 L RPMI 1640 and 5% FCS. The cells were maintained for
7-10 d, and the medium was collected every day. The filtered culture media
were concentrated 50-fold by ultrafiltration on 10-kDa molecular weight
cutoff (MWCO) membranes (Millipore). Fully deglycosylated scCD1e was
prepared as follows.

Step 1. Glycosylated scCD1e-Fc fusion protein was purified by affinity chro-
matography, using a column obtained by reaction between the anti-CD1e
antibody 20.6 (27) and NHS-activated Sepharose 4 (GE Healthcare). After
loading the cell supernatants and performing a PBS wash, elution was car-
ried out with 100 mM glycine (pH 2.9). After immediate neutralization with
Hepes (pH 7.5), protein fractions were pooled, concentrated, and buffer-
exchanged against 10 mM Na acetate/20 mM NaCl/0.5 mM EDTA (pH 4.5),
using 10-kDa MWCO centrifuge filters.

Step 2. Purified scCD1e-Fc was treated overnight at 30 °C with an Endo Fs-
MBP fusion molecule (15). The pH was adjusted to 8.3 with 1 M Tris, DTT, and
EDTA (1-mM final concentration of each) added and the mixture shaken in
the presence of turboTEV (GenWay) for 24 h at 30 °C. Fully deglycosylated
scCD1e, contaminated with ~15% partially glycosylated species, was im-
munopurified as in step 1, concentrated, and buffer-exchanged against 20
mM Na citrate (pH 6.0).

Step 3. The last sample was treated successively (4-h intervals) at 37 °C
with neuraminidase, f(1,4)-galactosidase and p-N-acetyl-glucosaminidase (all
from NEB). After overnight reaction, the pH was adjusted to 5.0 (1 M Na
citrate), and Endo F, (QA-Bio) was added and left to react for 24 h at 30 °C.
The pH was neutralized (1 M Hepes), and fully deglycosylated scCD1e was
immunopurified as in step 1.

Lipid Binding to CD1 Molecules. Lipid loading onto CD1 molecules was
monitored by IEF (S/ Materials and Methods and ref. 15).

Purification of CD1-Lipid Complexes. Aliquots containing a 10-fold molar
excess of lipid over CD1 (100-500 ng) were shaken (90 min, 37 °C) as de-
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scribed (15). In the case of rsCD1b-SGL complexes, the mixture included 10
mM sodium taurocholate, and shaking was continued for 5 h. The samples
were buffer-exchanged against buffer A: 25 mM Tris-HCl (pH 8.1), 25 mM
bis-Tris-HCI (pH 6.5), or 25 mM piperazine/HCl (pH 5.7) for rsCD1e-2, scCD1e,
or rsCD1b, respectively. Protein-lipid complexes were then injected into
a chromatofocusing MonoP column (GE Healthcare) and eluted with buffer
B: 10-fold diluted polybuffer 96/HCI (pH 6.5) for rsCD1e-2 or 10-fold diluted
polybuffer 74/HCl (pH 4.3) for scCD1e and rsCD1b. Protein-containing frac-
tions were pooled, concentrated, and buffer-exchanged in three cycles of
10-fold dilution-concentration against 10 mM Na acetate/50 mM NaCl/1 mM
EDTA (pH 5.0), using 10-kDa MWCO centrifugation filters.

Stability of CD1-Lipid Complexes and LTP-Mediated Lipid Displacement. Ali-
quots (6 pg) of purified CD1-lipid complexes (15-20 pM final concentration)
were shaken (800 rpm, 37 °C) in glass tubes in the presence or absence of
0.5-2x concentrations of liposomes composed of PC/PE/SM/cholesterol (Chol)
(1x corresponding to 500/200/200/250 pM final concentration) in 50 mM Na
acetate/50 mM NaCl/1 mM DTT/1 mM EDTA (pH 5.0). In CD1e-mediated li-
gand displacement experiments with CD1b-lipid complexes, mixtures con-
taining rsCD1b-lipid (7 pM), 0.5x liposomes, and an excess of each protein
(indicated in the legends for Fig. 3 and Fig. S6) were shaken in the same
buffer at 800 rpm and 20 °C. After 30 min (unless otherwise indicated), the
samples were cooled on ice and analyzed by IEF as described in S/ Materials
and Methods.

Crystallization of Deglycosylated CD1e. A sample of fully deglycosylated
scCD1e was buffer-exchanged in five cycles of 10-fold dilution concentration
against 10 mM Na acetate (pH 4.0) and concentrated to 5.8 mg/mL. Crystals
grew after 3 d at 20 °C, using the hanging-drop vapor-diffusion method,
from drops containing 1.0 pL scCD1e and 1.0 plL precipitant [10% PEG®°%, 0.2
M Na malonate, 0.1 M Mg (valerate),, 0.1 M Na borate (pH 3.60)].

Structure Determination, Analysis, and Presentation. Diffracted intensities
were collected from a single crystal at the European Synchrotron Radiation
Facility. Other details are provided in S/ Materials and Methods.
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S| Materials and Methods

Reagents and Cell Lines. Recombinant HLA-A2 in complex with
the melan A peptide (ELAGIGILTV) was purchased from the
Recombinant Protein Platform (Institut National de la Santé et
de la Recherche Médicale). Bovine brain sulfatides (cerebroside
sulfates, sulfatides) was purchased from Sigma and the tri-
palmitoylated lipopeptide Pam3;CSK, from InvivoGen. All other
commercial lipids were from Avanti Polar Lipids. Mycobacterium
tuberculosis diacylated sulfoglycolipids were purified according
to published protocols (1, 2), and the synthetic sulfoglycolipid
(SGL) analogs SGL1 and SGL12 were prepared as previously
described (3). To prepare lipid vesicles, single lipids or mixtures
of lipids in chloroform/MeOH were dried under a N, flow in
glass tubes, and the residue was rehydrated with periodic agita-
tion for 1 h at room temperature in the water volume required to
obtain 0.5- to 5-mM stock solutions, which were then submitted
to 10 freeze-thaw cycles and 10 min of bath sonication.

Recombinant soluble CDle (including the N-terminal pro-
peptide) and CD1b were expressed in, respectively, S2 Dro-
sophila cells and mouse J558 cells and purified as described
previously (4, 5). Recombinant soluble CD1a was expressed ex-
actly like rsCD1b and purified by affinity chromatography using
an agarose-conjugated antibody recognizing the BirA-peptide
(Avidity). Saposins A-C were prepared in Escherichia coli and
purified according to a published protocol (6).

Lipid Binding to CD1 Molecules. Briefly, 6- to 10-pg aliquots of
rsCD1e-2, scCDle, or rsCD1b at 5-20 uM final concentration
were shaken in glass vials at 800 rpm and 30 °C for the time
indicated (typically, 30-120 min) in the presence of liposomes
containing the specified single lipid or mixture of lipids (100-200
pM) in 50 mM sodium acetate (pH 5.0) containing 50 mM NaCl,
1 mM DTT, and 1 mM EDTA. Sodium acetate was replaced by
Hepes for incubations at neutral pH. Experiments with rsCD1b
were also carried out in the presence of CD1e or protein controls
at 20 pM final concentration (or as noted in the legends for Fig. 3
and Fig. S6). After the indicated time, the samples were cooled
on ice and 2-pL aliquots were applied to an isoelectric focusing
(IEF) gel. Electrophoresis was performed in a PhastGel system
(Amersham Biosciences) for 600 AVh (accumulated volt hours).
Proteins in the gels were detected by staining with Coomassie R
350. The gels were scanned on a GS-800 calibrated densitometer
(Bio-Rad), and protein bands were quantified using the Quantity
One 4.6.3 software program (Bio-Rad) after subtraction of the
background.

. Gilleron M, et al. (2001) Acylation state of the phosphatidylinositol mannosides from
Mycobacterium bovis bacillus Calmette Guerin and ability to induce granuloma and
recruit natural killer T cells. J Biol Chem 276:34896-34904.
2. Gilleron M, et al. (2004) Diacylated sulfoglycolipids are novel mycobacterial antigens
stimulating CD1-restricted T cells during infection with Mycobacterium tuberculosis.
J Exp Med 199:649-659.

3. Guiard J, et al. (2008) Synthesis of diacylated trehalose sulfates: Candidates for
a tuberculosis vaccine. Angew Chem Int Ed Engl 47:9734-9738.

4. de la Salle H, et al. (2005) Assistance of microbial glycolipid antigen processing by
CD1e. Science 310:1321-1324.

5. Garcia-Alles LF, et al. (2006) Endogenous phosphatidylcholine and a long spacer
ligand stabilize the lipid-binding groove of CD1b. EMBO J 25:3684-3692.

6. Qi X, Grabowski GA (2001) Differential membrane interactions of saposins A and C:
Implications for the functional specificity. J Biol Chem 276:27010-27017.

7. Leslie AGW (1987) Computational aspects of protein crystal data analysis.

Proceedings of the Daresbury Study Weekend, eds Helliwell JR, Machin PA, Papiz MZ

(Science and Engineering Research Council, Daresbury Laboratory, Warrington, UK),

pp 39-50.

Garcia-Alles et al. www.pnas.org/cgi/content/short/1105627108

Native Nano Electrospray lonization (ESI) Mass Spectrometry. Before
MS experiments, a sample of fully deglycosylated scCD1le was
buffer-exchanged extensively against 50 mM aqueous ammonium
acetate (pH 6.7) using 5-kDa centrifuge filters (Millipore). Other
details concerning the instrumentation and procedure are exactly
as described in ref. 5.

Structure Determination, Analysis, and Presentation. A crystal was
immersed for 1 min in 0.4 pL of crystallization solution supple-
mented with 20 mM Na acetate and 20% ethyleneglycol before
being flash-frozen in liquid nitrogen. Diffracted intensities were
collected from this single crystal at the European Synchrotron
Radiation Facility (Grenoble, France) on the beamline ID14
EH4, tuned to 0.9295 A, using an ADSC CCD detector. The
diffraction images were processed using MOSFLM (7), scaled
with SCALA (8), and further processed with the CCP4 program
package (9). Data processing statistics are summarized in Table
S1. The crystals belonged to the monoclinic space group C2 (a =
20629 A, b = 4593 A, ¢ = 65.63 A, p = 91.48°) and contained
a single p2-microglobulin (f2m)-CD1e molecule per asymmet-
ric unit.

The structure was solved by the molecular replacement method
using the program PHASER (10), feeding independently the two
polypeptide chains from a CDle structure built on a homology
model (4). A single unambiguous solution was obtained with a Z-
score of 15.6 for data between 51.6 and 3.5 A resolution. This
solution was refined with REFMAC (11) using data between
51.6 and 2.90 A resolution. The F,—F, electron density maps
allowed us to model a Fuc(al-6)-GlcNAc group onto the heavy
chain Asnl6. Translation libration screw-motion (TLS) param-
eters were refined for each polypeptidic chain. The final model
includes 375 residues, 2 sugar moieties, and 1 glycerol. Statistics
of the final refined structure are given in Table S1. Ramachan-
dran analysis showed 245 residues in preferred regions (77%), 61
in allowed regions (19%), 7 residues in generously allowed re-
gions (2%), and 5 outliers (1.6%). The protein stereochemistry
was validated using PROCHECK (12).

Molecular surface areas and volumes were calculated using the
CASTp server (13). A solvent probe of 1.7 A was used to map the
internal cavities and pockets of the proteins. Fig. 1 and Figs. S3
and S4 were generated with The PyYMOL Molecular Graphics
System (2002) (DeLano Scientific) and Hollow (14).

8. Evans PR (1993) Data collection and processing. Proceedings of the CCP4 Study
Weekend (Science and Engineering Research Council, Daresbury Laboratory,
Warrington, UK), pp 114-122.

. Collaborative Computational Project, Number 4 (1994) The CCP4 Suite: Programs for
protein crystallography. Acta Crystallogr D Biol Crystallogr 50:760-763.

10. McCoy AJ, Grosse-Kunstleve RW, Storoni LC, Read RJ (2005) Likelihood-enhanced fast

translation functions. Acta Crystallogr D Biol Crystallogr 61:458-464.

11. Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr D Biol Crystallogr 53:
240-255.

12. Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) PROCHECK: A program
to check the stereochemical quality of protein structures. J Appl Cryst 26:283-291.

13. Liang J, Edelsbrunner H, Woodward C (1998) Anatomy of protein pockets and
cavities: Measurement of binding site geometry and implications for ligand design.
Protein Sci 7:1884-1897.

14. Ho BK, Gruswitz F (2008) HOLLOW: Generating accurate representations of channel
and interior surfaces in molecular structures. BMC Struct Biol 8:49.

o

10f7


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105627108/-/DCSupplemental/pnas.201105627SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105627108/-/DCSupplemental/pnas.201105627SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105627108/-/DCSupplemental/pnas.201105627SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105627108/-/DCSupplemental/pnas.201105627SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105627108/-/DCSupplemental/pnas.201105627SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105627108/-/DCSupplemental/pnas.201105627SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/content/short/1105627108

o, .0 o
F=0 \/\/\/\/WL“\.:/\*;’I\O-
o HOn. oH ] /\/\/\/E/\/\/\/\n/o °
| f'l hemiBMP <
NH /\/\/\/\:/\/\/\/\n/ OH
\/\/\/\/\/\/\/\/\/\/\/\n/ :

o

i HO‘» - /\/\/\/\/\/\/\)l\
A A el or \ Pam,CSK,

SGL12 o % °;'S‘° NN

ENAS
vy)
=
JV";;LO
(2]
=
L
|

H o
4 Ser-Lys-Lys-Lys-Lys
° OH /\/\/\/\/\/\/\)l\ ysThysThvsTY
o N
', H o
OH
OH
[e] HO HO,
% o [o} /+
o - I N—
o’\_./\o—/p\o/\/ \

SGL1 o 0 °;'S' PC A=A o

o
° OH
o
“on
OH
o o
ﬁ ot /\/\/\/\/\/\/\/\/U\ ﬁ
o/\;/\o—lr\o on O/\:'/\o_/P\o o~
s " 5
) - = o - NH,+
P I _ _ ) ° P S /\/\/\M\/\/\/\n/ o 3
° HO  OH o

Fig. S1. Structure of di- and triacylated lipids. Bis-(monooleoylglycero)phosphate (S,5) (BMP), sulfatides (SLF), sphingomyelin (SM), synthetic analogs of di-
acylated sulfoglycolipids from M. tuberculosis (SGL12 and SGL1), phosphatidylinositol (PI), sn-(3-oleoyl-2-hydroxy)-glycerol-1-phospho-sn-3’-(1’,2’-dioleoyl)-
glycerol (5,R) (HemiBMP), N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-[R]-cysteinyl-[S]-seryl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine (Pam3CSK,4), phosphatidyl-
choline (PC), phosphatidylserine (PS).
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Fig. S2. CD1e binds di- and triacylated lipids. IEF gels of rsCD1e-2 (first row) expressed in Drosophila S2 cells and scCD1e (second row) produced in human M10
cells after incubation at pH 7.5 in the absence (first lane) or presence of a 10-fold molar excess of the indicated lipids (structures shown in Fig. S1). Ac;SGL refers

to diacylated sulfoglycolipids from M. tuberculosis.
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Fig. $3. Structure of CD1e. (A) Global fold of scCD1e shown as a ribbon diagram with the heavy chain colored in green and 2m in blue. The Fuc(a1-6)-GIcNAc
glycan at Asn16 and glycerol moiety modeled between the a3 heavy chain domain and the f2m are shown as sticks with carbon, oxygen, and nitrogen atoms
colored in yellow, red, and blue, respectively. The emplacement of the nonmodeled loop comprising residues Q120-1122 is indicated by the arrow. (B) Top
stereoview of the A’ pocket of the scCD1e groove. The electron density of protein backbone atoms (green mesh) is from the final 2FoFc map contoured at 2.
The same map was contoured at 1¢ and colored in blue for the side-chain atoms of the residues lining the groove. Residue numbers are indicated. Side-chain
carbon atoms are colored according to their localization at the A’ pocket (green), F' pocket (gray), or the interface between A’ and F’ pockets (light blue).
Oxygen, nitrogen, and sulfur atoms are in red, blue, and yellow, respectively. Side chains of residues that could not be modeled due to insufficient electron
density are included in the picture, e.g., Phe54. (C) Top stereoview of the F' pocket of the scCD1e groove. Other details are as in B.
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Fig. S4. Comparison of the groove architecture of CD1e and other CD1 isoforms. Top (Left column) and side (Center column) views of a1-a2 domains, with the
transparent molecular surface of grooves rendered in light green (scCD1e), gray (hCD1b, PDB ID 2H26), light blue (hCD1d, 1ZT4), yellow (hCD1a, TONQ), and
light magenta (hCD1¢, 30V6). The profile of the backbone atoms is colored in yellow with the exception of the a-helical portions, which are in red. Phos-
phatidylcholine (PC) associated with CD1b, a-galactosyl-ceramide bound to CD1d, sulfatides bound to CD1a, and MPM bound to CD1c are shown as sticks with
carbon, oxygen, nitrogen, and phosphorus/sulfur atoms colored in yellow, red, blue, and orange, respectively. Unknown ligand (UL) and C;; ligands of CD1b
and CD1c, respectively, are colored in orange. The side-chain atoms of residues differing among CD1 isotypes and causing notable changes in groove archi-
tecture are shown as green sticks, with the corresponding Ca depicted as balls. (Right column) Comparison of the main portals of grooves of human CD1
proteins. Molecular surfaces are presented colored as in the accompanying panels for each molecule, with the exception of portal-lining residues that appear in
orange for all CD1. Side-chain atoms from these residues are shown as sticks, with carbon atoms in black, oxygen atoms in red, and nitrogen atoms in blue. The
maximal aperture of the portal in the direction that runs parallel to the helices is indicated for comparison. In the case of human CD1c (Bottom Right), the side
chain of Glu80 splits the cleft in two. Two distances are therefore indicated to suggest the possibility that such a side chain could move away.
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Fig. S5. Endogenous ligands associated with scCD1e. (A) Convoluted “neutralized” mass spectrum obtained by averaging over the charged states detected in
positive-ion mode native ESI-MS of fully deglycosylated scCD1e. Masses originating from apo-scCD1e, scCD1e-ULe, scCD1e-phosphatidylcholine (PC)/sphin-
gomyelin (SM), and scCD1e-PC/SM-ULe are labeled. The first spectrum was recorded using high desolvation energy (black line) and the two other spectra at
progressively decreasing energies (dark gray and light gray lines, respectively). Decreasing the desolvation energy prevents ligand dissociation but causes
a broadening of the signals and displacement of the peaks toward higher-molecular-weight values due to the heterogeneous association of water and other
small molecules. (B) Tandem MS after selection of 14* precursor ions at 3,318 m/z corresponding to a presumed scCD1e-PC/SM-ULe species (asterisk). Products
appearing inside the 3,200- to 3,600-m/z interval originate from the dissociation of either PC or SM (—PC/SM); the loss of 280 Da, which might correspond to
a spacer molecule (—ULe); or the simultaneous loss of PC/SM and ULe. Signals corresponding to PC (m/z 760.6, 786.6, 812.6, 836.6) and SM (701.7, 787.7, 813.7),
but not to ULe, were detected in the low-mass range of this spectrum. (Inset) The enlarged 650- to 950-m/z region. (C) Convoluted “neutralized” mass
spectrum obtained by averaging over the charged states detected in negative-ion mode in native ESI-MS of fully deglycosylated scCD1e. Other details are as for
A. (D) Tandem MS after selecting 11~ precursor ions at 4,213 m/z, which are attributed to scCD1e-PC/SM-ULe species (asterisk). The observed dissociation
products correspond to loss of neutral or negatively charged species of 260-270 Da. (/nset) An enlarged 200- to 400-m/z region of a second spectrum recorded at
higher collision energy. Low-intensity peaks are detected, which could correspond to fatty acids: m/z 265 (Cy7.3), 277 (C1g:3), 291 (C19:3), 293 (Cq9.2), and 311 (Cyp:0)-
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Fig. S6. (A) Lipid binding to CD1e is not affected by pH. ScCD1e was incubated with 10-fold molar excess of bis-(monoacylglycero)phosphate (BMP) at pH 7.5
() or 5.0 (@) for the time indicated before IEF separation and quantification by densitometry scanning. (B) CD1-lipid complexes are stable in the absence of
external lipids. IEF gel of purified CD1-lipid complexes after incubation at pH 5.0 for the time and at the temperature indicated. (C) CD1e removes SGL12
bound to CD1b. Purified rsCD1b-SGL12 was incubated with and without (negative control) indicated proteins under the conditions of Fig. 3A. In experiments
with f2m, saposin A or C, and BSA, a 15-, 3-, 10- and 2-fold molar excess was added, respectively. Percentages of loaded complex were quantified and nor-
malized against negative controls (i.e., 100% rsCD1b-SGL12) to remove the contribution of spontaneous dissociation. (D) Selectivity of lipid editing by CD1e.
Purified rsCD1b-SGL12 () or rsCD1b-SGL1 (M) complexes (7 uM final concentration) were incubated with the indicated amounts of rsCD1e-2 under the
conditions of Fig. 3A before separation by IEF and quantification. The percentage of loaded complex remaining after incubation is plotted. (E) CD1e transfers
lipids from vesicles to CD1b. IEF analysis of the products after incubation of rsCD1b (20 pM) with the specified lipids (150 pM) for 30 min at pH 5.0 and 37 °Cin
the presence or absence of rsCD1e-2 (14 uM). (F) Substoichiometric amounts of CD1e promote formation of CD1b—-BMP. Mixtures containing rsCD1b (16 uM),
the amount of rsCD1e-2 indicated on the x axis, and BMP (160 uM) were incubated at pH 7.5 ((J) or 5.0 (@) for 1 h, 37 °C, before IEF separation and
quantification. Data are representative of at least three independent identical or close experiments.
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Table S1. Data collection and refinement statistics

Data collection

Space group
Cell dimensions

a, b, c (A)

o B v ()
Resolution (A)
Rsym
Il
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/Rfree
No. atoms

Protein

Glycan

Glycerol

Average B-factors
From Wilson statistics
Protein
Glycan
Glycerol

rmsd
Bond lengths (A)
Bond angles (°)

Q

206.29, 45.93, 65.63
90.0, 91.48, 90.0
103.11-2.90 (3.06-2.90)
0.063 (0.372)

7.0 (1.7)

94.7 (96.7)

2.0 (2.0)

51.55-2.90
12,460
0.2408/0.2955
2898
2868
24
6

79.9
87.7
83.7
66.4

0.017
1.832

Values in parentheses are for the highest-resolution shell.
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