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The Paradox of Immune Molecular Recognition of
a-Galactosylceramide: Low Affinity, Low Specificity for CD1d,
High Affinity for a8 TCRs"

Carlos Cantu I11,* Kamel Benlagha,” Paul B. Savage,* Albert Bendelac,” and Luc Teyton?*

CD1resemblesboth class| and classI| MHC but differsby theimportant aspect of presenting lipid/glycolipids, instead of peptides,
to T cells. Biophysical studies of lipid/CD1 interactions have been limited, and kinetics of binding are in contradiction with
functional studies. We have revisited this issue by designing new assays to examine the loading of CD1 with lipids. As expected
for hydrophobic interactions, binding affinity was not high and had limited specificity. Lipid critical micelle concentration set the
limitation to these studies. Once loaded onto CD1d, the recognition of glycolipids by e T cell receptor was studied by surface
plasmon resonance using soluble Va14-VB8.2 T cell receptors. The Val4 Ja18 chain could be paired with NK 1.1 cell-derived V8
chain, or any V8 chain, to achieve high affinity recognition of a-galactosylceramide. Biophysical analysisindicated little effect of
temperature or ionic strength on the binding interaction, in contrast to what has been seen in peptide/MHC-TCR studies. This
suggests that thereisless accommodation made by this TCR in recognizing «-galactosylceramide, and it can be assumed that the

most rigid part of the Ag, the sugar moaiety, is critical in the interaction. The Journal of Immunology, 2003, 170: 4673—4682.

onventional T cell adaptive immune responses rely on
the recognition of peptide Ags bound to MHC molecules
by a8 TCRs. In more recent years, a family of MHC-
like, B,-microglobulin-associated molecules called CD1 has been
shown to present lipid and glycolipid Ags rather than peptides to
T cells (1, 2). Although there is little amino acid sequence homol-
ogy between CD1 and classical MHC class | molecules, the crystal
structure of the mouse CD1d protein showed overall superimpos-
able structures between the two protein families (3). However, in
line with the differences in Ag presentation, the groove of the CD1
molecule differs from that of the MHC by being deeper and more
hydrophobic over its surface to accommodate a lipid/glycolipid Ag.
Subsequent studies have shown that the molecular recognition of CD1
by TCR follows the same conventional manner as recognition of
MHC molecules, as opposed to a superantigen-like manner, for ex-
ample, athough the specific rules of recognition may differ (4—6).
The recognition of mouse CD1d and the corresponding human
CD1d has been linked to a subpopulation of mature T cells called
NKT cells (7-9). NKT cells express activating and inhibitory NK
receptors and alimited a3 TCR repertoire consisting mostly of an
invariant Val14-Ja18 chain preferentialy paired to V38.2 in the
mouse and V «24-Ja18 paired with V311 in human. Although the
physiological ligand(s) remain unknown for CD1d, a synthetic
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glycolipid, a-galactosylceramide (aGC)® has been shown to
selectively activate NKT cells expressing the Val14/VB8 TCR
(20). Tetrameric CD1d molecules loaded with «GC have proved
successful for the identification of CD1-restricted T cell popula-
tions (11-14). Although the functional studies have been exten-
sive, biophysical characterization of glycolipid-CD1d interactions
and CD1d/TCR interactions have been very limited. The binding
of aGC to CD1d has previously been characterized only by surface
plasmon resonance (SPR) (15). The half-life of interaction was
reported to be <1 min, in contradiction to functional assays that
reported a half-life of ~1 day (12). Similarly, an SPR study of
CD1b established a submicromolar affinity (K, 0.66 uM) for a
phosphatidylinositol mannoside and a short half-life of ~1 h (16).
We have revisited CD1d-lipid interactions by using biochemical and
biophysical methods. It is clear from this study that lipid binding to
CD1 cannot be studied like peptide binding to MHC class | and |1
molecules. The nature and physica properties of lipids, e.g., critica
micelle concentration (CMC) and solubility, impose technical con-
straints on the assays that are used. Not surprisingly, binding of «GC
is of fairly low affinity but rather stable. Because CD1d binds mono-
mers of glycolipids, the CMC of these ligands influences binding
critically and suggests eventually the need for lipid transfer proteinsin
the loading of integra membrane lipids to CD1.

We examined the biophysics of the recognition of glycolipid-
CD1d complexes by using recombinant soluble V«14-V38.2 TCR
molecules. This interaction is the strongest ever measured for an
aB TCR, stronger than the y8 TCR binding to T22 (17). We aso
show that the invariant a-chain can accommodate pairing with
random, non-NK 1.1 B-chains to keep high binding and specificity.
In contrast to TCR binding of peptide-MHC complexes, the rec-
ognition of the glycolipid-CD1 complex does not appear to require
or be associated with important structural remodeling of the interface
as shown by thermodynamic measurements. This mode of binding is

3 Abbreviations used in this paper: «GC, a-galactosylceramide; SPR, surface plas-
mon resonance; CMC, critical micelle concentration; PE-FITC, FITC-labeled phos-
phatidylethanolamine; PS, phosphatidylserine; | EF, isoelectric focusing; I TC, isother-
mal titration calorimetry; GM, asidloganglioside; GD, disialoganglioside; GT,
trisialoganglioside; NEPHGE, nonequilibrium pH gel electrophoresis.
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suggestive of arigid mode of recognition compatible with the binding
of the invariant a-chain with the sugar moiety of the glycolipid. The
high affinity of TCR binding could congtitute a compensatory mech-
anism to sense low affinity, low abundance ligands.

Materials and Methods
Reagents and cell lines

The aGC was synthesized (18), purified, lyophilized, and stored neat or
resuspended in chloroform; aliquoted; and stored at —80°C after solvent
evaporation under a stream of nitrogen gas. Aliquots were resuspended at
200 pg/ml in 0.05% Tween-PBS and sonicated for several minutes. FITC-
labeled phosphatidylethanolamine (PE-FITC) and phosphatidylserine (PS)
were ordered from Avanti Polar Lipids (Alabaster, AL). Ganglioside GM1
was from Calbiochem (La Jolla, CA). Trisialoganglioside GT1b was pur-
chased from Sigma-Aldrich (St. Louis, MO). DN32DN3 NKT hybridoma
cells have been previously reported (19).

Protein expression and purification

Recombinant soluble murine CD1d molecules were produced in a fly ex-
pression system as previously described (12). The same system was used
to produce soluble Va14-V 38 TCRs, as done for other TCRs (20). The
cDNA coding the Val14 and V8.2 chains from DN32 were cloned from
the cell line by RT-PCR using flanking primers. cDNAs for the g-chain of
the 2C (21) and D10 TCR (22) were available in the laboratory. Each chain
was modified by PCR to remove its transmembrane and cytoplasmic do-
mains and replace it with aleucine zipper (acid sequence with the a-chain,
basic sequence with the B-chain, respectively) followed by a six-histidine
tag. Additional constructs of the a-chain were made to add a C-terminal
biotinylation sequence to the modified construct to allow biotinylation and
tetramerization. SC2 Drosophila melanogaster cells were transfected with
15 ug of each - and B-chain-modified cDNA and 0.5 ng of aconstitutive
neomycin resistance gene by calcium phosphate precipitation. After 3 wk
of G-418 selection (0.5 mg/ml), resistant cell lines were checked for pro-
tein expression after a 2-day induction with 0.7 mM copper sulfate. Single
cell cloning of each line was performed to optimize production. Large scale
expression was done in X-press serum-free medium (Cambrex Bioscience,
Walkersville, MD) and expanded to 12 L in roller bottles. After a 3-day
induction, supernatants were harvested by centrifugation and concentrated
by tangential flow to a volume of ~400 ml. Proteins were affinity purified
using nickel-nitrilotriacetic acid-agarose (Qiagen, Valencia, CA) chroma-
tography. This step was followed by anion exchange chromatography on a
MonoQ 10/10 column (Amersham Biosciences, Piscataway, NJ). Purification
was monitored by SDS-PAGE. Biotinylation (CD1d or TCR) was done ac-
cording to the manufacturer’s instructions for 20—24 h at room temperature
(Avidity, Denver, CO). The level of biotinylation was checked by immuno-
precipitation with streptavidin-agarose beads (Pierce, Rockford, IL). Protein
concentration was checked with the bicinchoninic acid reagent kit (Pierce).

Loading of CD1d with «GC and generation of tetramers

For generation of aGC-loaded CD1d complexes, «GC from a 200 uM
stock made in 0.05% Tween 20 in PBS was mixed at a 20:1 molar ratio
with soluble empty CD1d for 48 h. Free «GC was removed by centrifu-
gation dialysis in a Microcon YM-30 tube (Millipore, Billerica, MA) for
small amount of CD1 or by gel filtration on a Superdex 200 column (Am-
ersham Biosciences) for large scale preparation. Va14-2C tetramers were
generated by mixing the biotinylated monomers with streptavidin (Jackson
Immuno Research Laboratories, West Grove, PA) at a 5:1 molar ratio.

Isoelectric focusing (IEF) electrophoresis

The PhastGel system from Amersham Biosciences was used to perform
IEF gel analysis. A constant 6 M CD1d was used in measuring lipid
interactions. When PE-FITC, GT1b, or GM1 binds to CD1d, a shift in the
position of the CD1d bands can be observed. Competition assays were set
up with 20 uM PE-FITC or GT1b as tracers. For quantification, the gels
were scanned and digitized on an Agfa (Ridgefield Park, NJ) scanner and
quantified using the UN-SCAN-IT software program (Silk Scientific,
Orem, UT). To account for variations in loading per lane, the pixel count
for the CD1d-lipid band was divided by the total pixel count for the lane.
This number represents the bound CD1d-lipid complex, relative to a con-
trol lane for which no lipid was present. Each binding assay was repeated
a minimum of three times, independently. For testing association and dis-
sociation of lipid with CD1d, excess GT1b was mixed with CD1d for 24 h
and then separated by MonoQ to specifically isolate and concentrate the
CD1d-GT species. Association of «GC is measured by incubating 2.5 uM

GLYCOLIPID RECOGNITION BY CD1d AND NK TCR

aGC with 2 uM CD1-GT1b for various times. Dissociation is measured by
incubating 2 uM CD1d/GT1b at 37°C for various times.

Isothermal titration calorimetry (ITC)

ITC experiments to measure binding of lipids to CD1d were done at 25°C
using a MicroCal MCS calorimeter (MicroCal, Northhampton, MA) fol-
lowing standard instrumental procedures with a 250-ul injection syringe
and 400 rpm stirring. PBS-0.05% Tween was the buffer used for aGC
experiments, whereas PBS only was used for phosphatidylethanolamine
experiments. Protein was dialyzed against PBS and degassed briefly before
loading into the calorimeter cell. A typical binding experiment involved 25
X 10-ul injections of ligand solution into the ITC cell (~1.3 ml active
volume) containing protein. Control experiments were performed under
identical conditions by injection of buffer into protein. Integrated heat ef-
fects, after correction for heat of dilution, were analyzed by nonlinear re-
gression using the simple one-site binding model of the ORIGIN software
package (OriginLab, Northhampton, MA).

SPR experiments

All SPR experiments were done using a BlIAcore 2000 machine (BIAcore,
Uppsala, Sweden). For analysis of CD1d-aGC interaction, «GC was mod-
ified by addition of abiotin molecule to position 6 of the sugar moiety (18).
The biological activity of this biotin-aGC compound was verified by stim-
ulation of the DN32D3 T cell hybridomaand found to beidentical with that
of unmodified aGC.

For analysis of TCR-CD1d interaction, standard amine coupling of CD1
or TCR or directed cysteine coupling of TCR to a CM5 Research Grade
sensor chip (BIAcore) was used. Filtered and degassed PBS was used as
running buffer. In experiments where TCR was immobilized, sensorgrams
for empty CD1d were subtracted from sensorgrams for CD1d-aGC of the
same flow cell to control for nonspecific binding. In experiments in which
TCR was flowing, sensorgrams for TCR over one flow cell with immobi-
lized CD1-empty were subtracted from sensorgrams for TCR over another
flow cell with immobilized CD1d-aGC. For thermodynamic studies, a
range of temperatures from 10°C to 34°C (in 3°C increments) was used,
controlled by the temperature unit of the machine as well as an externa
cooling/heating water unit. A concentration of 2 uM CD1d-empty or
CD1d-aGC was used in the flow. For the analysis of the effect of ionic
strength, a range of NaCl concentrations from 50 mM to 1 M was used.

T cell stimulation assays

The CD1d-restricted DN32D3 NKT cell hybridoma (18) expressing the
canonical Val4-Ja281/VB8 TCRwasused inall T cell stimulation assays.
Empty or «GC-loaded CD1d molecules were coated for 16—24 hat 1 or 2.5
ng/well in PBS on 96-well plates. For testing of preloaded CD1d-aGC,
wells were washed three times with PBS; then 2 X 10* hybridoma cells
were added in RPMI (Invitrogen, Carlsbad, CA) supplemented with 10%
FCS, 2 mM L-glutamine, and 10 mM HEPES buffer. Supernatants were
harvested after 24 h to measure IL-2 release using a [*H]thymidine uptake
assay. For testing the loading of «GC onto CD1d, after the PBS washings,
aGC was added at various concentrations from a 200 uM stock solution in
0.05% Tween 20-PBS and incubated for 48 h. The wells were washed
another three times with PBS before adding the hybridoma cells. For test-
ing the association and dissociation requirements of «GC with CD1d,
CD1d was plate coated at 1 pg/well and loaded with 25 uM aGC. For
dissociation, the plate was loaded for 48 h and then resuspended in PBS
and washed at indicated times before addition of cells. For association, the
plate was washed at indicated times before addition of cells. To monitor
TCR-CD3 down-regulation, 8 X 10* cells were incubated with CD1d-
coated wells and various concentrations of «GC in a 96-well U-bottom
plate at 37°C. After 30 h, cells were stained either with CD3e-PE (2C11;
BD PharMingen, San Diego, CA) or F23.1-biotin followed by streptavi-
din-PE (BioSource International, Camarillo, CA) to detect surface TCR.

Results
Measuring the functional kinetics of «GC-CD1d binding

Using afunctional assay of DN32D3 T cell activation, it was pos-
sible to estimate minimum functional association and dissociation
times of aGC to CD1d (Fig. 1A). To appreciate binding, empty
CD1 molecules were coated onto plastic and loaded with constant
amounts of «GC. At indicated times, wells were washed and cells
were added. As seenin Fig. 1A, «GC was loaded very slowly and
bioactivity did not reach a plateau until ~7 h. Once loaded, dis-
sociation also proceeded very slowly taking >24 h to lose ~25%
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FIGURE 1. Slow association and dissociation of lipid with CD1d. A,
DN32D3 NK T cell stimulation assay to establish association () and disso-
ciation (¢) of 25 uM aGC loading onto 1 ug of CD1d. B, IEF andysis of
aGC loading/displacement of CD1d-GT1b at gpproximately a1:1 molar ratio.
C, GT1b dissociation from the CD1d-GT1b complex, in the absence of other
lipids, after incubation at 37°C.

bound. These values were in agreement with the previously esti-
mated half-life of 1 day also measured by functional assay (12).
Although these are indirect measurements for association and dis-
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FIGURE 2. Fast association and dissociation of
aGC with CD1d is an artifact of the SPR system. A and 60
B, Binding of empty or «GC-loaded CD1 to the biotin- 50
aGC surface. Controls included using aGC-loaded § 30
CDA1d over biotin-aGC surface, (C) a hydrophobic sur- @20
faceto test class | and Il MHC binding as well as CD1/
aGC (D), and 0.05% Tween in the running buffer plus -10°
CD1d-empty over additional control TCR and DPPE-

biotin surfaces (E). RU, Resonance units.
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sociation, they indicated much slower on and off rates than direct
measurements of the lipid interaction with CD1 by SPR (15, 16).
For CD1d, these estimated t0 6.3 X 10*M~ s~ *and 0.023s * on
and off rates, respectively, trandating into a half-life of 30 s. How-
ever, we were able to directly measure association and dissociation
of lipid with CD1d using a newly established |EF binding assay,
described in more detail in Alternative lipid binding assays. In line
with results from the functional assay (Fig. 1A), «GC loading, as
measured by GT1b displacement, did not plateau until ~2 h (Fig.
1B). Although complete GT1b displacement did not occur unless
aGC was at least in 10-fold molar excess, the kinetics of loading
remained the same when analyzed at CD1d/GT1b-aGC molar ra-
tios of 1:1, 1:2, 1:5, and 1:10. Dissociation of GT1b from the
CD1d-GT1b complex without additional lipid present was virtu-
ally nonexistent in a 24-h time span (Fig. 1C). In fact, the CD1d-
GT1b complex remains stable for up to 2 wk at 4°C before show-
ing any loss of GT1b binding. The dightly faster association of
aGC seen in the |EF direct binding assay than in the functional
assay may be areflection of having to displace only a single bound
lipid of the CD1d-GT1b purified complex as opposed to a heter-
ogeneous mix of lipids bound to the empty CD1d.

To understand the discrepancy between our results and the pub-
lished SPR data, we first re-examined the SPR experiments using
abiotinylated aGC. In contrast to the biotin-a«GC compound used
in the previous study, which was modified by addition of a biotin
molecule to the acyl chain (15), the present compound was mod-
ified by addition of a biotin molecule to position 6 of the sugar
moiety. This new site is preferred given that it is the lipid acyl
chains that are expected to bind in the groove of CD1 (3-6). The
biologica activity of the present biotin-aGC compound was ver-
ified by stimulation of the DN32D3 T cell hybridoma and found to
be identical with that of unmodified «GC (C. Cantu IIl and L.
Teyton, unpublished observations). The aGC-biotin was coupled
to a streptavidin sensor chip on a BIAcore 2000, and empty CD1d
was injected over it at increasing concentrations, using empty
H-2D¢ molecules as a negative control (Fig. 2A). Subtracted sen-
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sorgrams (Fig. 2B) could be used to derive fast kinetic parameters,
(Kon 1.2 X 10° M~ s7% ko 0.0227 s7% K 1.89 X 1077 M)
comparable with the published data (15), which was unexpected
given the new preferred location of the biotin modification. To
further investigate this interaction, preloaded CD1d molecules
were injected onto the same surface. Blocking of the groove with
aligand would be expected to prevent interaction with the immo-
bilized «GC as we observed for MHC-peptide interactions. For
these experiments, CD1 molecules were loaded with «GC during
a 48-h period at room temperature, separated from free lipids by
gel filtration, and tested functionally (C. Cantu Ill and L. Teyton,
unpublished observations). Surprisingly, binding of CD1d-aGC
preloaded complexes was readily observed over the a«GC-biotin
surface and had kinetic parameters very similar to those of the
empty CD1d molecules (Fig. 2C) (K,, 8 X 10* M1 s™* and k4
0.025 s Ky 3.1 X 1077 M). Similar pseudo-binding curves
were obtained for both empty CD1d and «GC-loaded CD1d on a
biotin-dipal mitoylphosphatidylethanolamine (DPPE-biotin) sur-
face (C. Cantu Il and L. Teyton, unpublished observations). Sus-
picious of nonspecific hydrophobic interactions between CD1d
and biotinylated lipid surfaces, empty CD1d molecules were in-
jected directly over the hydrophobic surface on an HPA BlAcore
sensor chip. Compared with MHC class | and class || molecules,
CD1 molecules exhibit high nonspecific interaction with this sur-
face (Fig. 2D). Finadly, CD1d molecules were injected onto the
aGC-biotin surface with 0.05% Tween 20 in PBS as running and
injection buffer to reproduce the loading conditions currently used
by most investigators. The result was the loss of al specific bind-
ing (Fig. 2E). The presence of DM SO, another condition used in
aGC binding studies, was al so tested and produced the same effect
as the Tween 20 addition (C. Cantu and L. Teyton, unpublished
observations). We concluded from that series of experiments that
CD1 would interact nonspecifically with hydrophobic surfaces re-
gardless of the nature of the hydrophobic group used to coat the
surface. Even though we could detect slight qualitative differences
in binding between empty and aGC-loaded CD1d, SPR appearsill
suited to measure lipid-protein interactions in the present system.
The presence of a number of bound lipids in the so-called empty
CD1d molecules was shown by lipid extraction followed by mass
spectrometry analysis (C. Cantu Il and L. Teyton, manuscript in
preparation). This feature probably explained some of the high
nonspecific hydrophobic binding of CD1d.

Because a high number of tryptophans are in the binding groove
of CD1d, tryptophan fluorescence was used to compare empty and
loaded CD1d molecules. Free or unperturbed tryptophans would
give fluorescence at a wavelength of ~350 nm, whereas the pres-
ence of aligand in the binding site would cause a blue shift in
emission maximum (23, 24). Spectra of empty as well as PE-
FITC- or «GC-loaded CD1d were all comparable and shifted to a
maximum of 338 nm indicating the presence of ligand in the bind-
ing groove (Fig. 3A). Treatment with 6 M guanidinium chloride
shifted the emission maximum for each to 350 nm (Fig. 3B). The
presence of lipids in the groove of empty CD1 moleculesisin al
points comparable with the presence of a mixture of peptides in
empty MHC class | and class Il molecules (25, 26). This is an
important parameter to consider for interpreting binding studies,
because the association phase will truly be an exchange-competi-
tion reaction. In contrast to the case of peptide binding to MHC,
for which the increase in peptide concentration will limit the im-
pact of this exchange reaction, an increase in lipid concentration
will only limit the availability of monomers in the reaction as the
CMC is exceeded and the micelle population becomes dominant.

GLYCOLIPID RECOGNITION BY CD1d AND NK TCR
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after denaturation with 6-M guanidine-HCI.

Alternative lipid binding assay

Empty CD1 molecules resolve on native |EF gels as two discrete
bands of approximately neutral pl. This migration pattern can be
altered by the binding of charged phospholipids, such as PE-FITC
(two charges), or charged glycolipids, such as asialoganglioside
(GM) (one charge), disialoganglioside (GD) (two charges), or tri-
sidoganglioside (GT) (three charges) (Fig. 4). Shifts were seen
with PE-FITC, GM1, and GT1b (mix of GM, GD, and GT) as
shown in Fig. 4B, whereas neutral «GC did not induce changes in
the migration of CD1. Because of the charge heterogeneity of the
GT1b mix, separation of the GT1b-bound CD1d complexes into
theindividual GM-, GD-, and GT-CD1d complexes was then pos-
sible using anion exchange chromatography (Fig. 4C). The anionic
PS did not load and therefore caused no shift. PE-FITC, GT1b, and
GM1 binding to CD1d were each titrated to saturation and quan-
tified from the |1EF gels (Fig. 5A) to determine equilibrium binding
constants (Table I). The binding of «GC could be titrated in a
competition format using a constant amount of PE-FITC or GT1b
to establish its equilibrium binding constant (Fig. 5A). One con-
cern with these assays is using lipid concentrations that exceed
their respective CMC, the concentration at which a given lipid
begins transition from a monomeric species to complex structures
and micelles. Whereas the CMC of GM1 is 20 nM and that of the
phospholipid, phosphatidylcholine, is on the order of 1 nM (from
www.avantilipids.com), the CMCs for the other lipids used in
these experiments were not available. Because lipid concentrations
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used were in the micromolar range, it is worth mentioning that for
both PE-FITC and GM1, saturation of binding was achieved with
20-40% CDA1d still unbound, limitations possibly due to CMC
effects. However, saturation with GT1b completely shifted all of
CD1d to the bound state (Fig. 4B), suggesting that micelle forma-
tion is not a concern for the competition assay.

ITC as a second method to measure CD1d-lipid binding

ITC experiments done at 25°C suggest that the binding of PE-
FITC or «GC to CD1d is exothermic (Fig. 5B). However, in using
the one-site model to obtain equilibrium binding constants, the

MonoQ volume (ml)

parameter of the number of binding sites had to be held constant at
1.0 to obtain reasonable fits. This may be due to the fact that the
actual interaction involves a lipid exchange, or displacement, that
is not inferred in the binding model. Also, at high concentrations
of a«GC or PE-FITC, the CMC problem that we mentioned above
appeared (Table I1) with an apparent drop in affinity (10-fold) for
both lipids when added at high micromolar concentrations. Also, at
low concentrations, the sensitivity of the calorimeter was greatly
tested, and the curve fitting was not ideal. Even so, the equilibrium
binding constants obtained by this method were in general agree-
ment with those obtained by |IEF analysis (Table I).
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FIGURE 5. Alternative lipid binding assays. A, Representative binding
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B, ITC results for 30 uM aGC interacting with 3 uM CD1d (left) and 200
M aGC interacting with 20 uM CD1d (right). Buffer only injection used
as control. B, Bound; F, free.

In conclusion, CD1d appeared to bind lipids with moderate af-
finity (wM range) and to be competing for binding endogenous
lipids with slow kinetics, explaining long half-life loading times
for lipids such as «GC. However, the dissociation of the lipid-CD1
complexes is remarkably slow with half-lives in excess of 1 day.
These two kinetic parameters would explain most of the functional
results presented in Measuring the functional kinetics of aGC-
CD1d binding. It is aso apparent that SPR is not a satisfactory
method for examination of lipid binding to CD1 molecules and
that more traditional methods also have limitations due to the
chemical/physical nature of lipids.

Expression and characterization of recombinant Va14-V3
heterodimers

Once formed, the CD1-glycolipid complex is recognized by the
TCR. In the case of CD1-aGC, this recognition event is limited to
NKT cells. Thus, we expressed recombinant forms of the semi-
invariant TCR used by these cells. TCR expressed by NKT cells
have two distinct characteristics. 1) they express a monomorphic
Va chain with a unique junctional region; 2) they pair it with a

Table . |EF equilibrium mCD1 binding constants

Lipid Kp (M)

PE-FITC 16.4 + 7.0
GT1b 80+ 56
GM1 471+ 77
aGC (mCD1-PE-FITC) 23+05
aGC (MCD1-GT1b) 59+13

GLYCOLIPID RECOGNITION BY CD1d AND NK TCR

Table II. Calorimetry equilibrium binding constants

Binding Interaction Ko (uM)
mCD1 (5 uM)-PE-FITC (50 uM) 19+ 24
mCD1 (20 uwM)-PE-FITC (200 uM) 111+ 64
mCD1 (3 uM)-aGC (30 uM) 1.0*+03
mCD1 (20 uM)-aGC (200 uM) 9777

limited set of VB chains with highly polymorphic D and J regions.
To address partly the role of the 8-chain in ligand recognition, we
expressed the V a14 chain in combination with the -chain from an
NKT cell, aswell as with two random B-chains derived from clas-
sical a8 TCRsdirected against MHC class | and class || molecules
plus peptide (Tablel11). The invariant a-chain of the NKT cell line
DN32D3 and its V38.2 counterpart were cloned from RNA by
RT-PCR and sequenced. The B-chain from the K®/L %-restricted 2C
TCR and I-A*-restricted D10 TCR were aready present in the
laboratory. cDNAs to produce soluble recombinant TCRs were
constructed by PCR by deleting the transmembrane and cytoplas-
mic segments of both chains and adding leucine zippers and a
six-histidine tag following the last cysteine of the constant do-
mains (19). The modified cDNAs were transfected pairwise in the
D. melanogaster-derived SC2 cell line. After selection in G-418-
containing medium and single-cell cloning, expression was tested
by nickel-nitrilotriacetic acid-agarose immunoprecipitation and
Coomassie blue gel electrophoresis. The three Va14" TCR mol-
ecules were expressed at similar low levels. Large scale prepara-
tions were purified to >90% purity by a succession of nickel af-
finity chromatography, anion exchange chromatography, and size
exclusion gel chromatography. The presence of the interchain di-
sulfide bond within the TCR was verified by comparing reduced
and nonreduced SDS-PAGE (Fig. 6A). The 1:1 «-B ratio and the
presence of an acidic leucine zipper on the Va14 chain and a basic
leucine zipper on the VV 38 chain were verified by two-dimensional
gel electrophoresis, the first dimension by noneguilbrium pH gel
electrophoresis (NEPHGE) and the second by SDS-PAGE (Fig.
6B). The functionality of these TCRs has been shown by inhibition
of DN32D3 T cell hybridoma activation (C. Cantu Il and L. Tey-
ton, unpublished observations).

Recognition of «GC-loaded CD1d molecules by rVal14-bearing
TCRs

Because of the invariant nature of the CD1d-restricted NK1.1 TCR
and the unique nature of the ligand, the rules of recognition for the
TCR-CD1d interaction are likely to vary somewhat from those
established for conventional TCR-pMHC interactions (i.e., low af-
finity interaction; plasticity of Ag-binding surface). SPR was used
to determine the affinities of CD1d-Va14™ TCR interactions. Each
of the Va14™ TCRs was immobilized by standard amine coupling
or cysteine coupling on a BIAcore CM5 sensor chip. Then, either
size-purified CD1d/empty (not loaded with «GC) or CD1d-aGC
molecules were flowed over the TCR surface to measure binding.
Comparison of the sensorgrams for empty and loaded CD1d re-
vealed specific binding only for CD1d-aGC (Fig. 6C). Using
CD1d-empty to establish control sensorgrams for subtraction, at
least six concentrations of CD1d-a«GC were flowed over each TCR
surface (Fig. 6D). The subtracted curves werefit toa1:1 Langmuir
binding model in the global fitting algorithm of the BIAevaluation
3.0.2 software (BlAcore) to obtain kinetic parameters and affinity
constants (Table 1V). The absence of binding of the 2C B-contain-
ing TCR and D10 B-containing TCR to their cognate ligands, L9-
P2CA and I-A¥ Con A, respectively, was verified accordingly (C.
Cantu Il and L. Teyton, unpublished observations).
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Name of Recombinant TCR Va VB Origins of VB Selection Expression Levels®
Val4-DN32 14 8.2 mCD1 +/—
Val4-2C 14 8.2 H2-L9-p2CA (Va3.1)° +
Val4-D10 14 8.2 I-A-Con A (Va2)© +/—

2 +/—, 50-100 png/L expression; +, 100—200 ng/L expression.

bKranz et a. (21).
¢Kaye et al. (22).

The binding affinity, K, of the NKT cell receptor DN32D3 was
measured at 98 nM with a dissociation half-life of 185 s. Thishigh
affinity, when compared with classical a8 TCRs, was mostly due
to slower off rates (higher half-lives, t,,,) whereas on rates were
fairly comparable (27). Most interestingly, the substitution of the
B-chain of DN32D3 by a noncognate B-chain did not result in the
loss of binding, but, in contrast, sustained similar binding affinities
with Kgs of 57 and 31 nM for Va14-D10 and V «14-2C, respec-
tively. The reverse orientation of binding with immobilization of
CD1/aGC on the chip was tested with the V«14-2C using CD1d-
empty immobilized on the adjacent flow cell as a negative control.
Kinetics parameters and resulting affinities were very similar in
that reverse setting (Table V). Tetrameric V«14-2C TCR was aso
flowed over the CD1d surfaces and showed a 35-fold increased
half-life compared with monomers. However, due to the nature of
the tetramers and their four independent binding sites, no mathe-
matical model can be built to derive accurate kinetics parameters

A NR R

66 - b
45 {—

FIGURE 6. Characterization of Val4 TCR
constructs and SPR analysis of CD1/aGC bind- 314
ing to a Val14-DN32 surface. A, SDS-PAGE of

i

V a14-2C construct under reducing (R) and non-
reducing (NR) conditions. B, Two-dimensional
gel electrophoresis analysis of the Va14-2C con-
struct. The presence of the basic and acidic
leucine zippers is evident by the distinct one-di-
mensional NEPHGE separation. C, Single sen-
sorgrams of 5 uM CD1-empty and CD1-aGC
over the Val4-DN32 surface. RU, Resonance
units. D, Curves represent CD1-aGC concentra-

4]
o

Response
s

+—CD1/aGC

for those molecules, and the comparison of monomers/tetramers
can be only approximate.

In conclusion, it appeared that CD1-aGC was recognized by
Val14-V 8.2 TCRs with high affinities regardless of the origin of
the B-chain. These affinities 1- to 2-fold higher than classical TCR-
MHC peptide interactions prompted us to examine further the bio-
physical nature of these interactions.

Thermodynamics of the CD1-aGC-Va14-2C interaction

Thermodynamic parameters reflect accommodation and stability
of interacting molecules. SPR has been used to analyze the tem-
perature dependence of the binding of TCR-MHC interactions and
gauge the plasticity and reorganization of TCR-MHC interfaces
(28-30). CD1aGC-V a14-DN32 TCR interactions were examined
using asimilar strategy. Over the temperature range 10-34°C, the
Kp of this interaction was measured by SPR. Numbers stayed
fairly constant ranging from 28 to 87 nM, indicating essentially no

—— NEPHGE —»

*p

J9vd-Sas

a®

CD1/empty

tions ranging from 0.78 to 5 uM over the Va14- 50 0 50
DN32 surface after subtraction of the respective
concentrations of CD1-empty sensorgrams. E,
Plot of free energy, AG®, vs temperature (in
Kelvin). AG is determined from the relationship
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Time 8 Time

-

1
w

AG = —RTInKp, where Ris the gas constant and
the K, value is obtained from SPR analysis of
sensorgrams of 2 uM CD1-aGC injected over
the Va14 TCR surface at the respective temper-
ature T. F, van't Hoff analysis of affinity, Ky, as

.
o
3

&
o

AG =-5.8 keal/mol @ 25°C

AG®(kcal/mol)
&
-
L

AH = -8.7 keal/mol @ 25°C

a function of temperature. Enthalpy, AH, is de-
rived from the slope (slope = AH/R) of a linear
fit to the data points. G, The measure of contri-
bution of electrostatic attraction to binding is ob- G

-7 - - - - .
280 285 290 295 300 305 310
Temperature (K)

-10.5 . . . .
325 33 335 34 345 35 355
1/Temperature (x10% K-')
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2202 ‘¥ 1snbny uo 1sanB Aq /640" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

4680

GLYCOLIPID RECOGNITION BY CD1d AND NK TCR

Table IV. Kinetic parameters for TCR-CD1-aGC interaction

Immobilized Protein Flowing Protein Kon (UM~1s7%) Kot (Us™) Ko (M) Half-life (s)
Val4-D10 CD1d-aGC 6.69E+04 3.79E—-03 5.67E—08 183
Va14-DN32 CD1d-aGC 8.44E+04 8.19E-03 9.81E—-08 85
Val4-2C CD1d-aGC 2.48E+05 6.40E—03 3.04E—08 109
CD1d-aGC Val4-2C 2.75E+05 3.02E-03 1.10E—-08 230
CD1d-aGC Val4-2C tetramer 4.30E+05 8.20E—-05 9.10E—11 8453

dependence of the interaction on temperature. Calculating the free
energy (5.8 kcal/mol at 25°C) from the relationship AG =
—RTInK, (Fig. 6E), the enthalpy (—8.7 kcal/mol) from the slope
(= AH/R) of the van't Hoff plot (Fig. 6F), and the entropy (—2.9
kcal/mal) from the relationship AG = AH — TAS confirms the
temperature independence. Actually, the enthalpy value is essen-
tially identical with the average (—8.6 kcal/mal) for protein-protein
interactions (31). For comparison, the average of published thermo-
dynamic parameters (at 25°C) for two class | MHC-TCR and two
class Il MHC-TCR were: AG = —6.7 kca/mol, AH = —19.7 kcal/
mol, and TAS = —13 kcal/moal (29, 30). Large changesin parameters
were attributed to conformational adjustments and/or loss of flexibil-
ity a binding surfaces. Conversely, the amost negligible changes in
CD1d-aGC-Val4 TCR thermodynamic parameters indicated the ri-
gidity of the recognition of the CD1d-aGC complex by the
Val4-2C TCR.

Additionally, the electrostatic contribution to binding was tested
by measuring the affinity of interaction over a range of sodium
chloride concentrations (32). The slope (K, of the plot of the
log of K, vs the log of sodium concentration of the CD1d-aGC-
Val14 TCR interaction was amost flat, indicating avery negligible
contribution of electrostatic forces to this interaction (Fig. 6G).

The thermodynamic characteristics of CD1d-aGC-Val4 TCR
interactions suggest that the sugar moiety, the most rigid part of the
glycolipid, is the most important part of the ligand seen by the
TCR during this interaction. These results also indicate a correla-
tion between higher affinity and limited rearrangement of the in-
teractive surfaces.

Biological consequences of the high affinity

In the present study, NKT cell activation, as measured by IL-2
release, occurred at high concentrations of «GC, but with no sus-
tained TCR down regulation (C. Cantu Ill and L. Teyton, unpub-
lished observations). In comparison, sustained down-regulation of
TCR by activated T cells for a high affinity pMHC-TCR system
has been previously observed (33). The down-regulation, however,
was observed only for TCR transfectants that displayed reduced
IL-2 levels at high peptide concentrations. For a TCR transfectant
that had optimal IL-2 release at high peptide concentrations, no
TCR down-regulation was observed (33).

Discussion

While there have been many studies done on lipid antigen presen-
tation by the different CD1 family members (reviewed in Refs. 1
and 2), few biochemical studies have been done to elucidate the
lipid-binding properties of CD1. The crystal structure of mouse
CD1d showed a very hydrophobic binding groove with two deep,
large pockets (A" and F") occupied by discontinuous electron den-
sity (3) which was thought to be an acyl chain-containing ligand
(15). Recently, the structure of human CD1b with phosphatidyl-
inositol or ganglioside GM2 bound has been solved (34). In com-
parison with the mCD1 structure, it contains an additiona hydro-
phobic pocket (C') as well as a connective tunnel that connects the
A’ and F' pockets. Cellular GPI has been identified as a major

natural ligand of CD1d (35), although it does not appear to provide
Vald™ NKT cell reactivity (36). An SPR study by Naidenko et al.
(15) established a submicromolar affinity (Kp, 0.34 uM) between
mCD1d and aGC, with a half-life of 30 s established for the com-
plex. Similar results were seen for CD1b and phosphatidylinositol
mannoside using SPR. This is in sharp contrast to a half-life esti-
mated by an NKT cell hybridoma activation assay (on the order of
1 day) and suggested by the long-lasting stability of CD1d-a«GC
tetramers further used in that study (12). We have since revisited
the SPR experiments and established that indeed the CD1d-aGC
interaction observed, including the short half-life of the complex,
was an artifact of the system.

In characterizing CD1d-«GC and CD1d-empty molecules by
IEF analysis, we were able to establish an equilibrium binding
assay to measure the affinities of several lipids to CD1d.

The |EF equilibrium binding constants have been verified by
ITC experiments. Also, both the |EF direct binding assay and the
NKT cell activation assay agree on a CD1-aGC long half-life on
the order of at least 1 day. Overal, these results suggest that re-
gardless of lipid antigenicity, CD1d binds lipids with low micro-
molar affinities in a similar manner. In fact, a comparison of af-
finities between other lipid-binding proteins and their respective
ligand reveals affinities also in the low micromolar range (24, 37,
38) and suggests a low specificity of lipid-binding proteinsin gen-
eral. Thus, the various synthetic and cellular lipids that have been
shown to be presented by CD1 molecules likely achieve specific
presentation more as a result of CD1 transfer and processing (39—
43) than from CD1 binding specificity. Indeed, given that the lipid
acyl chains are what the CD1 proteins bind, the amount of vari-
ability is limited to the number of acyl chains and their respective
lengths and saturated bonds. The recent structural analysis of hu-
man CD1b highlights the adaptability of the CD1 family to ac-
commodate acyl chains of various lengths and number (34).

To date, severa studies have used soluble «GC-loaded CD1d
molecules to address the questions of T cell activation through the
invariant Val14-V B8 TCR (12, 13). Although these reagents have
proved very useful in studying the various populations of Val14™
TCR-bearing T cells (9), the nature of the direct CD1d-«GC-TCR
interaction remains unclear. For instance, TCR down-regulation in
Ag-activated T cells has been shown to be a result of the preven-
tion of TCR recycling as opposed to increased TCR internalization
(44). Kranz and colleagues (33) suggest that the valency state of
the TCR-pMHC interaction is the connection relating T cell acti-
vation and TCR recycling. At high peptide concentrations, mono-
valent TCR interactions could predominate, preventing activation
through TCR dimerization. However, TCR ligation also leads to
intracellular prevention of recycling (44). For NKT cells, the ac-
tivation seen at very high concentrations of «GC may be occurring
through monovalent TCR-CD1-aGC interactions. As such, ab-
sence of TCR ligation would explain the lack of sustained TCR
down-regulation. Determination of whether or not TCR dimeriza-
tion is necessary for activation of NKT cells and TCR down-reg-
ulation awaits further studies.
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To begin to identify the rules of recognition for this interaction,
recombinant soluble Va14-V 38 TCRs have been constructed for
direct binding analysis. SPR analysis has revealed a high affinity
interaction, in line with the invariant nature of the Val14-V38
TCR. The high affinity is due to much slower off rates (longer
half-life) than seen for conventional MHC-TCR interactions (27,
29, 30). Similar results have just been reported in arecent paper for
one other Val14™ TCR (45). In that study, SPR anaysis, using a
bacterially expressed single chain Val14™ TCR construct flowing
over a CD1d-aGC surface, and CD1-aGC tetramer staining of
NKT cell hybridomas were used to assess the high affinity-avidity
interaction. In addition, we have shown that this high affinity in-
teraction is also independent of temperature and electrostatic
forces, which again makes thisinteraction contrary to conventional
peptide-MHC-TCR interactions (28—30). Overall, these findings
suggest that TCR recognition of CD1d-aGC is based on a inflex-
ible interface implicating the more rigid structure of the lipid sugar
moiety and the invariant Val14 chain of the NKT cell receptor.
This lock-and-key fit is reminiscent of that seen with affinity-ma-
tured hapten Abs that acquire rigid binding interfaces and nano-
molar affinity through somatic mutations (46, 47). Further studies
into the selection or maturation of the NK TCR are limited by
uncertainty regarding the natural ligand. TCR transfectant cell
lines with the new V«14-V B8 pairs described in this paper are
being developed for future functional studies.

In conclusion, monomers of lipids and glycolipids bind to CD1d
with low affinity using a monomorphic, hydrophobic interaction.
CD1d-glycolipids are seen by Va14* TCRs with high affinity us-
ing nonadaptable interacting surfaces, in contrast with conven-
tional af TCRs that bind MHC-peptide complexes.
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