
Importance of N-linked glycosylation in the functional expression
of murine CD1d1

Introduction

Glycoproteins undergo post-translational modifications,

including the addition of oligosaccharides to asparagines

within the sequence motif Asn-X-Ser/Thr, before being

expressed on the cell surface.1 Glycosylation is also

important in the cellular immune response with respect

to the ‘immune synapse’ between antigen-presenting cells

and T cells. Furthermore, the glycosylation of antigen-

presenting molecules can potentially modulate various

cellular immune responses.2,3 Glycosylation of leucocyte

cell surface proteins (or lack thereof) has been shown to

affect a variety of their biological activities, including

folding,4,5 trafficking to the cell surface,4,6–8 membrane

orientation,9 stability10 (e.g. protease resistance and half-

life), ligand binding,11 and transport of ligand-loaded

major histocompatibility complex (MHC) class I mole-

cules to the centre of the immune synapse,9 as well as sig-

nal transduction.2,3,12

Encoded on a different chromosome from that contain-

ing the MHC region,13,14 CD1 glycoproteins are MHC

class I-like molecules comprised of three immunoglobu-

lin-like extracellular a domains (a1, a2 and a3) non-

covalently associated with b2-microglobulin (b2m).15

Unlike MHC class I and class II antigens, CD1 molecules

present endogenous lipids, or those derived from various

micro-organisms.15–19 Humans express both group 1

(CD1a, CD1b and CD1c molecules) and group 2 (CD1d)

molecules;13,20 however, mice and rats only express group

2.21,22 The ‘intermediate’ cd1e gene product is not an

antigen-presenting molecule; rather, it facilitates lipid

loading onto group 1 CD1 molecules.23,24 CD1d mole-

cules are related to MHC class I in structure25 and amino

acid homology.15 Like CD1b, they are known to survey

different acidic endocytic compartments for antigen load-

ing.26–28 Hence, these molecules resemble MHC class II in

their intracellular trafficking and antigen presentation to

T cells.26,27,29 Biochemical studies have revealed that,

although the CD1d heavy chain is assembled in the endo-

plasmic reticulum (ER), as are MHC class I molecules

in the MHC pathway,30 there are distinct differences

from MHC class I molecules with respect to chaperone

association in the absence of b2m,31,32 and transporter

associated with antigen presentation (TAP) depen-

dence.33,34 The CD1d ligand-binding groove is occupied

by an ER-resident lipid such as phosphatidylinositol,30,35

glycosylphosphatidylinositol36 or phosphatidylcholine,37

probably to maintain its conformation, until this lipid
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Summary

The mouse CD1d1 glycoprotein is specialized in presenting lipid antigens

to a novel class of T cells called natural killer T (NKT) cells. CD1d1 is

predicted to contain five potential N-linked glycosylation sites (asparagine

residues at positions 25, 38, 60, 128, and 183). Glycosylation has been

shown to invariably affect the molecular and functional properties of vari-

ous glycoproteins, and in the current report it was found that a conserva-

tive change of the individual endogenous asparagine residues in CD1d1 to

glutamine differentially affected its functional expression. Although the

maturation rate of the glycosylation mutants was comparable to that of

wild type, they differed in their relative levels of surface expression and

in their ability to stimulate NKT cells. Mutating all five glycosylation

residues resulted in the absence of detectable CD1d1 expression, with a

concomitant lack of NKT cell activation. Therefore, these results demon-

strate that glycosylation plays a significant role in the functional expres-

sion of CD1d1.

Keywords: antigen presentation; glycosylation; cell surface expression

272 � 2007 Blackwell Publishing Ltd, Immunology, 123, 272–281

I M M U N O L O G Y O R I G I N A L A R T I C L E



is exchanged with a natural ligand in a late endocytic

compartment.27,38,39

CD1d molecules exhibit relatively little polymorphism

and are found in most mammals.40 Mice have two CD1d

genes, cd1d1 and cd1d2, which share about 95% nucleo-

tide sequence homology. Mouse CD1d1 molecules are

expressed primarily by cells of the haematopoietic lineage

and especially on professional antigen-presenting cells.41

Although the predicted molecular mass of the mouse

CD1d1 heavy chain based on its amino acid content is

only 38�5 kDa, it is widely reported to be found as a 43–

49-kDa protein in immunoprecipitation analyses.30 This

difference in mass is attributed to glycosylation. The

CD1d1 molecule contains five predicted N-linked glyco-

sylation sites and at least three of these were clearly dis-

tinct in its crystal structure,3 and we have shown that all

five glycosylation sites are indeed glycosylated.30

To date, there has been no direct evidence for the

involvement of N-linked oligosaccharides in the function

of CD1d1 molecules, although it has been proposed that

these sugars stabilize their cell surface expression and pre-

vent non-specific protein–protein interactions to preserve

membrane orientation.3 In the current report, we exami-

ned the role of N-linked glycosylation in the functional

expression of CD1d1.

Materials and methods

Generation of CD1d1 glycosylation-deficient mutants

The full-length mouse CD1d1 cDNA in pBluescript,42

kindly provided by Dr S. Balk (Beth Israel Hospital and

Harvard Medical School, Boston, MA), was used as a tem-

plate for site-directed mutagenesis. Glycosylation-deficient

mutants were generated using the polymerase chain reac-

tion (PCR)-based Quik-change� site-directed mutagenesis

kit (Stratagene, La Jolla, CA). Individual Asn residues

within the consensus sites for N-linked glycosylation were

conservatively changed to glutamine according to the

manufacturer’s instructions to create a panel of mutant

CD1d1 molecules as shown in Fig. 1. The primer pairs

used were: N25Q forward, 50-GCCCAGCAAAAGCA

ATACACCTTCCGC-30; N25Q reverse, 50-GCGGAAGGT

GTATTGCTTTTGCTGGGC-30; N38Q forward, 50-CTTC

CTTTGCACAAAGAAGCTGGTC-30; N38Q reverse, 50-GA

CCAGCTTCTTTGTGCAAAGGAAG-30; N60Q forward,

50-CGTTGGAGTCAAGACTCAGCC-30; N60Q reverse,

50-GGCTGAGTCTTGACTCCAACG-30; N128Q forward,

50-GTACCCTGGGCAAGCTTCGGAAAG-30; N128Q rev-

erse, 50-CTTTCCGAAGCTTGCCCAGGGTAC-30; N183

forward, 50-GATGCTCCTGCAAGAC ACCTGCC-30, N183

reverse, 50-GGCAGGTGTCTTGCAGGAGCATC-30. Bold

bases are areas in the primer that have been mutated to

elicit the corresponding amino acid change from aspara-

gine to glutamine. Multiple mutations were carried out

sequentially and the correct mutations were confirmed by

sequence analysis following each step. Following sequence

confirmation, the full-length wild-type and mutant CD1d1

cDNAs (XhoI/NotI fragments) were subcloned into the

mammalian expression vector pcDNA3�1-neo (Invitrogen,

Carlsbad, CA). The 1�8kb SalI/NotI fragments of wild-type

or mutant CD1d1 were subcloned into the SalI/NotI sites

of the vaccinia virus (VV) vector pSC11.43 The generation

of recombinant VV (rVV) expressing the CD1d1 glycosyl-

ation mutants was performed as previously described.27,43

Cell lines and LMTK transfection

The CD1d1-specific, Va14+ canonical NKT cell hybrido-

mas DN32.D3,44 N38-2H445 and N38-3C3,45 and the

non-canonical (but CD1d1-specific) Va5+ hybridoma

N37-1A1245, have been described elsewhere. Mouse

LMTK fibroblasts (American Type Culture Collection,

Manassas, VA) were cultured in Dulbecco’s modified

Eagle’s minimal essential medium (DMEM; Cambrex,

Walkersville, MD) supplemented with 10% fetal bovine

serum (FBS) and 2 mM L-glutamine in the absence of

antibiotics. Transfection of LMTK cells was carried out

using Fugene 6 (Roche, Indianapolis, IN) as per the man-

ufacturer’s protocol. One to two weeks post-transfection,

transfected cells were stained with either the mouse anti-

CD1d1 monoclonal antibody (mAb) 1H6,27 or a phyco-

erythrin (PE)-conjugated 1B1 anti-mouse CD1d mAb

(Pharmingen, San Diego, CA) and immunomagnetically

sorted using either anti-mouse immunoglobulin G (IgG)

or anti-PE microbeads (Miltenyi Biotec, Gladbach,

Germany), respectively. The transfectants were cloned by

limiting dilution (< 1 cell/well in a 96-well plate) and,

after selection in 500 lg/ml Geneticin (Invitrogen), stable

transfectants with comparable cell surface levels of

WTCD1

N25QCD1

N38QCD1

N183QCD1

N60QCD1

N128QCD1

ΔNCD1

Figure 1. Schematic representation of the relative N-linked glycosyla-

tion residue locations on the mouse CD1d1 glycoprotein. The aspar-

agine residues were numbered as in Pubmed accession #P11609.

N-linked glycosylation sites (N-X-S or N-X-T) are indicated by stick

figures on the protein (dark line).
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wild-type or mutant CD1d1 [determined by fluorescence-

activated cell sorter (FACS) analysis] were used for fur-

ther analyses, unless otherwise noted.

NKT cell assay

Five · 105 LMTK transfectants (wild-type or mutant

CD1d1) were co-cultured with 5 · 104 NKT cell hybrido-

mas (1 · 105 for N38-3C3) in Iscove’s modified Dul-

becco’s medium (IMDM) for 20–22 hr at 37�. The

culture supernatants were harvested and assayed for inter-

leukin (IL)-2 levels by enzyme-linked immunosorbent

assay (ELISA) using anti-mouse IL-2 antibody pairs

(Pharmingen). Recombinant murine IL-2 (Peprotech,

Rocky Hill, NJ) was used for generating a standard curve

as previously described.27 NKT cell assays with the

LMTK-CD1d1 wild-type and glycosylation mutant clones

pulsed with or without a-galactosylceramide were per-

formed as we previously reported.18

Flow cytometry

Staining and analysis for flow cytometry were performed

as described previously.27,46 Briefly, 5 · 105 cells were

washed in ice-cold FACS buffer [Hanks’ balanced salt

solution (HBSS) containing 0�1% bovine serum albumin

(BSA); HBSS/BSA] and incubated with the relevant mAb

in FACS buffer for 30 min on ice. In indirect staining

experiments following labelling with the primary mAb,

the cells were washed twice in FACS buffer and then

incubated with fluorescein isothiocyanate (FITC)- or PE-

conjugated rabbit anti-mouse IgG (Dako, Carpinteria,

CA) for 30 min on ice. Staining for CD1d1 was also per-

formed using the 19G1147 mAb (kindly provided by

A. Bendelac, University of Chicago). To assess the level of

VV infection, infected cells [at a multiplicity of infection

(MOI) of 5 for 6 hr] were permeabilized with FACS buf-

fer containing 0�1% saponin (Sigma-Aldrich, St Louis,

MO) and the VV E3L-specific mAb TW2�348 was diluted

1 : 5 in saponin-containing FACS buffer. The PE-conju-

gated anti-mouse immunoglobulin antiserum was also

diluted in saponin-containing FACS buffer. Controls

included staining with an isotype-matched irrelevant mAb

or second antibody alone, as indicated.

Confocal microscopy

Immunofluorescent staining and analysis of CD1d1 by

confocal microscopy have been previously described.27 In

brief, 5 · 106 P13�9 cells were plated in sterile glass-

bottom 35-mm dishes coated with poly D-lysine (MatTek,

Ashland, MA). After overnight adherence, the cells were

infected with rVV encoding wild-type or mutant CD1d1

molecules at a MOI of 5 for 6 hr. The cells were washed

twice in ice-cold HBSS/BSA and fixed in 1% paraform-

aldehyde for 10 min at 4�. CD1d1 was stained using the

anti-mouse CD1d mAb 1H6,27 followed by a FITC-conju-

gated anti-mouse immunoglobulin antiserum (Dako).

Late endosomal/lysosomal compartments were identified

with anti-mouse lysosome-associated membrane protein-

1 (LAMP-1; Pharmingen) followed by a Texas Red-

labelled anti-rat immunoglobulin antibody (Jackson

Immunoresearch Laboratories, West Grove, PA). The

stained cells were stored in phosphate-buffered saline

(PBS) containing 0�05% azide in the dark at 4� and viewed

with a Bio-Rad MRC-1024 confocal laser-scanning micro-

scope (Bio-Rad, Hercules, CA) equipped with a krypton-

argon laser. The Texas Red and FITC emissions were

recorded sequentially using a 60· lens and pinhole aperture

adjustment to obtain 0�3- to 0�5-lm sections.

Pulse-chase experiments

LMTK cells were starved for 30 min in methionine-free

DMEM (Biowhittaker) prior to infection with rVV

expressing the influenza virus nucleoprotein (NP-bGal;

negative control, kindly provided by J. Yewdell and

J. Bennink, National Institutes of Health) or wild-type

and mutant forms of CD1d1. The cells were then labelled

with 100 lCi of [35S]-methionine (Easy Tag Express –

[35S] protein labeling mix; Perkin-Elmer, Wellesley, MA)

for 30 min. After labelling, the cells were cultured in reg-

ular medium containing a molar excess of cold methio-

nine for the indicated time periods. The labelled cells

were lysed for 30 min on ice with 10 mM Tris-buffered

saline containing 1% Triton X-100, 0�1% deoxycholate,

5 mM ethylenediaminetetraacetic acid (EDTA), and com-

plete protease inhibitor tablets (Roche, Indianapolis, IN).

CD1d1 molecules immunoprecipitated using the mouse

monoclonal antibody 1H6 were separated on a non-

denaturing 10% sodium dodecyl sulphate–polyacrylamide

gel electrophoresis (SDS-PAGE) gel. Dried gels were

exposed on Kodak BioMax XAR film and the scanned

autoradiographs were subjected to densitometric analysis.

For the endoglycosidase H (EndoH) digestion experi-

ment, the immunoprecipitated protein pellet was resus-

pended in 50 mM citrate buffer (pH 5�5) and divided

into two equal portions. One half of the protein sample

was digested with 2 mU of EndoH (Roche) at 37� over-

night, whereas the other half served as the control. These

samples were then loaded onto an SDS–PAGE gel for

analysis as above.

Results

Individual Asn mutants of CD1d are differentially
expressed on the cell surface

The contribution of individual glycosylation sites in

the cell surface expression of CD1d1 was assessed by

274 � 2007 Blackwell Publishing Ltd, Immunology, 123, 272–281
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site-directed mutagenesis of putative Asn residues

(AsnfiGln) predicted to be glycosylated.49 The mouse

fibroblast cell line LMTK, which does not express detect-

able CD1d1 on the cell surface, was transfected with

cDNA encoding either the wild type or individual glyco-

sylation mutants of CD1d1 (Fig. 1). Preliminary experi-

ments using G418-resistant cells selected post-transfection

showed that the individual AsnfiGln mutations resulted

in different levels of CD1d1 cell surface expression (data

not shown). As these were heterogeneous populations, the

cell surface levels could potentially be influenced by mul-

tiple factors including transfection efficiency and copy

number. Therefore, in subsequent experiments, we con-

ducted simultaneous transfections in six-well plates with

equivalent amounts of plasmid DNA for the wild type

and all individual CD1d1 glycosylation mutants, followed

by limited dilution cloning of G418-resistant cells.

Approximately 20 clones were randomly selected and

analysed for their cell surface expression of CD1d1. FACS

analysis of CD1d1 showed that the N38Q and N60Q

CD1d1 mutants were expressed at levels two- to threefold

higher than the wild type (P < 0�0001; Fig. 2). The cell

surface expression of the CD1d1 glycosylation mutant

N183Q was significantly lower (� 35%) than that of the

wild type (P < 0�05). Although the difference was not sta-

tistically significant, the CD1d1 glycosylation mutants

N25Q and N128Q were also expressed on the surface at

lower levels than the wild type. To rule out the possibility

of pleiotropic effects of drug selection on differential

RNA stability, we extracted RNA from the stable transfec-

tants and reverse-transcribed it into cDNA using CD1d1-

specific primers. We could not detect any significant

differences in CD1d1 mRNA levels between the different

clones as analysed by semiquantitative reverse transcrip-

tion (RT)–PCR (data not shown).

Unglycosylated CD1d1 is not expressed on the cell
surface

Having determined that the absence of an individual gly-

cosylation motif does not completely block the cell surface

expression of CD1d1, we sought to analyse how the lack

of glycosylation might affect the cell surface expression of

this molecule. Sequential PCR-based mutation steps were

performed to change all five Asn residues for the analysis

of unglycosylated CD1d1 (DNCD1). Although double

(N38Q/N60Q) and triple (N25Q/N128Q/N183Q) glycosyl-

ation mutants were expressed on the cell surface (data not

shown), the unglycosylated CD1d1 was undetectable. Flow

cytometry analysis of the 20 randomly selected clones of

wild-type and mutant CD1d1-transfected LMTK cells used

in Fig. 2 was performed. Ten different antibodies50 includ-

ing the 19G11 mAb47 that can potentially recognize un-

glycosylated CD1d were used to stain these transfectants

and none of the antibodies tested could detect the expres-

sion of DNCD1 on the cell surface, although all were able

to stain wild-type CD1d1 (data not shown). Similarly,

pulsing LMTK-DNCD1 with a-galactosylceramide (a-Gal-

Cer) at concentrations as high as 1 lg/ml did not elicit

any cytokine production from the NKT cell hybridomas,

indicating a lack of functional CD1d1 on the cell surface;

however, the mutation could be detected in transfected

cells by RT-PCR followed by sequencing, confirming that

the cDNA for DNCD1 was indeed expressed in these cells

(data not shown).

Differential stimulation of NKT cells by individual
glycosylation mutants of CD1d1

Monoclonal antibodies can vary in their capacities to

bind glycosylated and unglycosylated CD1d1.47 Therefore,

a functional assay (NKT cell stimulation) is the most sen-

sitive and reliable way to determine the presence of

CD1d1 on the cell surface. To compare the antigen pre-

sentation capacities of the glycosylation mutants, clones

of LMTK transfectants with comparable cell surface

expression of CD1d1 (except in the case of DNCD1) were

co-cultured with two representative NKT cell hybridomas,

DN32.D344 and N37-1A12.45 Although the individual

AsnfiGln mutants used were selected on the basis of

comparable CD1d1 cell surface expression, the antigen

presentation capacity of the N25Q, N128Q and N183Q

mutants was lower than that of wild-type CD1d1 (40–

70% of wild type for DN32.D3 and 15–50% for N37-

1A12), and endogenous antigen presentation by N38Q

and N60Q was higher than that of wild-type CD1d1

(130–170% of wild-type for DN32.D3 and 110–180% for

Glycosylation mutants of mCD1d1

WT Δ
1
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Figure 2. CD1d1 cell surface expression levels in LMTK cell transfec-

tants. Individual clones of LMTK cells transfected with cDNA encod-

ing wild-type CD1d1 or the indicated glycosylation mutants were

isolated by limiting dilution and analysed for cell surface expression

using a phycoerythrin (PE)-conjugated anti-mouse CD1d antibody.

The scattergram was plotted using the mean channel fluorescence of

CD1d-specific staining of the individual clones normalized against

cells stained with an isotype control. A second independent repeat of

this cloning experiment showed a similar pattern of CD1d1 expres-

sion. The clones used for the experiments presented in Fig. 3 were

selected from those within the box. *P < 0�05; ***P < 0�001;

mCD1d1, murine CD1d1; NS, not significant.
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N37-1A12, respectively) (Fig. 3). Similar results were

obtained with two other Va14+ NKT cell hybridomas

(N38-3C3 and N38-2H4; data not shown). As the clones

tested in these NKT cell stimulation analyses (three inde-

pendent experiments) expressed similar levels of CD1d1

on their cell surface, it is clear that the degree of NKT cell

stimulation observed reflected their altered glycosylation

status. Interestingly, when these stable transfectant clones

were maintained in culture long-term, the N128Q and

N183Q mutants were found to gradually lose their cell

surface expression of CD1d1, and consequently their NKT

cell stimulation capacity (Fig. 4). The N38Q and N60Q

mutants maintained their functional activity long-term

(reflecting their higher cell surface expression of CD1d1).

As shown in Fig. 3, the LMTK-DNCD1 transfectant was

consistently unable to stimulate cytokine production by

NKT cells. Therefore, these results suggest that the glyco-

sylation state of the CD1d1 molecule affects its functional

cell surface expression.

In order to determine whether the decrease in CD1d1

levels also reflected a quantitative decrease in exogenous

antigen presentation, clones of LMTK-CD1d1 transfec-

tants (four wild type and 24 mutant) were treated with

vehicle [dimethyl sulphoxide (DMSO)] or a-galactosyl-

ceramide, washed, fixed and co-cultured with NKT cells

as above. CD1d1 and MHC class I (as a control) surface

levels were detected by FACS. As expected, the amount of

CD1d1 on the cell surface was proportional to the level

of NKT cell stimulation (Fig. 5) Notably, in all clones,

MHC class I cell surface levels were comparable. There-

fore, changes in CD1d1 glycosylation result in both quali-

tative and quantitative changes in the functional

expression of CD1d1.

Individual glycosylation mutants mature
at approximately the same rate

Because the observed differences in cell surface expression

of the individual glycosylation mutants could simply have

been a result of altered rates of biosynthesis, we per-

formed a pulse-chase analysis on wild-type CD1d1 and

the glycosylation mutants. For these experiments, LMTK

cells were infected with rVV encoding the different

glycosylation mutants, as rVV allows much higher levels

of CD1d1 expression for use in this experimental

approach.27 Following a 90-min infection, the cells

were pulse-labelled with [35S]-methionine, chased for the
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Figure 3. Differential stimulation of natural killer T (NKT) cells by

LMTK cells expressing CD1d1 glycosylation mutants. LMTK cells

expressing wild-type or the indicated glycosylation mutant CD1d1

molecules were co-cultured with the indicated NKT cell hybridomas.

After a 20-hr co-culture, the supernatants were harvested and

assayed for interleukin (IL)-2 by enzyme-linked immunosorbent

assay (ELISA). The bars represent the mean percentage of IL-2 pro-

duction ± standard deviation in triplicate cultures. IL-2 production

by hybridomas stimulated with LMTK cells expressing wild-type

CD1d1 (WTCD1) was fixed at 100% for comparison with the glyco-

sylation mutants.
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Figure 4. The ability of some CD1d1 glycosylation mutants to stim-

ulate natural killer T (NKT) cells decreases over time. Clones of

LMTK transfectants expressing wild-type or glycosylation mutant

CD1d1 molecules were cultured for 4 weeks and monitored for their

cell surface expression by staining with a phycoerythrin (PE)-conju-

gated anti-mouse CD1d monoclonal antibody (mAb). Concurrently,

an aliquot of the same cells was used for co-culture experiments with

NKT cells. Interleukin (IL)-2 secretion was measured by enzyme-

linked immunosorbent assay (ELISA). (a) The relative mean fluores-

cence intensity of cells stained with the anti-CD1d mAb was plotted

against weeks in culture, setting wild-type CD1d1 expression at

100%. (b) Co-culture of LMTK cells expressing wild-type CD1d1 or

glycosylation mutants of CD1d1 with NKT cell hybridomas. For each

week of analysis, IL-2 production stimulated by wild-type CD1d1-

expressing cells was set at 100%.
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indicated times, and immunoprecipitated with the anti-

mouse CD1d1 mAb 1H6.27 The immunoprecipitates were

treated with endoglycosidase H (EndoH), which removes

the high-mannose oligosaccharides from ER proteins but

cannot cleave the modified oligosaccharides of proteins

that have traversed the Golgi (mature protein). Immature

CD1d1 molecules were detected as a sharp band at the

beginning of the chase and were sensitive to EndoH, as

indicated by the decrease in the apparent relative mobility

(Mr) (Fig. 6). The EndoH sensitivity of CD1d1 was slowly

lost after 2 hr, and a diffuse heavily glycosylated band was

detected as an EndoH-resistant form. The difference in

molecular weight caused by the loss of a single glycosyla-

tion site is clearly distinguishable by the faster migration

of these mutants in the polyacrylamide gel. There were

subtle differences in the maturation rate and gain of

EndoH resistance among the different mutants, but these

were not significant. Repeated attempts at immunoprecip-

itating the N60Q and DNCD1 mutants using different

monoclonal antibodies (and in the presence or absence of

the proteasome inhibitor lactacystin) failed to yield any

detectable protein. Therefore, these results suggest that

the functional differences observed in the CD1d1 glycosyl-

ation mutants at the level of cell surface expression and

ability to activate NKT cells were not a result of substan-

tially altered rates of glycoprotein maturation.

CD1d1 glycosylation mutants traffic normally
to late endocytic compartments

Because CD1d1 surveys late endocytic compartments for

efficient antigen loading,26,27,51 any alterations in normal

trafficking might also affect the functional properties of

the molecule. To determine whether changes in glyco-

sylation status affected the intracellular localization of

CD1d1, the stable transfectants were analysed by confocal

microscopy. As shown in Fig. 7, all of the individual glyco-

sylation mutants extensively co-localized with the late

endosomal/lysosomal marker LAMP-1 to the same degree

as wild-type CD1d1. Similar to the results obtained with

Figure 5. a-Galactosylceramide (a-GalCer)-induced natural killer T (NKT) cell cytokine production by CD1d1 glycosylation mutants is propor-

tional to the level of cell surface CD1d1. Representative LMTK-CD1d1 clones expressing wild-type CD1d1 or individual CD1d1 glycosylation

mutants were pulsed with vehicle [dimethyl sulphoxide (DMSO)] or the indicated concentrations of a-GalCer. The cells were then fixed and

co-cultured with NKT cells as above. Cell surface levels of CD1d1 and major histocompatibility complex (MHC) class I were determined by

fluorescence-activated cell sorter (FACS) analysis. Black line: isotype control; red line: anti-CD1d1 (or anti-MHC class I). This experiment was

performed three times.
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cell surface immunofluorescence and immunoprecipita-

tion, we could not detect any CD1d1 protein expression

in DNCD1-transfected or VV-DNCD1-infected cells, even

in the presence of the proteasome inhibitor lactacystin

(Fig. 7 and data not shown). Thus, these individual

N-linked glycosylation sites probably play no significant

role in the intracellular trafficking of CD1d1, but a

complete lack of glycosylation appears to block its func-

tional expression.

Discussion

Glycosylation is essential for the cellular stability of sev-

eral integral membrane glycoproteins including CD4,

CD26 and CD45,52–54 as well as the prevention of cellular

protease-mediated degradation.55–58 Although the biosyn-

thesis of CD1 molecules has been postulated to occur

along the lines of MHC class I heavy chain assembly in

the ER, studies characterizing this biosynthesis are rela-

tively few in number. Huttinger et al.32 showed the

involvement of calnexin and calreticulin in CD1b biogen-

esis and indirectly demonstrated the involvement of a

terminal glucose residue in this process by using the glu-

cosidase inhibitor castanospermine. Kang and Cresswell31

demonstrated that human CD1d also associates with caln-

exin, calreticulin and ERp57 to facilitate its folding and

disulphide bond formation. They speculated that these

chaperones may bind to different glycans of the CD1d

heavy chains,31 similar to binding to the influenza virus

haemagglutinin.59 Because it is well established that ER

chaperones are carbohydrate-binding lectins and require

the presence of a monoglucosylated N-linked glycan on

the nascent polypeptide chain for association, CD1 heavy

chain glycosylation is therefore expected to play an

important role in its folding, conformation and surface

expression.60 No differences were evident in the binding
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Figure 6. CD1d1 glycosylation mutants mature at the same rate as

wild type. LMTK cells were infected with the indicated recombinant

vaccinia virus (rVV) expressing wild-type CD1d1 or CD1d1 glycosyl-

ation mutants for 4 hr and pulse-labelled with [35S]-methionine. The

cells were then washed and harvested immediately (time ¼ 0) or

chased for the indicated time periods before harvest. CD1d1 was

immunoprecipitated from lysed cells and was treated overnight in

the presence (+) or absence (–) of endoglycosidase H (EndoH). The

proteins were separated on a 10% non-reducing sodium dodecyl

sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) gel and

detected by exposing the dried gel on film for 15–17 days. Mature

EndoH-resistant (R) and immature EndoH-sensitive (S) forms of

CD1d1 are indicated by the arrows. The results were confirmed in

two independent experiments.

CD1d1

N25Q

N38Q

N60Q

N125Q

N183Q

WT

ΔΔN

LAMP-1 MERGE

Figure 7. Normal trafficking of CD1d1 glycosylation mutants to late

endocytic compartments. LMTK cells transfected with wild-type

CD1d1 WT or the indicated CD1d1 glycosylation mutants were

stained with antibodies specific for mouse CD1d (green) and lyso-

some-associated membrane protein-1 (LAMP-1) (late endosomes/

lysosomes; red). Note that the merged image on the right shows

extensive co-localization of all the individual CD1d1 glycosylation

mutants with LAMP-1, comparable to that observed with wild type.
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of the individual glycosylation mutants of murine CD1d1

tested with ER chaperones (S. Joyce, Vanderbilt Univer-

sity, Nashville, TN, personal communication). Of course,

this does not preclude the possibility of other chaperones

playing a role in CD1d biogenesis. The other possibility is

that calnexin and calreticulin are promiscuous in their

binding to CD1d as long as at least one glycosylation site

is available for their interaction. Unlike MHC class I,

which has only one or two glycosylation sites, the avail-

ability of five different glycosylation sites may provide

redundant chaperone interactions, which may be an advan-

tage for CD1d molecules. Given the differences in the

site-specific glycosylation patterns of MHC class I alleles,60

one cannot rule out the role of microheterogeneity in the

functionality of CD1d.

The specific objective of the current study was to

understand the involvement of N-linked oligosaccharides

in the functional expression of the mouse CD1d1 glyco-

protein. Mouse CD1d1 shares more than 60% amino acid

homology with human CD1d in its extracellular a1 and

a2 domains.49 Whereas N25, N38 and N60 are part of

the a1 domain, N128 and N183 are within the a2 domain

of mouse CD1d1. The only difference between mouse

CD1d1 and human CD1d in terms of glycosylation is the

absence of a potential N-linked glycosylation site equiva-

lent to the N25 of mouse CD1d1. It is intriguing to note

that the N38 equivalent of mouse CD1d1 is the only resi-

due that is conserved in all CD1 proteins (CD1a, b, c

and d), and that mutating this residue to Gln does not

decrease its cell surface expression. The cell surface

expression of N60Q displays a heterogeneous surface den-

sity rather than a single high- or low-density peak as

observed in the case of the other mutants by flow cyto-

metric analysis. This peculiar cell surface expression

profile along with our inability to immunoprecipitate

N60Q makes it an interesting glycosylation site for further

investigation.

Inhibition of glycosylation processing by castanosper-

mine (an inhibitor of ER glucosidase I and II) has been

shown to direct CD1b molecules to the proteasome for

degradation.32 In the presence of lactacystin, a non-

reversible inhibitor of the proteasome, we were unable to

detect DNCD1 in transfected cells. The failure to detect

DNCD1 in the presence of lactacystin does not necessarily

suggest a proteasome-independent degradation pathway

for CD1d1; instead, a lack of detection could simply be a

result of the inability of the CD1d1-specific antibodies

used to bind the unglycosylated form of CD1d1.

It has been shown that in vitro refolded recombinant

CD1d from Escherichia coli can recognize both human

and mouse NKT cells when loaded with the appropriate

ligand.61 One might very well argue that the ability of

unglycosylated CD1d from prokaryotic cells to activate

NKT cells precludes a role for glycosylation in its

function. However, our results strongly suggest that the

glycosylation of CD1d1 is essential for its biosynthesis

and cell surface expression in eukaryotic cells. A refolded

bacterially derived (and unglycosylated) CD1d1 molecule

bound to plates may functionally interact with the invari-

ant T-cell receptor (TCR) of NKT cells, but only if loaded

with a strong CD1d-dependent NKT cell stimulator, such

as a-GalCer. The role of glycosylation in the stability and

folding of CD1d and the involvement of intracellular

chaperones in this process need to be further evaluated.

This is somewhat hindered by the current lack of anti-

bodies that can react with denatured murine CD1d1.

Given that the half-life of cell surface CD1d1 is mea-

sured in days,30 it should be noted that many studies

analysing the significance of glycosylation may only pro-

vide a ‘snap-shot’ view of the molecular kinetics, and our

functional analysis of CD1d1 glycosylation mutants over

time helps to characterize the importance of glycosylation

throughout the life of the CD1d1 glycoprotein. Thus,

N-linked oligosaccharides at positions N128 and N183

may act in two ways: (1) assisting in folding and main-

taining the structural conformation of CD1d1, and

(2) orienting and sustaining the CD1d1–TCR interaction.

Insights into the role(s) played by oligosaccharides in

protein stability and T-cell stimulation may have clinical

relevance with respect to congential disorders of glycosyl-

ation, and hence warrant further investigation.
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