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Natural Ligand of Mouse CDldl: 
Cellular Glycosylphosphatidylinositol 

Sebastian Joyce,* Amina S. Woods, Jonathan W. Yewdell, 
Jack R. Bennink, A. Dharshan De Silva, Alina Boesteanu, 
Steven P. Balk, Robert J. Cotter, Randy R. Brutkiewicz 

Mouse CD ld l ,  a member of the CDI family of evolutionarily conserved major histo- 
compatibility antigen-like molecules, controls the differentiation and function of a T 
lymphocyte subset, NKl + natural T cells, proposed to regulate immune responses. The 
CD ld l  crystal structure revealed a large hydrophobic binding site occupied by a ligand 
of unknown chemical nature. Mass spectrometry and metabolic radiolabeling were used 
to identify cellular glycosylphosphatidylinositol as a major natural ligand of CD ld l .  
CDld l  bound glycosylphosphatidylinositol through its phosphatidylinositol aspect with 
high affinity. Glycosylphosphatidylinositol or another glycolipid could be a candidate 
natural ligand for CD ld l  -restricted T cells. 

T h e  CD1 region encodes a family of evo- 
lutionarily conserved proteins that closely 
resemble the classical antigen presenting 
inajor l~ i s tocoinpa t ib~l~ t~  complex (MHC) 
molecules (1 ,  2). CDld  controls the func- 
tion of NKl natural T (NKT) cells (3,  4 ) ,  
an unusual subset of T lymphocytes that 
express receptors for natural killer cells 
(NKRP-1C) and T cells [ap or y6 T cell 
receptor (TCR)] (5). NKT cells are thought 
to play an iininunoregulatory role in re- 
sponses to foreign and self antigens (6,  7). 
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Maturation of NKT cells depends on the 
interaction of the TCR with C D l d l  (8- 
10). It is unclear whether this interaction 
requlres the display of specific l~gands In the 
C D l d l  groove akin to those presented by 
MHC molecules. Because the TCR reper- 
toire of NKT cells is highly restricted (1 1- 
13), they probably interact with ligand-free 
C D l d l  or with C D l d l  d~splaying a highly 
conserved ligand. The three-dimensional 
structure of C D l d l  revealed a large hydro- 
phobic binding slte occupied by ligands 
whose chemical nature could not be deter- 
mined with the diffraction data (2). 

Natural ligands of C D l d l  were isolated 
from purified C D l d l  molecules expressed 
by TAP  (transporters associated with anti- 
gen processing)-deficient huinan T2 cells 
infected with a recombinant vaccinia virus 
expressing the CDld1 gene (3 ,  14). Low 
molecular weight ligands associated with 
C D l d l  and HLA class I molecules (the 
latter serving as controls) were isolated and 
fractionated by reversed-phase high-perfor- 
mance liquid chromatography (RP-HPLC) 
as described (1 5, 16). Several peaks were 
observed at 210 nm (detects peptide and 

double bonds) that were associated only 
with CDldl-derived material (Fig. 1A).  
Very little, if any, absorbance was detected 
at 254 or 280 nin (detects aromatic amino 
acids) (17). The major peak present in 
CDldl-derived material (Fig. l A ,  arrow) 
corresponds to a lninor peak in the fractions 
from HLA-associated ligands. Each of the 
six fractions constituting the major peak 
(about 82 and 85 min) were refractionated 
by RP-HPLC with a mixture of C,, and 
cation-exchange ( 1 : 1) matrix ( 18). This 
yielded single peaks that behaved in an 
indistinguishable manner (17). Siinilar re- 
fractionation of the HLA class I-associated 
inaterial eluting between about 82 and 85 
min did not yield any signal (17), probably 
because the chemical constitution of this 
material prevented its recovery. 

Thus, the major peak eluting between 
about 82 and 85 min represents a C D l d l  
ligand. To  identify this material, we sub- 
jected it to inatrix-assisted laser-desorption/ 
ionization mass spectrometric (MALDI- 
MS) analysis (19). The positive ion mass 
spectra of each of the six refractionated 
fractions contained peaks at m/z 598, 614, 
636, 121 1, and 1227 (Fig. lB) ,  conclusively 
showing their identity to one another. 
MALDI-MS analysis after digestion of these 
samples with e~ the r  carboxypeptidase or 
aininopeptidase indicated that the ligands 
assoc~ated with C D l d l  were not peptidic 
(17). 

The CDldl-associated natural l~gand 
was incubated 1~1th  ainmonium sulfate (1 9)  
to enhance the ion signal in the inass spec- 
trometer (20). This resulted in the loss of 
signals at mlz 12 1 1 and 1227 and the gain of 
signal at mlz 887 (Fig. 1C). The peak at mlz 
887 was consistent with the inass of a pro- 
tonated molecular ion (MHt )  of a phos- 
pholipid (21 ). The negative 1011 mass spec- 
trum (1 9)  of the sample treated with am- 
monium sulfate revealed a (MH)- ion of 
the same species at mlz 885.3 and a frag- 
ment ion at mlz 705.6 (Fig. ID) resulting 
froin the characteristic, and nearly diagnos- 
tic, loss of an inositol head group (22). 

From these three mass spectra, one solu- 
tion to the identity of the peak at mlz 1211 
is that it is the MHi ion for a phosphati- 
dylinositol-diglycoside containing stearic 
and arachidonic acids, glucosamine, and 
mannose, wit11 a calculated mass of 12 11.4 
daltons. Because it contains a negatively 
charged pl~ospl~ate group, it is unstable and 
hence of relatively low intensity in the 
positive ion mass spectrum (Fig. 1B). Under 
high laser power it decomposes, cleaving 
the C2-C3 bond of glycerol to form a stable 
fragment ion at m/z 614 that lacks a phos- 
phate. The mlz 614 ion was the most abun- 
dant ion in the inass spectrum and was used 
to determine the identities of the acvl 
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groups as stearic acid and arachidonic acid. 
The peak at m/z 1227, 16 mass units greater 
than the peak at m/z 1211 (Fig. lB) ,  was a 
related structure that appears to result from 
the decoinposition of larger glycosylphos- 
phatidylinositol (GPI) structures. Treat- 
ment of the sample material with arnmoni- 
urn sulfate (Fig. 1, C and D)  may have 
resulted In hydrolys~s of the diglycos~de 
linked to inositol, leading to the observa- 
tion of the MH- and (MH)-- ions of phos- 
phatidylinositol (PI) in these two mass 
spectra, respectively. Thus, the material re- 
covered from C D l d l  is probably GPI. 

The biological significance of GPI asso- 
ciatidn with C D l d l  was potentially under- 
mined by the conditions of its isolation; 
namely, the use of detergent to solubilize 
C D l d l ,  vaccinia virus to express C D l J 1 ,  or 
the monoclonal antibodies (mAbs) used for 
HLA depletion and CDl i l l  recovery. 
Therefore we repeated this analysis with 
C D l d l  molecules purified in a completely 
different manner. Soluble C D l d l  ( sCDldl ) ,  
tagged with His%t its carboxyl terminus, 
secreted by engineered mouse cells was 
purified by Ni-affinity chromatography 
(23). S e v e ~ a l  peaks at 210 nm were asso- 
ciated only with the ligands ~solated from 
s C D l d l  [HPLC conditions were different 
from those used In the experiment in Fig. 
1 ( 1  6 ,  18, 23), which accounts for the 

60 51 ti0 g;0 i i a  i i o  
- Retention time (min) 

different profile] but not from soluble 
H-2D"Db-sol) (Fig. 2A).  MALDI-MS 
analysis of these peaks revealed ions with 
m/z dent ical  to  that observed with the 
ligand eluted from C D l d l  expressed by T2 
cells (Fig. 2B) (1 7 )  as well as additional 
ions arising froin larger GPI structures 
(Fig. 2B). Similar larger ion species, m/z > 
1227, observed in Fig. 2B were also ob- 
served in the ion spectra described in Fig. 
1 but were of lower intensity (1 7) ,  proba- 
bly owing to their loss or decomposition 
during multiple RP-HPLC. Additionally, 
the smaller ion species, m / ~  < 886, were 
also observed in the ion spectrum shown 
in Fig. 2B but were of very low intensity 
(1 7) .  Thus, the recovery of material from 
C D l d l ,  tentatively identified as GPI by 
MALDI-MS, occurs under different con- 
ditions of C D l d l  expression and purifica- 
tion and is a bona fide ligand for C D l d l  in 
cells. T h e  identified natural CDldl-asso- 
ciated ligand resembled the inaminalian 
GPI moiety of the glycolipid-anchored 
proteins (24) .  

T o  independently confirm that C D l d l  
binds GPI, cells expressing sCDldl  and 
control cells expressing Db-sol were meta- 
bolically labeled with colnponents of GPI: 
['Hlarachidonic acid, [3H]mannose, or 
[3H]etl~anolain~ne (25). Each of the raillo- 
labels was recovered with purified C D l d l  

Fig. 1. CDldl bnds glycosylated PI. (A) RP-HPLC profe at A,,, of CDldl (solid ~ n e )  and control 
endogenous HLA class I (broken ne)-associated ligands Isolated as described (16) An aquot of each 
fract~on elut~ng between 58 and 95 mln of CDldl and HLA-associated lhgands was analyzed by 
MALDI-MS A complex array of on spectra was obser~ed for both samples ( 7  7) (B) MALD-MS analysis 
of each of the fractons constitut~ng a refract~onated peak ( 7  6, 78) of the CDI dl -assocated gand 
showing a representative positive ion mode mass spectrum of the ligand that contains ions at m/z 614, 
121 1 ,  and 1227 (C) A positive on mass spectrum upon adding saturated ammonium sulfate results n 
a new peak at m/z 887 and the loss of ions at m/z 121 1 and 1227 (D) The negative on mode spectrum 
of sample in (C) n the presence of saturated ammonum sulfate. The peak at m/z 885.3 is the ( M H )  ion 
of the species o b s e ~ e d  at m/z 886 n the posit~ve Ion mode An additional peak IS observed at m/z 705 6 
that corresponds to the loss of a hexose. presumably ~nostol Note that dfferent fragments derived from 
the same molec~ile form stable positive (C) and negatve (D) ions. Together the pos~tve and negat~ve ion 
spectra provide complementary structural information 

but not with Db-sol (Fig. 3A).  Because 
['Hlmannose can also be incorporated into 
the carbohydrate modification of sCDldl  
heavy c l~a in ,  the l~gand associated wit11 
[3H]mannose-labeled sCDldl  and Db-sol 
were separated from the heavy and light 
chains by Microcon-10 f~ltration (25). 
['HIMannose label was recovered only froin 
sCDldl  and not from Db-sol, which col- 
lected into the filtrate (Fig. 3A, insets), 
showing that lnannose is incorporated into 
GPI. 

Based on  the hydrophobic nature of the 
C D l d l  ligand bind~ng site (2 ) ,  GPI would 
be predicted to bind C D l d l  through its PI 
group. This was tested in an in vitro binding 
assay (26) ,  which revealed that [3H]PI spe- 
cifically bound sCDldl  but not H-2D1' (Fig. 
3R). Binding of [3H]PI to sCDldl  occurred 
in the micromolar range (1 7) with a disso- 
ciation constant of -2.4 FM calculated by 
Scatchard analysis (Fig. 3C).  

T~ILIS, GPI is a major detectable ligand of 
C D l d l ,  representing >90% of the low mo- 
lecular weight material recovered (27). Pep- 
tides were previously identified as C D l d l  
l~gands (28). These peptides are h~ghly  hy- 
drophobic, contain numerous aromatic res- 
idues (28) ,  and wo~rld therefore be detected 
by absorption at 254 or 280 nm. Our recov- 
ery of extremely small amounts of C D l d l  
ligands that absorb at 254 and 280 nm 

1 5  s 
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1.0 
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0  
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Retention time (min) 
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1227 0 

Fig. 2. GPI IS the natural gand of CDldl (A) 
RP-HPLC profile at A,,, of the sCDl dl (solid hne) 
and control Db-sol (broken line)-assoc~ated l i -  
gands eluted on a dfferent gradient than that used 
In F I ~ .  1 A ( 7  6, 78, 23). (6) A representat~ve poslt~ve 
on mass spectrum of the sCDl dl -associated 
natural ligand. All sCDldl -associated peaks ana- 
lyzed showed similar on spectra. In addton to the 
Ions at m/z 887 and 1227, several new ion peaks 
were observed at m/z 1791.2, 1862.8, and 
2022.5, the ion at m/z 2043 could be the MNa+ 
salt of the dominant ion at m/z 2022 5 
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Fig. 3. (A) The core components of 
GP are associated with CDI d l .  Cells 
expressing sCDldl and Db-so were 
metabolically labeled with the indicat- 
ed 3H-labeled compound. CDldl 
(left) and Db-sol (right) were N-aff~nl- 
ty- and immunoaffinity purified, re- 
spectively. and the amount of radio- 
activity incorporated was mon~tored 

by scintillat~on countng (25), The background was der~ved from Db-so supernatant (left) and sCDldl 
supernatant (right) that nonspec~fically bound to Ni-Sepharose and B22-249-coupled protein 
A-Sepharose. respectvey, sCDldl elutes into fract~ons 2 and 3 and Db-sol elutes nto fractions 5. 6. 
and 7 ,  [3H]Mannose-labeled gand was separated from sCDldl and Db-so by Microcon-10 ftration. 
The label was recovered from theftrate of only CDI dl -associated materal (Insets). Thus, the label was 
ncorporated nto GPI. (6) CDl dl spec~f~cally bnds GP through its PI aspect but does not bind H-2D". 
a classcal antigen present~ng class I molecule, or ~mmunoglobul~ns (1 7) (C) Scatchard analyss of [3H]PI 
bndng to sCDldl (26) revealed a dssoc~ation constant of -0 4 pM. 

suggests that similar cellular peptides are 
not major natural ligands for C D l d l .  The  
ubiquitous occurrence of GPI in different 
cell types is consistent with the pattern of 
NKT cell recognition of C D l d l  molecules. 
Alternatively, GPI may prov~de a chaper- 
one f ~ ~ n c t i o n  by occupying the groove of 
nascent C D l d l  molecules, preserving the 
folded conformation until an alternative 
self or a foreign glycolipid 1s loaded in a 
distal secretorv comnartment. Because GPI 
is present in the 1un;en of the endoplasmic 
reticulum IER), where it is added to the , . 
carboxyl terminus of glycolipid-anchored 
proteins (29) ,  GPI binding to C D l d l  mol- 
ecules could occur there. This ls consistent 
with the finding that sCDld l  also naturally 
associates with GPI. C D l d l  molecules, like 
other C D l  familv members, nossess a mot~f  
in their cytosolid tails that iirect them to 
endosomes (30), presumably for the loading 
of exogenous antigens. In this case, ER- 
loaded GPI would have to be removed to 
allo~v for association with the exogenous 

ligand. A specific mechan~sln may be re- 
quired for this process, akin to the removal 
of invariailt cha~n-derived CLIP peptide 
(MHC class II-associated invariant chain- 
derived peptide) from newly assembled 
MHC class I1 molecules by H2-M or HLA- 

20, 
DM glycoproteins (3 1 ). 21, 
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ered sane  at 37'C for about 18 hours, sCDl d l  - and 
H-2Db-bound [3H]Pl were separated from free 
[3H]Pl by Mcrocon-10 f t ra ton,  and radoactvlty n 
the retaned solution was measured n a sc~ntllat~on 
counter. H-2Db reconstituted In vtro from heavy and 

light chans produced in Escherichia coii and with a 
H-2DD-blndlng peptide Gly-Ala-e-Ser-Asn-Met- 
Tyr-Aa-Met, derved from gutamc acid dehydroge- 
nase was used as the control for binding specficty. 
The in vtro reconstituted H-2Db was generously pro- 
vded by E. Palmer and S. G, Nathenson. For Scat- 
chard analysis. varlous concentrat~ons of purlfied 
sCD ld l  in duplicate, were mlxed with 1.8 1Ci of 
[3H]Pl (-1.6 p.M) in 100 kl of 20 mM phospnate 
buffer, pH 7,4 After incubation at 37OC for -18 
hours. ~ C D l d l - [ ~ H l P l  complexes were separated 
from free [3H]Pl by Microcon-10 filtration, and radio- 
activity In the retaned solution was measured. 

!7. Clearly G P  is the major igand identlfled under the 
conditions described here for the isolation RP- 
HPLC fractonation and MALD-MS anayss (Fg. 1). 
To determine whether G P  is the major or the only 
natural igand of CD l  d l  we estimated the percent of 
C D l d l  occuped by G P  from the rato of [3H]man- 
nose-abeed heavy chain to [3H]mannose-labeled 
GPI. Conslderlng that D-[2-3H]mannose converts 
mostly to D-[2-3H]fucose and rarely to other sugars 
(331, there are about seven times as many mannoses 
and fucoses In the heavy cha r  as n G P  (1  7). Thus 
-6590 of CD l  d l  1s occuped by G P  before account- 

A Screen for Genes Induced in the 
Suprachiasmatic Nucleus by Light 

Mary E. Morris, N. Viswanathan, Sandra Kuhlman, 
Fred C. Davis, Charles J. Weitz* 

The mechanism by which mammalian circadian clocks are entrained to light-dark cycles 
is unknown. The clock that drives behavioral rhythms is located in the suprachiasmatic 
nucleus (SCN) of the brain, and entrainment is thought to require induction of genes in 
the SCN by light. A complementary DNA subtraction method based on genomic rep- 
resentational difference analysis was developed to identify such genes without making 
assumptions about their nature. Four clones corresponded to genes induced specifically 
in the SCN by light, all of which showed gating of induction by the circadian clock. Among 
these genes are c-fos and nur77, two of the five early-response genes known to be 
induced in the SCN by light, and egr-3, a zinc finger transcription factor not previously 
identified in the SCN. In contrast to known examples, egr-3 induction by light is restricted 
to the ventral SCN, a structure implicated in entrainment. 

Dai ly  rhythms of biological jctivity, man- 
ifested bv forrns as diverse as cvanobacteria, 
fungi, and animals, a;e driven by 
self-sustaining, endogenous oscillators 
called circadian clocks ( I  ), which typically 
run with an intrinsic ~e r iod  that is close to, 
but not exactly, 24 hours. Under natural 
conditions, circadian clocks become pre- 
cisely entrained to the 24-hour light-dark 
cycle because exposure to light at certain 
times induces a phase shift of the clock. 
Entrainment to light-dark cycles ensures 
that the clock adopts a specific and stable 
phase relation to the natural day, setting 
the clock to local time and enabling the 
organism to anticipate daily environmental 
events (2) .  
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gy, Haward Medca  School, Boston MA 021 15, USA. 
N. Viswanathan, S. Kuhlman, F. C. Davis Department of 
Bioloqy, Northeastern University Boston MA 021 15, 

In mammals, the circadian clock that 
drives daily rhythms of behavioral activity 
is located within the SCN of the hypothal- 
amus (3). Entrainment of the clock to light- 
dark cycles is mediated by photoreceptors in 
the retina (4), and light information is con- 
veyed directly from the retina to the SCN 
by the retinohypothalarnic tract (5). '41- 
though the ~nolecular basis of entrainment 
to light-dark cycles in mammals is un- 
known, the process likely involves light- 
and clock-dependent transcriptional regula- 
tion within the SCN (6). When a rodent 
kept in constant darkness is exposed to a 
brief light pulse during the subjective night, 
a time when the clock responds to light 
with a phase shift, five known early-re- 
sponse genes-c-fos, fos-B, jun-B, zif268 
(NGFI-A), and nu~77  (NGFI-B)-are spe- 
cifically induced within the SCN (7). The 
genes are not induced by exposure to light 

USA.-. during the subjective day, a time when the 
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er, these and related experiments (8) 
strongly suggest that induction of genes in 
the SCN by light is an intermediate step in 
a pathway mediating entrainment of the 
clock to light-dark cycles. They further sug- 
gest that gating of this induction by the 
clock contributes to the restriction of 
phase-shifting by light to certain times, a 
feature that is essential for achieving stable 
entrainment (9). 

To discover potential components of the 
entrainment pathway, we sought to identify 
genes induced in the SCN by light without 
making assulnptions about their nature. We 
developed a cDNA subtraction method 
based on genolnic representational differ- 
ence analysis (RDA) (1 @) and carried out 
subtractions as follows: Syrian hamsters 
were entrained to a light-dark cycle for 3 
weeks and then placed in constant dim 
light (<1 lux) for 1 week ( I  I ) .  Animals 
were then assigned to either of two equal 
groups for light treatment (30 min, 250 lux) 
or sham treatment (similar handling, <1 
lux) at circadian time (CT) 19, a time 
during subjective night that is optimal for a 
phase advance by light. At the end of the 
treatment, SCNs were removed by mi- 
cropunch from 40 animals In each group. 
The remaining animals served as controls 
(Fig. 1). As expected, light treatment re- 
sulted in a phase advance (Fig. lA),  where- 
as sham treatment resulted in little or no 
phase shift (Fig. 1B). 

Starting with 1 kg of polyadenylated 
RNA from each of the two groups of 40 
SCN tissue punches, we generated cDNA 
representations (12). Each RD'4 experi- 
ment ( 1  3) was performed so as to identify 
genes induced by light ("forward") and 
genes suppressed by light ("re\,ersel') (13), 
the latter used here solely as a control. After 
three rou~lds of RDA, polymerase chain 
reaction (PCR) products were cloned and 
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