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the correlation between F(t) and Cp when the linear 
effect of C was removed from F(t) and Cp. This 
measure is useful, because an IT neuron has a ten- 
dency to encode both of the paired stimuli ("pair- 
coding" effect) (78, 25, 34) and because this corre- 
lation between C and Cp must be removed in the 
multiple regression analysis of F(t). Neural discharges 
of IT cells reflect the cognitive demand of the PA task. 
and stimulus-selective delay activities are closely 
coupled with a strong cue response to its paired 
associate. This property of the delay discharges is 
now known as "target-related" or "prospective" sig- 
nals (18, 79, 25). PRl(t) is influenced by weak re-
sponses if the stimulus selectivity of the neuron is 
rather broad, but not heavily if the stimulus selectiv- 
ity is sharp, as in the case of the neuron shown in Fig. 
2. PRl(t)s were fitted with cumulative Weibull func- 
tions [see text and (29)] by using the data stepped by 
5 ms as stated above: however, for convenience, the 
data were plotted every 40 ms in Fig. 2, C and F, and 
plotted every 100 ms in Fig. 2, G and H. 
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27. Spike trains were smoothed by convolution with a 
Gaussian kernel (a = 10 ms) to obtain the spike 
density function (SDF). The baseline activity was 
defined as the mean discharge rate during the 300- 
ms period just preceding cue onset. The latency of 
the neuronal response was determined as the time 
point when the SDF for the optimal stimulus first 
exceeded a level +2 standard deviations from the 
baseline activity. 
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was neither a main effect of Animal (P > 0.12) nor an 
interaction among Area, Time, and Animal (P > 
0.084). The time course of the PRl(t) in each animal 
was also examined by a repeated-measures ANOVA 
(Area X Time). The interactions between Area and 
Time were significant in all the animals (P < 0.0001, 
P < 0.002, P < 0.0001, respectively). 

29. To characterize the growth in PRl(t) with time, we 
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(30, 37) 
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Glycolipid Antigen Processing 
for Presentation by CDld 

Molecules 
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Takenori N a t ~ r i , ~  	 Ashok K ~ l k a r n i , ~  Yasuhiko K ~ e z u k a , ~  
Mitchell Kronenberg'? 

The requirement for processing glycolipid antigens in T cell recognition was 
examined with mouse CDld-mediated responses t o  glycosphingolipids (GSLs). 
Although some disaccharide GSL antigens can be recognized without process- 
ing, the responses t o  three other antigens, including the disaccharide GSL 
Gal(a1-2)GalCer (Gal, galactose; GalCer, galactosylceramide), required re- 
moval of the terminal sugars t o  permit interaction with the T cell receptor. A 
lysosomal enzyme, a-galactosidase A, was responsible for the processing of 
Gal(ali.2)GalCer t o  generate the antigenic monosaccharide epitope. These 
data demonstrate a carbohydrate antigen processing system analogous t o  that 
used for peptides and an ability of T cells t o  recognize processed fragments of 
complex glycolipids. 

T cells typically recognize peptide antigens pre- 
sented by major histocompatibility complex- 
encoded class I or class I1 molecules. These 
peptides are generated from well-characterized 
pathways of protein antigen processing (I, 2). T 
cells that recognize microbial glycolipids in the 
context of CDl molecules play a role in host 
defense (3, 4). Additionally, many T cells are 
reactive with autologous lipids presented by 
CD1 molecules (5, 6 ) .  These cells could be 
important for regulating immune responses and 
preventing autoimmune disease (7). Despite the 

significance of this antigen recognition system, 
there is little information on the transport and 
generation of glycolipids for CDl presentation. 

To determine if carbohydrates can be pro- 
cessed for antigen presentation, we investigated 
the CDld-mediated recognition of glycosphin- 
golipids (GSLs). a-Galactosylceramide (a-Gal- 
Cer) (Fig. 1A) is a GSL isolated from a marine 
sponge in a screen for anti-metastatic com- 
pounds (8).It is distinguished from other natu- 
ral GSLs by the a anomeric linkage of the sugar 
to the lipid. The cells that respond to a-GalCer 

by CDld are a separate T cell lineage 
value, t is the time after cue presentation, cr is the 
time point at which the curve reaches 64% of its full 
growth, and P is the slope in the PRI. The best-fit 
Weibull function was determined by using the data 
after cue onset. Among the 114 stimulus-selective 
neurons, TRT and TRD were determined for the stim- 
ulus-selective neurons whose best-fit Weibull func- 
tion for the PRl(t) increased above the 5% signifi- 
cance level (r = 0.352. df = 21). The best-fit Weibull 
curves accurately represented the PRI change with 
time for these neurons as judged by the R2 values 
(R2 = 0.35 to 0.95, mean 0.66). 

30. S. Celebirini, W. T. Newsome, J. Neurosci. 14, 4109 
(1994). 

31. K. G. Thompson et al., J. Neurophysiol. 76,4040 (1996). 
32. A two-way ANOVA was used to evaluate effects of 

Area and Animal on the TRT and TRD values. There 
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did not reflect a requirement for low pH to 
allow antigen loading of CDld, because incu- 
bation of CDld with Gal(al+2)GalCer at 
mildly acidic pH also did not permit a T cell 
response. 

CDlb molecules require entry into late en- 
dosomal compartments to present mycobacterial 
lipid antigens (13, 14). In contrast, CDld mol- 
ecules lacking the endosomal targeting motif 
YQDI (Y, Tyr; Q, Gln; D, Asp; I, Ile) can 
present a-GalCer to NK T cells (10). Further, 
Gal(aI-+2)GalCer can stimulate NK T cell re- 
sponses in the presence of CDld+ APCs (9). To 
determine if presentation of Gal(a I -+2)GalCer 
requires trafficking of CDld to putative antigen 
processing compartments, we transfected A20 B 
lymphoma cells with CDld or with a cytoplas- 
mic tail-deleted CD ld (CD I U D )  lacking the 
YQDI sorting motif required for routing to en- 
dosomes. APCs were pulsed with pepstatin la- 
beled with Bodipy FL (Molecular Probes, Eu- 

Cer 
Antieen Structure 

X Y Z 
a-GalCer OH OH OH 

Gal(al4)GalCer OH OH Gal 

Gal(al4)GalCer Gal OH OH 

Gal(p14)GalCer OH Gal OH 

GalNac(al+3)Glc(al-+2)GalCer Glc Gal- OH 
Nac 

Fig. 1. APC-free recognition of (?Ski. (A) Clyco- 
lipid structures. X, Y, and Z represent the 2', 3', 
and 6' positions on the primary galactose of the 
glycolipids, respectively. (B) Complexes of soluble 
mouse CDld and a-CalCer, Cal(al-4) GalCer 
(designated as al-6), or Cal(al+Z)CalCer (des- 
ignated as al-2) were used t o  stimulate the 3C3 
NK T cell hybridoma. Soluble CDld protein was 
incubated with each glycolipid at different pH 
values before neutralization and before the wells 
were coated (72). With each data point, the SEM 
is shown as an error bar. Similar results were 
obtained in four independent experiments and 
with the 1-2 hybridoma as well. 

gene, Oregon) to detect lysosomes, and after 
fixation, CD l d molecules were immunolocal- 
ized (Fig. 2A). Wild-type CDld molecules co- 
localized with labeled pepstatin (Fig. 2A, left), 
indicating their presence in lysosomes (Fig. 2A, 
white arrows), as well as on the plasma mem- 
brane. In the A20 CDldITD cells (Fig. 2A, 
right), most CDld molecules were on the cell 
surface, and pepstatin-containing vesicles were 
largely devoid of CDld labeling. Using a stan- 
dard antigen presentation assay (15), we found 
that Gal(a 1-+2)GalCer was antigenic for NK T 
cell hybridomas when incubated with APCs ex- 
pressing wild-type CDld, but not when incubat- 
ed with the CDld/TD mutation (Fig. 2B). By 
contrast, the presentation of both a-GalCer and 
Gal(a 14)GalCer was insensitive to the YQDI 
deletion. 

We also measured the impact of lysosomo- 
tropic inhibitors on GSL antigen presentation 
(Fig. 2C). Concanamycin A (CMA), an inhibi- 
tor of the vacuolar adenosine triphosphatase/H+ 
pump, completely blocked presentation of 
Gal(a 1+2)GalCer but only mildly inhibited the 
other GSLs. Bafilomycin A1 (Baf), which in- 
terferes with the uptake of macromolecules 
(1 6) ,  reduced the presentation of Gal(a 1 +2) 
GalCer by fourfold, with no effect on the other 
GSLs (Fig. 2C). However, when the APCs were 

pulsed with antigen before the addition of Baf, 
the reduction in Gal(a1-+2)GalCer presentation 
was reversed, consistent with an effect on anti- 
gen internalization (1 7). 

To characterize the processing of 
Gal(al+2)GalCer, we focused on the lysoso- 
ma1 enzyme a-galactosidase A (a-Gal A) (18), 
which should catalyze the removal of the ter- 
minal galactose. Deoxygalactonojirimycin 
(DGJ) is a potent and selective inhibitor of 
a-galactosidase activity (19). Treatment of A20 
CDld transfectants with DGJ eliminated pre- 
sentation of Gal(a1-+2)GalCer but not the re- 
sponse to the related glycolipids (Fig. 3A). A 
control P-galactosidase inhibitor, calystegine 
Cl  (CYN-Cl) (20), had no effect (Fig. 3A). 

a-Galactosidase from green coffee beans 
(24,  which has properties similar to the mam- 
malian enzyme, was tested to determine if it 
could process Gal(a1-+2)GalCer in vitro. The 
glycolipid was treated with a-galactosidase and 
added to transfectants expressing CDld/TD 
molecules that cannot localize to lysosomes. 
There was an a-galactosidase-dependent in- 
crease in IL-2 production stimulated by 
Gal(a 1 +2)GalCer (Fig. 3B). The inhibitor DGJ 
reversed the a-galactosidase-mediated increase 
(Fig. 3B), demonstrating that this enzyme is 
necessary and sufficient for in vitro processing 

Fig. 2. Requirement of lysosomes for CSL rec- 
ognition. (A) A20 transfectants expressing 
wild-type CD ld  (A20 CDld, left) or tail-deleted 
CD ld  (A20 CDldITD, right) were pulsed for 2 
hours with pepstatin labeled with Bodipy FL, 
indicating lysosomes (green). After fixition, 250 

CDld molecules were immunofluorescently la- 
beled (37). The colocalization of red (CDld) and 
green fluorescence is depicted by a yellow sig- 200 

nal. The white arrows in (A) indicate lysosomes 
containing CDld  and pepstatin. (B) A20 CDld  " 
or A20 CDld/TD cells were pulsed for 3 hours 5 150 

with either the vehicle DMSO (V) or the indi- 
cated antigens (75). Shown is the antigen- - loo dependent IL-2 production by the 3C3 hybrid- 
oma for A20, A20 CDld, and A20 CDldITD. (C) 
Blockade of Cal(a1-2)CalCer presentation by 50 
lysosomotropic agents. APCs (A20 CDld) were 
treated with the indicated antigen (Ag) alone, 
wi th 10 nM CMA, or wi th 50 nM Baf for 5 min 0 
before the addition of antigens or for 3 hours Ag ConA Baf Ag Ag 
with antigen followed by an additional I-hour only 1 I I I 
incubation wi th inhibitor. In both cases, the 
total t ime of the antieen ~ u l s e  was 4 hours 

$. + t g  Con A Baf 

(75). Shown are the reYpon;es of the 3C3 hy- 
bridoma t o  the vehicle DMSO (missing bars indicate responses that were not visible), and the 
indicated antigens. In (B) and (C), similar results were obtained in at  least three independent 
experiments wi th 3C3 and in experiments wi th the other hybridomas tested; error bars indicate the 
SEM. a l -6 ,  Cal(al-4)CalCer; a l -2 ,  Cal(a1-2)CalCer. 
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Fig. 3. Antigen processing of Gal(al+Z)GalCer is A loo 6 100 
mediated by a-Gal A. (A) Ablation of Gal(a1+2) + a1 -2-E 
GalCer presentation by an a-galactosidase inhibitor. -0 at -2+E 
A20 CDld APCs were preincubated with PBS, the 75 
a-galactosidase inhibitor DGJ, or the P-galactosi- = 

" -  + al-2+DGJIE 
A 

dase inhibitor CYN-C1 for 1 hour before the addi- 5 5 
tion of the indicated antigens at the specified doses 3 50 

2 
(in nglml). Shown are the responses of the 3C3 1 N =O- 

=! 
hybridoma to the vehicle DMSO (missing bars indi- 
cate responses that were not visible) and the two 25 25 - 
doses of the G a l ( a l 4 )  and Gal(al+2) antigens. 
(B) In vitro antigen processing by a-galactosidase. c 
Gal(al+Z)GalCer (900 ng) was digested with 2 o + 
units of a-galactosidase (E, enzyme) from green 0 50 100 150 200 250 

coffee beans (Calbiochem, San Diego, CA), in the Glycolipid (nglml) 

presence or absence of 1 mM DGJ for 12 hours in C 
citrate-phosphate buffer, pH 5.0. The pH was neu- 
tralized for a dose-response antigen presentation 
assay with 3C3 hybridoma cells and A20 CDldITD 
APCs. In (A) and (B), similar results were obtained f 200 
in four independent experiments with the three 3 
NK T cell hybridomas; error bars indicate the SEM. t 
(C) Total splenocytes pooled from eight C57BLl6 
strain mice (2.5 X lo6  cellslwell in triplicate) ,go 
were incubated with PBS, DGJ, or CYN-C1 for 2 
hours before the addition of the indicated glyco- 
lipids. After 60 hours, the interferon-? (IFN-y) 
production was measured by ELISA. The values 
shown are the mean of three sets of triplicates PBS DGJ CYN-C1 +I+ # I  -1- #1 +I+ #2 -1- #2 
with the SEM (error bars). Similar results were 
also obtained by measuring IL-4 production (32), and the data shown well were used to stimulate NK T cell hybridomas(1 X l o5  cellslwell . 
are representative of three independent experiments. (D) APCs from The data shown are from two individual wild-type and a-Gal A-)- 
a-Gal A-'- mice cannot present Gal(al+Z)GalCer. Splenocytes from mice; error bars indicate the SEM. Similar results were obtained with 
a-Gal A-'- mice and littermate controls were isolated and pulsed with the 1-2 hybridoma and in replicate experiments with three different 
the indicated antigens. There was no detectable response to the sets of mice. The bar key is the same for (C) and (D): aGC, a-GalCer; 
vehicle DMSO. After five washes, 2.5 X l o5  irradiated splenocytes per al-6, Gal(al+6)GalCer; al-2, Gal(al+Z)GalCer. 

- OGal (a le)  
0 Gal (al-2) 

Gal (Dl -3) 

Glycollpld (nglml) 

Fig. 4. (A) Antigen presentation of four a-GalCer analogs by A20 CDldITD APCs. The APCs were pulsed 
with DMSO or with doses of the antigens depicted. After the antigen pulse, the cells were washed with 
media before the addition of the hybridoma cells and before IL-2 measurements. The error bars indicate 
the SEM of triplicate measurements. Representative data from one of three experiments with 3C3 are 
shown; similar results were obtained with the other hybridomas. (B) Gal(al+Z)GalCer inhibits antigen 
presentation by soluble CDld molecules. Competition binding assays were performed as described (72) 
with the indicated competitor ligands. Shown is the response of the hybridoma to the indicated 
glycolipids or the vehicle (V); error bars indicate the SEM (missing bars indicate responses that were not 
visible). In (A) and (B), representative data from one of three experiments with 3C3 are shown, and 
similar results were obtained with hybridoma 1-2. 

(Fig. 3B). Therefore, in vitro processing of presentation by endogenous APCs to splenic 
Gal(al+2) GalCer by coffee bean a-galactosi- NK T cells (10). DGJ reduced presentation o f  
dase may mimic antigen processing in APCs. Gal(a 1 +2)GalCer by spleen cells nearly 20- 

To define the relevance o f  this pathway fold but had no effect on the response to the 
for normal lymphocytes, assays were per- other GSLs (Fig. 3C). 
formed on total splenocytes. The addition o f  I n  humans, a-Gal A deficiency causes 
GSLs to mouse splenocytes results in  the Fabry's disease (22), characterized by an ac- 
production o f  cytokines (Fig. 3C), due to cumulation o f  trihexose ceramide in lyso- 

somes. A mouse model for Fabry's disease 
has been generated by targeted disruption o f  
the a-Gal A gene (23). Splenic APCs derived 
from a-Gal A-I- mice could not present 
Gal(al+2)GalCer to the hybridomas (Fig. 
3D), although the responses to a-GalCer and 
Gal(al+6)GalCer were not affected. Inter- 
estingly, a-Gal A.-' mice have a selective 
decrease in the number o f  splenic NK T cells 
and in their ability to respond to a-GalCer 
(24). I t  remains to be determined, however, if 
this reflects the inability o f  processing to 
form a natural ligand required for the devel- 
opment o f  NK T cells or some other defect. 

To test the generality of our findings, we 
studied the NK T cell response to two other 
GSLs. The disaccharide Gal@ 1 +3)GalCer and 
the trisaccharide GalNAc(a 1 +3) [Glc 
(a1+2)]GalCer (GalNAc, N-acetylgalac- 
tosamine; Glc, glucose) (Fig. 1A) could not be 
presented by plates coated with soluble CDld 
molecules (25). Consistent with this, these com- 
pounds were presented minimally by A20 
CD 1 dl rD APCs (Fig. 4A), although they can be 
presented by wild-type CDld APCs (9). Thus, 
the presence of a second carbohydrate linked to 
the 3' position o f  the inner galactose impairs 
recognition to a similar extent as the substitution 
at the 2' position (Fig. 4A). To determine if the 
carbohydrate moieties of these antigens are sub- 
strates for lysosomal glycosidases, we measured 
the effect of in vitro digestion with different 
glycosidases on antigen presentation by A20 
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CDld/TD APCs. The data are consistent with 
the hypothesis that removal of sugars linked to 
both the 2' and 3' positions of the galactose is 
required for T cell stimulation (26). 

We have shown previously that carbohy- 
drate is not required for GSL binding to CDld 
(ll),  suggesting that carbohydrate processing is 
required to permit interaction with the T cell 
receptor. To test this possibility, we camed out 
competition studies. Soluble CDld molecules 
were briefly preincubated with either ganglio- 
side G,,, which was shown previously to 
compete for binding of a-GalCer (ll) ,  or 
Gal(al-+2)GalCer, before the addition of 
stirnulatory glycolipids. Both G,, and 
Gal(a 142)GalCer were effective as competi- 
tors (Fig. 4B), indicating that the additional 
sugar on Gal(a I +2)GalCer does not prevent its 
binding to CDld. 

Here, we provided a demonstration of a 
carbohydrate antigen processing pathway. In- 
terestingly, lysosomal hydrolases, previously 
thought to be solely involved in GSL metab- 
olism (27), are responsible for this function. 
We confirmed that a-Gal A is located in 
lysosomes in APCs by assay of subcellular 
fractions with a chromogenic substrate (28). 
Therefore, some of the contents of the lyso- 
some must have access to CDld molecules, 
consistent with the presence of CDld in ly- 
sosomes demonstrated here. 

Carbohydrate antigen processing illustrates 
the ability of antigen presentation systems to 
co-opt metabolic pathways that have evolved 
for different purposes. The ability to process 
carbohydrate antigens could greatly extend the 
range of antigens that are presented by CD1 
molecules. Furthermore, T cell antigen recog- 
nition of glycopeptides presented by classical 
class I and class I1 molecules is known (29), 
and the carbohydrate linkages in glycopeptides 
also may be subject to the types of processing 
events described here. 
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Nucleotide-Dependent Single- 
to Double-Headed Binding of 

Kinesin 
Kenji Kawaguchil and Shin'ichi I s h i ~ a t a ' , ~ ~ ~ ~ ~ *  

The motility of kinesin motors is explained by a "hand-over-hand" model in which 
two heads of kinesin alternately repeat single-headed and double-headed binding 
with a microtubule. To investigate the binding mode of kinesin at the key nucleotide 
states during adenosine 5'-triphosphate (ATP) hydrolysis, we measured the me- 
chanical properties of a single kinesin-microtubule complex by applying an external 
load with optical tweezers. Both the unbinding force and the elastic modulus in 
solutions containing AMP-PNP (an ATP analog) were twice the value of those in 
nucleotide-free solution or in the presence of both AMP-PNP and adenosine 5'-
diphosphate. Thus, kinesin binds through two heads in the former and one head in 
the latter two states, which suppotts a major prediction of the hand-over-hand 
model. 

Kinesin is a molecular motor that transports 
membrane-bound vesicles and organelles to- 
ward the plus end of a microtubule in various 
cells including neurons (I,  2). Kinesin takes 
hundreds of 8-nm steps (the size of tubulin 
heterodimers composed of CY and P subunits) 
(3-5) before detachment, so that the run 
length reaches longer than 1 km (3, 6 ) .Each 
step is associated with one cycle of ATP 
hydrolysis (7, 8). Structural and biophysical 

evidence shows that stepping of kinesin is 
triggered by conformational changes in the 
ATP-bound head (9). 

A "hand-over-hand" model has been pro- 
posed to explain the processive movement of 
kinesin (Fig. 1) (5, 9-16). To substantiate the 
hand-over-hand model, it is essential to de- 
termine the binding mode+ither single- or 
double-headed binding-at each nucleotide 
state, and the kinetic step at which the transi- 
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