CD1d/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 CD1d
(11), suggesting that carbohydrate processing is
required to permit interaction with the T cell
receptor. To test this possibility, we carried out
competition studies. Soluble CD1d molecules
were briefly preincubated with either ganglio-
side Gy, which was shown previously to
compete for binding of «-GalCer (I1), or
Gal(a1—2)GalCer, before the addition of
stimulatory  glycolipids. Both G,;, and
Gal(a1—2)GalCer were effective as competi-
tors (Fig. 4B), indicating that the additional
sugar on Gal(a1—2)GalCer does not prevent its
binding to CD1d.

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 CD1d molecules,
consistent with the presence of CD1d 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 CDI
molecules. Furthermore, T cell antigen recog-
nition of glycopeptides presented by classical
class I and class II 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 Kawaguchi® and Shin'ichi Ishiwata’-2-34*

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 supports 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 (/, 2). Kinesin takes
hundreds of 8-nm steps (the size of tubulin
heterodimers composed of a and B subunits)
(3-5) before detachment, so that the run
length reaches longer than 1 pm (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—either single- or
double-headed binding—at each nucleotide
state, and the kinetic step at which the transi-
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Fig. 1. A simplified version of the hand-over-
hand model on the mechanism of kinesin mo-
tility proposed to date (5, 9-76). O: nucleotide-
free; D, T, and P: ADP, ATP, and inorganic
phosphate, respectively.

tion between the two binding modes occurs
(5, 9-16). Results of image analysis by cryo-
electron microscopy on the dimeric kinesin-
microtubule complex have been inconclusive;
either single-headed (13, 14) or double-head-
ed (15, 16) binding has been found to pre-
dominate both in the absence of nucleotides
and in the presence of AMP-PNP. In solution
the binding stoichiometry of the kinesin head
and the tubulin heterodimer in a microtubule
has a molar ratio of 2:1 in both the nucleo-
tide-free state (/17—19) and in the presence of
AMP-PNP (17), implying a single-headed
binding. In these studies, the microtubule was
fully decorated by kinesin so that the confor-
mation of kinesin may have been constrained
(16). The intramolecular interhead distance of
kinesin in the crystal structure is about 5 nm
(20), considerably shorter than the size of the
tubulin heterodimer. The kinetics of detach-
ment in solution also suggests the single-
headed binding not only in the nucleotide-free
condition but also in the coexistence of AMP-
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crograph showing a kinesin-coated bead
attached to a microtubule. The bead was
brought onto the plus (or minus) end
portion of the microtubule for plus (or
minus)-end loading. Bar, 5 pum. (B and C)
Time course of movement of the trap
center (thin lines) and bead (circles). A
kinesin-coated bead was attached to a
microtubule in the absence of nucleotides
(B) or in the presence of AMP-PNP (C).
The bead was then pulled to the plus end
of the microtubule at the constant rate of
120 nm s~ (equal to the loading rate of
10.4 pN s "). The unbinding force was
estimated to be 8.4 and 15.7 pN, respec-
tively, from the abrupt displacement of
the beads at about 4.4 s (B) and 3.8 s (C).

(D) Sequential data of unbinding force measurements for four different preparations; data shown by
arrows were taken from (B) and (C). Conditions: (8) and (O) in (D), nucleotide-free; (C) and (®) in (D),
+ AMP-PNP. (E) Examples of the force-extension relation (O, nucleotide-free; ®, + AMP-PNP). The
relation was obtained from the time course of bead displacement as shown in the inset. To be strict, the
force means the force component parallel to the glass surface, and the extension means the displace-
ment of the bead in parallel to the glass surface (27). Arrows show the position of unbinding.

PNP and adenosine S5’-diphosphate (ADP)
(21). Overall, the evidence for the model re-
mains indirect.

To obtain direct evidence for the binding
mode at each nucleotide state, we measured the
mechanical properties of single kinesin mole-
cules attached to a microtubule in three different
solvent conditions (22): in the absence of added
nucleotides, in the presence of 0.5 mM AMP-
PNP and 1 mM ADP, and in the presence of 1
mM AMP-PNP. The first condition corresponds
to the (O, O) or (O, D) states (Fig. 1). Although
apyrase was added, some proportion of heads
may still have bound ADP because the kinesin
was purified in the presence of ADP and the
detachment rate of ADP is slow (8, 19). The
second condition mimics the (T, D) state. Under
this condition, only one of the two heads is
expected to bind AMP-PNP, while the other
head is in the ADP state (27). The third condi-
tion is considered to represent the (T, O) state
(23), because the binding ratio of AMP-PNP to
kinesin molecules is reported to be 1:1 under the
present condition (23).

An external load was imposed on a single

kinesin-microtubule bead complex (Fig. 2A)
(24, 25) as it was moved toward the plus (or
minus) end of a microtubule with optical twee-
zers (26, 27). We repeated unbinding force
measurements at nearly the same position on the
same microtubule several times for the same
bead, presumably for the same kinesin molecule
(Fig. 2, B to D). Upon loading toward the plus
end, unbinding force in the absence of nucleo-
tides was about 7 pN (Fig. 2D), whereas that in
the presence of AMP-PNP could apparently be
classified into two components at about 14 pN
(major) and 7 pN (minor), the latter correspond-
ing to that in the absence of nucleotides. Using
the same data, we obtained the force-extension
relation on the kinesin-microtubule complex
(Fig. 2E). This relation was almost linear, so that
the elastic modulus could be estimated simply
from the slope. The elastic modulus could also
be classified into two components (compare
Figs. 2E and 3, D to F). On the minus-end
loading, the unbinding force for both compo-
nents increased by 45% irrespective of the nu-
cleotide states, keeping the elastic modulus un-
changed. This shows that the binding is unstable
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nus-end loading.

The small (~7 pN; S-) and large (~14
pN; L-) components of unbinding force, re-
spectively, correspond to those of the elastic
modulus (Fig. 3). The finding that the un-
binding force and the elastic modulus for the
L-component were twice those for the S-
component strongly suggests that the S- and
L-components are attributable to the single-
and double-headed binding of kinesin, re-
spectively. Thus, each kinesin head contrib-
utes equally to the elastic modulus, such that
each head equally shares the external load.

This interpretation shows that the binding
mode in the (O, D) state (Fig. 1A) is single-
headed. Assuming that AMP-PNP is an ATP
analog, single-headed binding is also pre-
dominant in the (T, D) state (Fig. 1B). It is
highly probable that the attached head binds
AMP-PNP (ATP) (9), whereas the detached
head binds ADP (9, 21), because the attach-
ment of the ADP-bound head was reported to
be weak (/7). In the (T, O) state (Fig. 1C), in
contrast, double-headed binding is predomi-
nant. Here we find that, based on the bimodal
distributions of unbinding force and elastic
modulus at one loading rate (Figs. 2D and 3,
C and F), both single- and double-headed

binding exist. Additionally, we find that the
proportion of the S-component decreased as
the loading rate increased from 2 to 18 pN
s™! and, finally, disappeared at the highest
loading rate we examined (18 pN s~ 1), irre-
spective of the loading direction. This implies
that double-headed binding predominates in
the absence of external load. The finding that
the unbinding force for the plus-end loading
was smaller than that for the minus-end load-
ing suggests that, in the “bridge” structure of
double-headed binding (see Fig. 1C), the rear
head is relatively unstable so that it tends to
be detached. Such an asymmetry for the load-
ing direction regarding the stability of the
attached state is favorable for kinesin motors
stepping forward.
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