APPENDIX

1. Membrane binding constants
Unit conversions for concentrations of proteins from molar
to um—? membranes:

[Fo] = [FoJ/(120 X [C])

Where [F,] and [F',] are initial LukF concentrations
applied to cells in pm-2 and M, respectively. 120 pm? is
the membrane area of one erythrocyte. [C] is the cell
concentration in M (6 X 10'¢ cells/l = 0.1 pM). The same
definition was also applied to [F,] which is the concen-
tration of membrane-bound LukF.

Membrane binding constants for each component (Kg
and Ky in pm?) were calculated as follows:

Kp = [Fy) X ([Fo) = [Fpy™ X (Rg - [Fp)!

where Rp is concentration of binding sites for LukF in
um-2, The above calculation was also applied to HS.

2. Association constanis

Ken, Kramn, Ketuz Kz, Kesws-a(Kp) Kap, Kap, Kap
{Um?) were estimated based on concentrations of inter-
mediates at equilibrium. For example,

Ken = (FHl X [P\ X (H(] or
Ky = [FyHtsg) X [(F-H)yl™ X F-H]!

where [F\] and [H;] (um~2) were measured by dividing
the total fluorescence intensity by the intensity of
single monomers. [F-H], [(F-H)l, [FaH3), [FeHs sl
[(Fo-Ho_12] and [Fi2:Hi2-16] are numbers of dimers,
tetramers, single pores, two pores, three pores and four
pores per jm?, estimated based on the FRET-ICS intensity
spots corresponding to 1, 2, 3, 6, 9 and 12 times JrreT 105,
[F1] and [H] were corrected by subtracting the number of
LukF or HS assembled into oligomers from the previously
measured values.

3. Theoratical distribution of intermediates at
certain protein concentrations

Basic equations for each intermediate are presented given
approximations of [Fy] << Rg and [Hy} << Ry as follows
(Oosawa and Kasai, 1962):

[Fs] = IF)/(Kp X Reki[H,) = [Hi)/(Ku X Ry)
D] = K, X [F] X [H};

[D;] = K, X [Dy)?

[Ds] or [Pi] = K, X K, X [D\]?

[Pal = Kpp X Kpp™2 X [D3]% n=2,3,4..
(Fol = 7] + 7] = ] + [F] +

3 00
ST x[D] + > 5 x [Pd]

n=1 n=2
[Ho] = [HL] + [Hy] = [H.] + [Hh] +
in x [Dy] + f:Bn X [Pa)

Single-molecule imaging of cligomers on membranes

where [F,} is the concentration of unbound prolein in
solution ([Fo] = [F]), D and D, are shorthand for F-H and
(F-H),, respectively. The theoretical values shown in
Figures 2B and 6A were calculated using KaleidaGraph.
The definition for each intermediate is as described in
Table I and Figure 6B.
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A conventional kinesin molecule has two identical catalytic do-
mains (heads) and s thought to use them alternately to move
processively, with 8-nm steps. To clarify how each head contributes
to the observed steps, we have constructed heterodimeric kinesins
that consist of two distinct heads, The heterodimers in which one
of the heads is mutated in a microtubule-binding loop moved
processively, even when the parent mutant homodimers bound
too weakly to retain microtubules in microtubule-gliding assays.
The velocities of the heterodimers were only stightly higher than
those of the mutant homodimers, although mixtures of these
weak-binding mutant homodimers and the WT dimers moved
microtubules at a velocity similar to the WT, Thus, the mutant head
affects the motility of the WT head only when they are in the same
molecule. The maximum force a single heterodimer produced in
optical trapping nanometry was intermediate between the WT
and mutant homodimers, indicating that both heads contribute to
the maximum force at the same time. These results demonstrate
close collaboration of kinesin’s two heads in producing force and
motility.

A conventional kinesin molecule is a homodimer with two
catalytic domains (heads) linked together by a coiled-coil,
and can move continuously for hundreds of steps along a
microtubule (MT) track (1-3). Although monomeric constructs
of kinesin can support MT movement in in vitro assays, various
lines of evidence have shown that the two-headed structure is
important for motility of conventional kinesins, For example, the
velacities of monomeric constructs of kinesin are considerably

slower than those of dimers (4, 5). Heterodimeric kinesin that -

lacks one of the two heads (one-headed kinesin) also showed
much-decreased MT-gliding velocities (6). In addition, these
monomeric or one-headed kinesins showed little or no proces-
sivity (4, 5, 7).

To move processively without dissociating from a MT, at least
one of the heads is always bound to a MT. For a dimeric kinesin
to stay bound to a MT, it is thought that the two heads of a
kinesin coordinate their mechanochemical cycles. Previous bio-
chemical studies have indicated the existence of functionally
significant coordination between the two heads (8-12). For
example, ATP binding by one of the heads triggers ADP release
from the other (8-10). Also, the ATPase rate of one-headed
kinesin dimers was decreased by almost 10-fold compared with
that of two-headed kinesins (11). However, a large part of the
mechanism for coordination is still unknown,

With the two heads, kinesin can move continuously for
hundreds of nanometers against an applied load. Previous
optical trapping experiments have shown that a kinesin dimer
moves with discrete steps of 8 nm and can.produce force up to
several piconewtons (13-16). However, it is not yet known how
each of the two heads contributes to the observed force.
Comparing the force with that produced by monomeric or
one-headed kinesins is also difficult, because monomeric or
one-headed kinesins tend to detach from a MT before producing
enough force to be measured.
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One of the difficulties in studying the roles of each head in
force production and motility comes from the fact that the two
heads are identical, so that we cannot distinguish the contribu-
tion of one head from the other. To circumvent this problem, we
have constructed heterodimeric kinesins that consist of two
distinct motor domains. Using heterodimers in which one of the
heads is mutated, we measured the velocities and the maximum
force a single heterodimer produces and compared them with
those of the WT and mutant homodimers. The results indicated
close collaboration of kinesin's two heads in force production
and motility.

Materials and Methods

Expression Constructs. Heterodimeric kinesins were prepared by
coexpressing the WT and mutant K432 (a construct of human
conventional kinesin consisting of amino acid residues 1-432),
tagged with GST and histidine residues, respectively. First, a
pET17b vector (Novagen) containing K432 with a C-terminal
eight-histidine sequence (K432-His/pET17b) was made by using
a K560-His construct in a pET17b vector (K560-His/pET17b)
(17) as a starting material. A DNA fragment encoding K432 with
an EcoRl site, the stop codon, and a Xhol site at the 3' end was
amplified by PCR and digested with SacI and X\io1. The resulting
fragment, encoding amino acid residues 366432, was subcloned
into K560-His/pET17b digested by the same two restriction
enzymes to produce K432/pET17b. An oligonucleotide encod-
ing consecutive histidine residues was introduced into the EcoR1I
site of K432/pET17b. Thus prepared K432-His/pET17b en-
codes the heavy chain B (51 kDa) as shown in Fig. 1a.

A plasmid enceding K432 with an N-terminal GST tag was
also prepared by subcloning K432 in a vector carrying GST
(pPGEX-2T). A DNA fragment encoding the entire sequence of
K432 was excised from K432/pET17b by digestion with Ndel and
Xhol, rendered blunt with the Klenow fragment, and subcloned
into the Smal site of pGEX-2T (18). To use the same promoters
for both K432-His and GST-K432 of a heterodimer, a T7
promoter was substituted for the tac promoter of pGEX-2T. The
resulting construct, K432/pGEX-2T, encodes the heavy chain A
(77 kDa) in Fig. la.

A series of mutant kinesins was prepared by using K432-His/
pET17b by QuikChange mutagenesis (Stratagene). To produce
the L11 mutant, the codons for K240, L248, and K252 in
K432-His/pET17b were all mutated to those for alanine resi-
dues. The L12 {Y274A/R278A/K281A), L8 (E158A/K159A/
R161A), and L13 (G291A/G292A) mutants were similarly pre-
pared. To obtain heterodimeric kinesins, DNA fragments
encoding the WT and mutated kinesins were placed side by side
in a vector (Fig. 1a). In brief, K432-His/pET17b-based plasmids
were digested by Bglll, followed by a Klenow fragment treat-

This paper was submitted directly {Track 1) to the PNAS office.

Abbreviations: K432, a construct of human conventional kinesin consisting of amino acid
residues 1-432; MT, microtubule.
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Fig. 1. Purification of heterodimeric kinesin. {a) Coexpression vector for generating heterodimeric kinesin. The two heavy chains in a kinesin heterodimer
contain distinct motor domains attached to two different carrier sequences. The DNA fragments encoding the heavy chains A and 8 are placed side by side in
a pGEX-2T-based vector. (b} The strategy for purifying heterodimeric kinesin. Three kinds of dimeric kinesins (A-B heterodimer, A-A homodimer, and B-B
homedimer) form spontaneously via the coiled-coil regions. The heterodimeric kinesin with two different tags is separated from the homodimeric kinesins with
two identical tags by the two-step affinity purification. (¢} The SDS/PAGE patterns during the purification of WT/WT-His, after purification with glutathicne
Sepharose 4B/glutathione ([ane 1), digestion by thrombin {lane 2), purification with Ni-NTA agarose/imidazole {lane 3), and removal of residual GST and
G5T-tagged protein with glutathione beads (lane 4). Lane 5 shows the WT dimer prepared by the same method but without digestion of GST (GST-WT/WT-His).
The positions of K432 with a G5T-tag and with a His-tag are Indicated by an asterisk and double asterisks, respectively, and the cleaved GST Is indicated by an
arrowhead. . '

ment. After digestion by Aarll, the fragments were introduced
into K432 /pGEX-2T treated by BsaAl/AatIl. All PCR products
and mutations were checked by DNA sequencing.

Protein Expression and Purification. Proteins were expressed in
BLR (DE3) pLys S (Novagen) freshly transformed with the
plasmids (17). After being washed with buffer A (10 mM
Tris-acetate, pH 8.0/4 mM magnesium acetate,/250 mM potas-
sium acetate/0.05% 2-mercaptoethanol), the bacterial cells were
resuspended in buffer A supplemented with 1 mM ATP and
protease inhibitors (17), disrupted by sonication, and then
centrifuged (30,000 X g, 30 min).

To separate heterodimeric kinesins from other species, two-
step affinity purification was performed (Fig. 1b). First, 1/40
volume of Glutathione 4B Sepharose resin (Amersham Phar-
macia) was incubated with the supernatant on a roller for 1-2 h.
The beads were collected by brief centrifugation (30 s at 500 X
g) and washed with buffer A. The proteins were eluted with 20
mM glutathione (Fig. 1c, lane 1), and dialyzed against buffer A.
GST was then removed by a treatment with 5 units/ml thrombin
(Sigma) for 2-6 h in the presence of 2 mM CaCl; (Fig. 1c, lane
2). To collect the heterodimers, 1/20 volume of Ni-NTA agarose
resin (Qiagen, Chatsworth, CA) was incubated with the resultant
solution for 1-2 h. The beads were washed with buffer A
containing 30 mM imidazole, and the proteins were eluted by
applying 200 mM imidazole to the beads (Fig. 1¢, 1ane 3). Finally,
to remove a trace of residual GST-tagged kinesin and GST,
Glutathione 4B Sepharose beads were incubated with the pro-
tein solution for 30 min, and centrifuged briefly. The supernatant
was then concentrated (Fig. 1c, lane 4), and aliquots were stored
in liquid nitrogen. To avoid loss of activity, the protein was kept
at 4°Cand in 100 pM ATP at all times. All of the mutant dimers
were prepared and assayed in parallel with the WT kinesin. The
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histidine-tagged homodimeric kinesins were purified by using
the Ni-NTA agarose/imidazole procedure. The concentration of
the protein was determined by the Bradford method (19). Native
PAGE was performed at pH 8 (20).

ATPase Assay, Steady-state MT-stimulated ATPase rates were
measured by using malachite green (21). The motors (typically
40-200 nM) and MTs (0.1-50 uM tubulin dimers) were mixed
at27 = 0.1°Cin 10 mM Tris-acetate, pH 7.5/2 mM Mg-acetate/
1 mM EGTA/1 mM Mg-ATP/20 uM paclitaxel. The ATPase
assay was repeated three to six times with at least two different
kinesin preparations. The ATPase data were fit to the Michae-
lis-Menten equation to determine the Kn(MT) and k.., values.

Multiple Motor Motility Assay. A Penta-His Antibody (Qiagen) was
fixed on the nitrocellulose-coated surface of a coverslip. The
chamber was washed with 1 mg/ml BSA to remove the unbound
antibody and then filled with 25 mg/ml BSA. The histidine-
tagged kinesin (0.05-3 pM) was added into the flow chamber.
After removal of unbound kinesin, tetramethylrhodamine-
labeled MTs were introduced. Finally, the chamber was filled
with the assay buffer [i0 mM Tris-acetate, pH 7.5/4 mM
Mg-acetate/50 mM K-acetate/1 mM EGTA/20 uM paclitaxel/
0.5 mg/ml casein/0.5% 2-mercaptoethanol/1 mM ATP, and the
oxygen scavenger system (22) at 25 = 1 or 30 = 1°C]. MTs were
visualized under a fluorescent microscope equipped with a
silicon-intensified target (SIT) camera (C2400-08; Hamamatsu
Photonics, Hamamatsu City, Japan). Two to four independent
batches of protein preparation were analyzed for each construct.

Optical Trapping Nanometry. The apparatus of trapping nanometry

was as described (23). For specific attachment to latex beads, a
sequence for biotinylation was added at the C terminus of heavy
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chain A (Fig. 1a) (24). The oligonucleotides encoding a sequence
LGSIFEAQKIEWR (25), which is biotinylated in Escherichia
coli, was introduced into the EcoR1 site of K432/pGEX-2T. The
biotinylated kinesins, purified as described above, were incu-
bated with streptavidin-coated 0.2-um beads for >20 min at
25 = 1°C. After tetramethylrhodamine-labeled MTs were bound
directly to a coverslip, a kinesin-coated bead was placed in
contact with a MT by using an optical trap. The displacement of
kinesin was corrected by multiplying the factor [(K, + K;)/K;] to
the observed bead displacement, where K, and K, are the
stiffness of the optical trap and the stiffness of bead-to-glass
linkage, respectively (13, 26). The total stiffness (X, + K;) and
the trap stiffness K, were determined by using the equipartition
method from the Brownian noise of the bead movement (13, 27).
After high-pass filtering at 10 Hz, the SD values were calculated
at every 0.1 s of individual traces, grouped according to bead
displacement, and averaged to determine the stiffness (K; + X;)
at given displacement values. The range of the correction factor
used was 1.1-1.7.
The experiments were performed in 80 mM Pipes, pH 6.8/2
mM MgCla/1 mM EGTA/1 mM ATP, and an oxygen scavenging
- system (22), at 24-26°C. The concentration of kinesin (5-50 nM,
unless indicated otherwise) was determined so that the proba-
bility of the kinesin-coated beads to move on a MT was
0.15-0.35. Under this condition, it is considered that only a single
kinesin molecule is involved in the movement of a bead (14, 26).
To investigate the force—velocity relationships, the velocities
were calculated at several points in the time course of the
displacement as in Fig. 4a, from the slope of the trace. The
force-velocity data sets from different traces were grouped
according to the force, At every 0.5 pN (for the WT) or 0.15 pN
(for the mutant), the velocity and force were averaged within the
group. The averaged velocities were plotted against the averaged
force.

Results and Discussion

Preparation of Heterodimeric Kinesins. We have produced het-
erodimeric kinesins, which possess two distinct heads, by coex-
pressing the WT and mutant kinesin heavy chains attached to
different tags: consecutive histidine residues (His) and GST (Fig.

1a). Heterodimers (A-B heterodimer in Fig. 15) were separated
from other species (A-A and B-B homodimers), first by using
Glutathione Sepharose 4B, then with Ni-NTA agarose, and
further purified with glutathione beads. Thus purified het-
erodimeric kinesin appeared as a single band by SDS/PAGE/
Coomassie Brilliant blue staining (Fig. l¢, lane 4), because the
A and B heavy chains after removal of GST have similar
molecular weights. When GST was not removed, the SDS gel
showed two bands (Fig. 1¢, lane 5), corresponding to the heavy
chain A attached to GST (marked by an asterisk) and the heavy
chain B with histidine residues (double asterisks). Densitometry
of the gel showed that these heavy chains are present in a
proportion of one to one. The results indicate that the purified
protein is indeed heterodimeric, and that there is no detectable
contamination by homodimers.

We have also examined the possibility of recombination that
might occur after the purification; native PAGE patterns of
the WT dimer prepared as above without removal of GST
(GST-WT/WT-His) were compared with those of the GST-WT
homodimer and WT-His homodimer. The mobility of GST-WT/
WT-His was intermediate between the GST-WT and WT-His
homodimers, and the patterns did not change for at least 4 h after
the proteins were thawed (data not shown). The native PAGE
pattern of WT/WT-His (prepared by thrombin-digestion of
GST-WT/WT-His) also remained constant, and there was no
band corresponding to monomers that would form in the process
of recombination. Because all our measurements were started
immediately after the protein was thawed and finished within
2 h, contamination by recombination, if any, was negligible.
Typically, heterodimeric proteins of 0.03-0.1 mg were obtained
per liter of culture.

To confirm that the expression and purification using these
two different tags does not affect the functions of the motors, we
prepared the WT kinesin dimers by the above method (WT/
WT-His) and compared their biochemical properties with those
of the dimers expressed with His-tags only (WT-His/WT-His).
The observed Kn(MT), kcar, and the MT-gliding velocities of
WT/WT-His were similar to those of WT-His/WT-His (Table
1), and were also in agreement with previous work {4).

Table 1, Summary of ATPase measurement, MT-éliding assays, and single-molecule
experiments of the homodimeric and heterodimaric kinesin constructs

ATPase assay Gliding assay Beads assay
Construct keat (s~ head~"} Kun(MT), uM  Velocity, nm/s  Stall force, pN
Homodimer WrT* 28325 0402 679 + 53 6.3+09
wTt* 278 1.7 0502 683 + 42 6003
L11/L11 11112 1.1 =203 179 + 23 10x02
L12/L12 0.8*% ND# 0s 0s
|8/L8 208 £ 21 12+06 514+ 3 4005
L13/L13 198 £2.0 0.3 +0.2 5+1 on
Heterodimer WT/L11 202=17 1.0+ 03 202+ 29 1803
WT/112 166 x22 20x04 101 = 25 08=x02
WT/L8 227x1.4 05=*02 554 + 29 6,007
WT/L13 24107 0.2x0.1 g§+1 oY

The values of ke, Kn(MT), the gliding velocity, and the stall force are shown as the mean = $D. The stall force
was determined from the level of the plateau of the traces as shown In Fig. 3. ND, not determined.

*WT kinesin homodimers with His-tags (WT-His/WT-His).

TWT kinesin homodimers prepared with two different tags (WT/WT-His). The stall force of WT/WT-His was

measured by using 1.0-um beads.

*The ke and Km(MT) of L12/L12 could not be accurately measured because of low affinity to MTs. The indicated

value is the ATPase rate with 50 M tubulin,

Sin the gliding assay, the L12/L12 homodimers did nat retain MTs. In the beads assay, attachment signals were
observed only when they exist in excess, but no movement was detected.
"These constructs did not show processive behavior at a single-molecule level, although the beads moved

continuously when more than one molecule was bound.

16060 | www.pnas.org/cgi/dol/10,1073/pnas.252409199

Kaseda et al.

— 140 —



100
60
2" > [ b
o 40
% 50 3~
& 25 20 E
0 0 & -
100 - 75
] e d
§ 50
50
o
£ 25 i 2
ottt 0
0 1000 0 1000
Gliding velocity  Gliding velocity
hm/sec nm/sec

Fig. 2. Histograms of MT-gliding velocities of the WT and L11 mutant
kinesins. The assay chambers were coated with the WT kinesin {a), the wild-
type and L11/L11 homodimers mixed in a proportion of 1:1 (&), L11/L11
homodimers (c), and WT/L11 heterodimers (d). The gliding velocity of the
L11/L11 was much lower than the WT, but the copresence of L11/L11 did not
interfere with the motility of MTs on the WT kinesin homodimers. The gliding
velocity of WT/L11 was anly slightly higher than that of L11/L11 homodimers.

. These assays were performed at 30  1°C, so that the velocities were higher
than the values obtained at 25 + 1°C, as in Table 1.

Mutations Used for Making Heterodimeric Kinesins, Using this
method, we made heterodimeric kinesins in which one of the two
heads is altered in the functions of either MT binding [“L11”
(K240A/L248A/K252A), “L12” (Y274A/R278A/K281A), and
“L8” (E158A/K159A/R161A)] or mechanochemical coupling
[“L13" (G291A/G292A)]. The residues to be mutated were
chosen according to the previous reports by using alanine
scanning and proteolysis experiments (4, 28, 29). In agreement
with them, the homodimers of the first three mutants showed
higher K, values, lower ko, and slower MT gliding (Table 1, Fig.
2¢). Of these, the homodimers of the L12 mutant were reported
to have neither measurable MT-activated ATPase nor MT-
gliding activity (28). In our case also, MTs did not bind to the
L12/L12-coated glass surface in multiple-motor-gliding assays,
even in the absence of nuclectides. On the other hand, L11/L11
and L8/L8 supported MT gliding, with velocities that are 26%
and 76% of the WT homodimers, respectively. The homodimer
of the uncoupling mutant, L13/113, was previously shown to
have almost normal MT-activated ATPase, but the MT-gliding
velocity decreased by ~100-fold (4). Qur results were consistent
with the report (Table 1).

veloclly

Mixing Experiments of the WT and Mutant Homodimers, Using the
L11/L11 and L12/1L12 homodimers, we have also examined the
MT-gliding activity caused by a mixture of the WT and mutated
kinesin homodimers. When the wild-type and L11/L11 ho-
medimers were introduced into an assay chamber in a proportion
of 1:1 (Fig. 2), the averaged MT-gliding velocities were com-
parable with the velocity driven by the WT alone (Fig. 2a).
Similar results were obtained with mixtures of the WT and
L12/L12 homodimers (data not shown). These results show that
the copresence of the L11/L.11 or L12/L12 homodimers, which
bind only weakly to MTs, do not interfere with the motility of the
MTs supported by the WT homodimers.

ATPase Activities and MT-Gliding Velocities of the Heteradimers. In
contrast to the experiments using mixtures of homodimers, the
MT-gliding velocities of the WT/L11 and WT/L12 heterodimers
were considerably slower than that of the WT (Fig. 24, Table 1).
The percentages of the velocities relative to the WT homodimer
are shown in Fig. 3. The average velocity of WT/L11 (202 * 29
nm/s, n = 20; 30% of WT) was only slightly higher than that of
L11/L11 (179 = 23 nm/s, n = 14; 26% of WT). Although the
L12/L12 homodimers did not retain MTs at the glass surface,
WT/L12 was found to move MTs at 15% of the velocity of the
WT (101 % 25 nm/s, n = 16). Thus, mutant heads, when they
exist as homodimers, did not slow down the movement of MTs
supported by the WT homodimers but did cause a decrease in
the velocity when they formed heterodimers with WT heads. The
MT-gliding velocities of WT/L8 and WT/L13 were also signif-
icantly slower than the WT (Table 1, Fig. 3). The results indicate
that a kinesin head needs a proper partner to produce normal
velocity; the two heads must be closely cooperating in deter-
mining the velocity. _

The ATPase rates of the heterodimers were intermediate
between the WT and the parent mutant homodimers (Table 1,
Fig. 3). For example, kcq of L11/WT was 20.2 = 1.7 ATP/s/
head, which was approximately equal to the average of the WT
and L11 homodimers [(28.3 + 11.1)/2 = 19.7]. Other het-
erodimers also showed kcq values close to the average of the
parent homodimers, suggesting that the maximum MT-activated
ATPase rate of each head in a heterodimer is similar to that in
a homodimer. To confirm the results, we made a heterodimer in
which one of the heads is mutated so that it cannot hydrolyze
ATP (E236A in ref, 30). The observed k¢, of the heterodimer
WT/E236A (12.9 = 1.7 ATP/s/head) was ~1/2 of the WT
homodimer, confirming that the ATPase activity of each head
was not largely affected by its partner head,

These results indicate that the two heads of a heterodimer
have different ATPase rates. It is difficult to explain by a simple
form of hand-over-hand models, in which the two heads of a
kinesin hydrolyze ATP alternately. Another unexpected result
was that, although the L11/WT, L12/WT, and L13/WT het-

1 wWT/wT
LeAB
HwWTAS
LN
B WTAN
L1212
B WTA 12
L1313
B wTL13

| T T T O Yy Y |

Fig.3, The maximum MT-activated ATPase rates, the MT-gliding velacities, and the maximum forces of the homodimeric and heterodimeric kinesin constructs.

Percentages relfative to those of the WT homodimer are shown.
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Optical trapping nanometry for measurement of stall force. {a) Representative traces of the displacement of kinesin-coated beads aleng a MT. The

displacement of the bead and the corresponding force are indicated on the left, For WT/L12 and L12/L12, the scale of displacement is different, because a weaker
trap stiffness was used (0.007 pN/nm, instead of 0.032 pN/nm used for others). Applied force is shown on the same scale but the time scale is different in each
trace. In the case of L12/L12, a higher concentration of kinesin (1-2 uM instead of 5-50 nM) was needed to observe any attachment signals (reduced vibration,
as indicated by the sclid line). In this case, more than one molecule is expected to be Involved. (b} The force-velocity relationships of the WT kinesin (black, filled
triangle), WT/L8 (blue, filled square), LB/LB (blue, open square), WT/L11 (green, filled diamond), L11/L11 (green, open diamond), WT/L12 {red, filled circle), and
L12/L12 (red, open circle). Solid lines represent the best fit of the data, and the y axis and x axis show the maximum velocity and the stall force, respectively.

erodimers showed k. values >50% of the WT homodimer, their
velocities were only ~30, 20, and 1% of the WT homodimer,
respectively (Fig. 3). These results are inconsistent with tightly
coupled models, in which each ATP hydrolysis leads to an 8-nm
step. We think that a proper coordination of the two heads was
disrupted in heterodimers, which caused futile ATPase cycles.

The gliding speed of WT/L11 did not change as the surface
density of the heterodimer was varied, similar to the case of the
WT (data not shown). At a very low surface density of WT/L11,
some MTs exhibited thermally driven pivot motions around a
single contact point on the glass surface at which a single
heterodimer is presumably located (31), while gliding slowly. The
averaged gliding velocity of such MTs was in good agreement
with the speed induced by multiple motors (271 + 39 nm/s and
283 % 33 nm/s at 30°C, for single and multiple motors, respec-
tively; these velocities are higher than those in Table 1, which
were measured at 25°C). The results suggest that a WT/L11
heterodimer can move processively along a MT, even though the
mutant head may have only a weak affinity for MTs. Surprisingly,
the WT/L12 heterodimer showed the same processive feature,
even though the L12/L12 homodimers did not retain MTs at the
glass surface. The average gliding speed of these MTs, presum-
ably supported by a single molecule of WT/L12, was again
similar to that of multiple motors.

16062 | www.pnas.org/cgi/doi/10.1073/pnas.252409199

Optical Trapping Nanometry. Processive movement of the WT/
L11, WT/L12, and WT/L8 heterodimers was confirmed in
optical trapping experiments. When 0.2-um beads were coated
with a low density of kinesin at which only a single kinesin dimer
per bead is thought to interact with a MT (see Materials and
Methods), these three heterodimers, as well as the L11/L11 and
L8/L8 homodimers, moved the beads (Fig. 4a). In the force-
velocity curve (Fig. 4b), the velocity decreased almost linearly
with increasing force. The maximum velocities of the het-
erodimers estimated from the force—velocity curve were in
agreement with those measured in the multiple motor assays,
confirming that their velocities do not depend on the number of
motors. As expected, L12/L12 exhibited no signal at a single
molecule level. At a higher density of L12/L12, the beads
sometimes appeared to attach to the MT (indicated by a solid
line in Fig. 4a), but no significant movement was observed.
Hancock and Howard (6) reported that a heterodimeric kinesin
that lacks one of the heads cannot move processively. The
processive movement of the WT/L12 heterodimer suggests that
even a mutant head that has only a weak affinity to MTs can help
its partner WT head to move the molecule processively. With the
L13/L13 homodimer and WT/L13 heterodimer, the bead bound
briefly to a MT but did not show processive movement at a single
molecule level.
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With the WT and L8/L8 homodimers and the WT/L8 het-
erodimer, many beads moved continuously until they stalled
before detaching from the MT (Fig. 4a). The averaged stall force
exerted by a WT homodimer (6.3 £ 0.9 pN, n = 35; Table 1),
determined from the level of the plateau of the traces, was
similar to those previously reported using single, native kinesin
molecules and recombinant kinesins (13-16). The stall force of
L8/1.8 (4.0 = 0.5 pN, n = 22) was smaller than the WT. Although
the distance moved was shorter for WT/L11, WT/L12, and
L11/L11 than for the WT, enough beads moved continuously
until they reached the maximum force to determine the stall
force. As expected from these experiments, L11/L11 showed a
considerably smaller stall force (1.0 = 0.2 pN, n = 36) than the
WT. The heterodimers WT/L11, WT/L12, and WT/L8 showed
the stall forces that are intermediate between the WT and
mutant homodimers [1.8 x 03 pN(n =74),08 £ 02pN {n =
29), and 6.0 * 0.7 pN (n = 18), for WT/L11, WT/L12, and
WT/LS, respectively). These values were in agreement with the
stall forces obtained from the force-velocity curve in Fig. 4b.

It is not known which process during the kinesin's mechanical
and chemical cycle determines the stall force, although it was
reported that it does not depend on the temperature (32) or the
concentration of ATP (13). If each head of a dimer is alternately
and independently responsible for producing force, we might
expect the stall force of a heterodimer to be determined by the
weaker of the two heads, i.e., the mutant. However, the observed
stall forces were significantly larger than those of the mutant
homodimers (P < 0.005, ¢ test). The results indicate that both
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heads of a dimer must cooperate in producing the maximum
force.

Conclusion

Inthe present work, we have succeeded in generating heterodimeric
kinesins in which one of the two heads was mutated. The resulting
heterodimers moved processively, even when the mutant head had
only a weak affinity to a MT. This is in contrast to a one-headed
dimer, which did not move processively (6). Use of processive
heterodimeric kinesins enabled us to measure the force and velocity
produced by a single heterodimer and thus investigate the contri-
bution of each head in force production and motility. Our results
indicated a close mechanical cooperation of the two heads: a head
cannot produce the maximum force and velocity by itself. The
results are supported by previous biochemical studies showing that
the two heads communicate with each other (8-12). In the most
generally accepted model, a kinesin dimer uses the two heads
alternately, moving in a hand-over-hand fashion (8-12, 33-36). In_
contrast, there are other models in which one of the heads is always
leading (37). In the former case, however, the time interval between
successive 8-nm steps (dwell time) in heterodimers should be
different every other time. With a statistical analysis of the dwell
time, our method of using heterodimeric kinesins opens the way to
test alternate stepping models directly.
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The molecular motor kinesin travels processively along a microtubule in a stepwise manner. Here we have studied
the chemomechanical coupling of the hydrolysis of ATP to the mechanical work of kinesin by analysing the individ-
ual stepwise movements according to the directionality of the movements. Kinesin molecules move primarily in the
forward direction and only occasionally in the backward direction. The hydrolysis of a single ATP molecule is cou-
pled to either the forward or the backward movement. This bidirectional movement is well described by a model of
Brownian motion assuming an asymmetric potential of activation energy. Thus, the stepwise movement along the
microtubule is most probably due to Brownian motion that is biased towards the forward direction by chemical ener-
gy stored in ATP molecules.

microtubule’* with regular 8-nm steps®?, Kinesin moves pri-
marily in the forward direction (to the plus end of the micro-
tubule) and occasionally in the backward direction (to its minus
end), which has been commonly called a back step'™", The maxi-
mum force against which single kinesin molecules work is 7 pN
(refs 13-15).
To understand the mechanical properties of this mechanoen-
zyme, the relationship between force and sliding velocity has been

Ki.nesin is a molecular motor that moves processively along a

investigated from averaged time courses of movement'>'%, In pre-
vious studies, the back steps were included in the individual traces
but were ignored in the analysis because they were considered to be
rare events compared with the regular 8-nm steps in the forward
direction.

The mechanism underlying these forward and backward move-
ments remains unclear. Here we have characterized the stepping
mechanism by correlating both the forward and the backward
movements of single kinesin molecules to the hydrolysis of ATP.

Energy ditfferance

Run length?

Force Velochy?
of the barriers*
{pN) (k7] ko uhs) K {s) kyls) ka (5] {nm 57) {nm)
0 5.4 3.4 140 770 3.5 930 3600
3.8 2.6 1.4 140 47 31 230 200
7.6 0 0.21 140 2.9 29 0 0

The parameters were calcuiated from the analysis of the dwed time for each force.
“Energy difference = 5.4%,T - F x 2.9(nm}.

e 1.3ms, Ryo= 221, 4 =3.0nm, 4 =0.1 .
Welocity = BInm] « ¢ x k. [51], £ % P, = Bym{ky/ly, ~ 1kl + 1)

hy = KMo Ko = Bty + KMy + kg + k), by = 12y, by = REXDIFG, kg TY Ry 1y, Ky = EXDI-FAL M TYIR, + 11/, Ko m 36 M {0 phN} and 27 M (3.8 and 7.6 pN), 13 = 7.0 ms,

Run length = 8lnm x (2P,/F,) = s. The number of the Stepwise movements untl detachment occurred is described as 2P/P,, because the ratio of the detachment is roughly half the total
number of movements in the backward direction, The ratio of detachment in total backward movement may be due to the experimental system,
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Figure 1 Nanometry of single kinesin molecules. a, The optical trapping
nanometry system (not to scale), b, ¢, Time ¢ourses of the displacements of single
kinesin molecules. The ATP concentration was 1 mM (b} and 10 pM {c). The dis-
placement of kinesin was obtained from the bead displacement with the compli-
ance of the experimental system {Methods), The force was calculated from the
bead displacement and the trap stiffness (0.05 pN nmt in b; right axis),

Results

Stepwise movements of single kinesin molecules. Single kinesin
molecules were attached to a bead captured by an optical trap and
brought into contact with a microtubule attached to a glass surface
{Fig. 1a). The bead was illuminated diagonally by a focused red
laser and its dark field image was projected onto a quadrant photo-
diode. The displacement of the bead was determined by measuring
the differential output of the quadrant photodiode with nanometer
accuracy'.

The time course of kinesin movement showed a distinctive step-
wise pattern with regular 8-nm steps at forces greater than 0.5 pN;
this regular step size is clearly indicated by the Lines drawn at 8-nm
intervals in Fig. 1b. Kinesin moved primarily in the forward direc-
tien but occasionally in the backward direction (Fig. L, arrows).
We characterized these stepwise movements by analysing the force,
step size and dwell time between the stepwise movements.
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Figura 2 Step size of the forward and backward movements. a, Histograms
of the step size at 10 uM ATP and forces of 1-2, 4-5 and &-8 pN. Lines are the
best fits of the data to a gaussian curve; the peak pasition and width are 8.2 and
1.6 nm (1-2 pN}, 8.1 and 1.1 nm (4-5 pN}, and 8.4 and 0.9 nm {6-8 pN}, respec-
tively, b, Step size as a function of load, The step sizes (mean = 5.e.m.) were
obtained from the peak position in a at each load (ATP concentration 10 M,

n= 13-177, total = 937). The average step size at each load is 8.3 nm (line).

¢, Histogram for the step sizes of the back steps. Displacement data (<30 nm) at
ATP concentrations of 1 mM and 10 uM are included. The line is the sum of two
gaussian peaks fitted to the data; the positions and widths of each peak are -7.7
and 1.6 nm, and ~15.5 and 4.1 nm (twice the displacement at the main peak),
respectively. The 16-nm step cannot be resolved into two 8nm steps even at the
submillisecond temporal resolution. it is Ekely that the 16-nm steps are induced in a
single cycle of ATP hydrolysis, indicating that the back step may be due to the
rebinding of kinesin to other sites of the microtubule after detachment.

The step size was determined directly from the distinctive pat-
tern of movements in the time courses for kinesin {see Methods).
For the forward steps, the step size was 8 nm and was independent
of the load (Fig. 2a, b} and ATP concentration (8.0 and 8.3 nm at
ATP concentrations of 1 mM and 10 uM, respectively). For the
back steps, the step size was either 8 nm or 16 nm (Fig. 2¢) and was
independent of the load and ATP concentration (data not shown).

We also tested whether other short steps existed in the dwell
time between the 8-nm steps™®1%1*, Typical traces of the region
between the adjacent 8-nm steps on an expanded timescale showed
no evidence of short steps (Fig. 3a). To measure changes in dis-
placement with greater accuracy, we averaged the traces after syn-
chronizing the rising phases of the 8- steps at the start and end
of the dwell time®, The averaged traces did not show any significant
displacements (>1 nm) in the dwell time at temporal resolution of
1 ms (Fig. 3b). Similar results were also obtained from analysis of
the back steps (data not shown). Thus, kinesin moves enly in 8-nm
steps in the forward direction and in 8-nm and 16-nm steps in the
backward direction, but not in steps shorter than 8 nm. '
Directionality of the step. Kinesin moved primarily in the forward
direction at low loads. The occurrence of back steps (step size
<30 nm) and detachments (>30 nm) increased with the load
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Raw traces

Figure 3 Displacements of kinesin in the dwell ime. a, Raw Yraces of the step-
wise displacements recorded with a bandwidth of 500 Hz. b, Traces averaged at
the start and end step of the dwell time. The raw stepwisa movements shown in a
were collected from the time courses at forces of 1-7 pN fleft, dwell time 50 §
ms, n = 37; right, dwell time 200 + 20 ms, n = 15). The top traces were obtained
by averaging the individual time courses atter synchronizing the 4nm points of the
8nm steps {'start’ step, arrows). The accuracy of the averaging procedures was
about 1 ms, which was verified by the rise time of the individual averaged traces
{corresponding to the displacement from 1 nm to 7 nm). The bottom traces were
obtained by averaging the traces at the 4-nm point of the ‘end’ step, The ATP con
centration was 10 uM {a and b).

(Fig. 1c). We analysed the direction of movement by counting the
number of 8-nm steps, back steps and detachments as a function of
the load at 1-pN intervals from 0.5 pN to 8.5 pN at ATP concentra-
tions of 1 mM and 10 pM (Fig. 4a). At loads lower than 4 pN the
fraction of 8-nm steps was almost equal to 1, indicating that almost
all steps were made in the forward direction. As the load increased,
the fraction of the 8-nm steps gradvally decreased.

Correspondingly, the occurrence of back steps and detachments
increased with an increase in load, The sums of them are plotted as
the ‘backward movements’ {dotted lines) with respect to the ‘for-
ward movements’ (8-nm steps) in Fig. 4a. The fraction of backward
movements increased exponentially with load and intersected with
that of the forward movements at 7-8 pN.

We characterized the load dependence of the stepping direction
by calculating the ratio of the forward to the backward movements
at each load. The ratio decreased exponentially with load, and the
plots of ratio against load in the presence of 1 mM and 10 uM ATP
could almost be superimposed (Fig. 4b). These results show that
the fraction of forward and backward movements is dependent on
load but not on the concentration of ATP. Thus, the load modifies
the stepping motion, resulting in unidirectional movements.
Dwell time. To relate the 8-nm steps, back steps and detachments
to the kinetic pathway, we analysed the dwell time between the step-
wise movements, The dwell time was directly measured from the
movement time courses and averaged at each load and ATP con-
centration for the different types of stepwise movement (see
Methods). Figure 5a shows the average dwell times before an 8-nm
step at saturating (1 mM) and limiting (10 pM) concentrations of
ATP. The dwell time increased with load and decieased with con-
centration of ATP. The relationship between force and dwell time at
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Figure 4 Step directionality. a, Fraction of 8nm steps (circles), back steps (tri-
angles) and detachments (squares) as a function of the force. Fractions were
obtained from the number of 8:nm steps, back steps and detachments at each
force in the presence of 1 mM {n = 5-59, total = 380} and 10 uM ATP

{n = 8-186, total = 990). b, Ratio of the forward to backward movements. Data
were obtained at 1 mM ATP (open circles) and 10 uM (filled circles). Data are not
platted for points where backward movements were not observed. The plots at

1 mM and 10 M ATP were fitted o equation (1), with Ry = 221 and d = 2.9 nm.
The energy difference between the backward and forward direction barriers is
shown on the right.

an ATP concentration of 1 mM, plotted on the log scale, deviated
from a straight line (data not shown). This means that the rela-
tionship between force and dwell time cannot be described by a
simple exponential curve. The dwell time at saturating ATP con-
centrations has been shown to comprise load-dependent and load-
independent transitions?'?2, Taking into consideration the fact that
the ATP binding reaction is limiting at Jow ATP concentrations,
there are at least three transitions in a single dwell time.

Figure 5b summarizes the dwell time before the occurrence of
back steps and detachments. Each plot is the average dwell time at
each ATP concentration, obtained using the method used for the
8-nm steps. Notably, the dwell time of the back steps and detach-
ments was altered by the load and the ATP concentration. The
backward movements did not occur easily under high loads and
limiting ATP concentrations, similar to that found for the forward
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Figure § Dwell ime betwesn the adjacent stepwise movemaents. a, Dwell time
before the 8nm step as a function of force. Each point represents the average
dwell time at ATP conceatrations of 1 mM {open circles, i = 21-64, total = 327}
and 10 uM (fifled circles, n = 13-177, total 889). The curves were cbtained from
equations {3) and {6). b, Dwe!l time before the back step and detachment. Each
phot is the average value of the dwell time at 1 mM ATP (back step {open triangles),
n=8-9, total = 25; detachment (open squares), n = 9-10, total = 28} and 10 uM
ATP {back step (filed triangles), n = 6-18, total = 46; detachment (filled squares),

n = 6-23, total = 53). The dotted curves represent the unbroken lines in & and are
included for comparison. €, ATP turnover time was calculated from the dwell time in

movements (Fig. 5a). In fact, the dwell time of the back steps and
detachments could be essentially described by the curve fit used for
the 8-nm steps (Fig. 5b, dotted lines, and see below). Thus, the for-
ward and backward movements may be coupled to the same kinet-
ic pathway for the hydrolysis of ATP molecules.

According to Michaelis-Menten kinetics, a single dwell time
consists of the ATP binding and hydrolysis reactions. The former is
characterized by the Michaelis constant, K, which in this case
describes the affinity of kinesin for ATP. We calculated the K, at
each load from the ratio of the dwell time at 10 uM ATP to that at
1 mM ATP using equation (7) in Methods. The ratio was 3.8, 3.2
and 3.6 at 1, 3 and 5 pN, respectively (average ratio 3.7), and was
therefore independent of the force. Thus, the K, was 27 puM irre-
spective of the load, which enabled us to calculate the ATP turnover
time. Figure 5c plots the relationship between force and ATP
turnover time at ATP concentrations of 1 mM and 10 pM; the two
plots can be essentially described by the same curve (see below).
Our results indicate that the ATP binding reaction for kinesin is
independent of the load, which differs from the results of previous
studies'™'s, This discrepancy might be due to the different
approaches used for calculating the ATPase reaction: whereas we
used the individual dwell time for the 8-nm steps, other studies
used values obtained from averaged time traces''s,

Analysis of the bidirectional steps. We incorporated the forward
and backward movements into a three-state .model with some
modifications"™. The three states of K, K.T and K.D considered in
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a with equation (6} and K, = 27 uM. Piots in the presence of 1 mM {open circles)
and 10 M (filled circles) ATP have been fitted by equation {3} with r, = 7.0 ms, ,
= 1.3 ms and ¢ = 3.0 nm. d, Histogram of the dwell time before an 8nm step at
6~7 pN, The ATP concentration was 1 mM. The unbroken line is the fitting curve
obtained from simulating the three-step reaction model shown in Fig. 6a with Lab
VIEW v.5.1 {National Instruments)!3, Three rate constants were calculated from the
equations and parameters (Table 1). The broken line was obtained by simulating the
futile hydrolysis model, in which a single dwell time corresponds to two cycles of
the same three-step reactions (six-step reactions in total),

the analysis correspond to kinesin with no bound nucleotide, with
bound ATP and with bound ADP (or ADP.Pi), respectively
(Fig. 6a). The forward (f) and backward (b} movements occur in
parallel, such that the kinetic pathway branches at the K.D state.
The rate constant from K.D to K is given as the sum of k;;and k.
The ratio of the forward to backward movements is equal to k,/k,.
According to Arrhenjus/Eyring kinetics, the rate constant is related
to the activation energy of the barrier potential. We therefore used
an asymmetric potential to analyse the bidirectional stepwise
movements,

The activation energy of the forward and backward directions can
be described by E; + Fd;and E, + Fd,, respectively, where E,and E, are
the heights of the barrier maximum at zero load, and d;and d, are the
characteristic distances against the load F (Fig. 6b). If the Boltzmann
energy distribution is assumed, then the rates in the forward and
backward direction will be proportional to exp[—{(E; + Fd)/k,T] and
expl{E, + Fd )k, T], respectively”, where k; is the Boltzmann con-
stant and T'is the experimental temperature (298 K). The number of
forward movements relative to the baclward is equal to kyfk,, under
kinetic control and is given by:

ky/ky = Rexpi-Fd/ksT) (1)
d=d—d, (2)

where R, = exp|(E~E}/k,T] is the ratio of the rate constants at no
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Figure 6 Stepping kinetics of the bidlrectional movements. a, Branched kinet- ]

ic pathway. Kinesin attached to the microtubule with one motor domain (state K).
The ATP molecule binds to the head {state K.T) and is hydrolysed (state K.D). After
kinesin moves either to the forward or backward direction, the ADP molecules are
released {state K). b, Asymmetric potential of the activation energy (see text),

load and dis the difference of the characteristic distances. The plots
in Fig.4b were fitted by equation (1), with R;=22!1 and
d= 2.9 nm. The energy difference between the backward and for-
ward direction barrier maximums was 5.4 k,T at zero load, and the
difference decreased linearly with load, When the load reached
7.6 pN, the barrier height of the forward direction was equal to that
of the backward direction, and the directionality of the motion dis-
appeared. Thus, the stall force could be determined as the force at
which the probabilities of the forward and backward movements
were equal.

According to our branched three-state model, the ATP turnover
time, 7,,,, is composed of the inverse of k, and the inverse of ky + ky.
Thus, 1, is given by;

el el Jeend 2

where 7, is 1/k; and is independent of the load, and 7, is
1/(ky + ky,) in the absence of a load?'?2, The ATP turnover time at
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Figure 7 Mechanics and energetics. The stepping efficiency is df) = P, - A,
where P, and P, are the probabilities of the forward and backward movements (P, +
P, = 1}, respectively, and F is the force. Each ATP hydrolysis reaction is assumed
to result in a stepwise movement. The step size of the backward movement has
been standardized to 8 nm. a, Force—velocity relationships, Velocities in the pres-
ence of 1 mM {open circles} and 10 uM {filled circles) ATP were calcitated as Le/x,
where L is the step size of 8 nm and ris the average dwell time. When the
force—velocity relation is normalized to zero load levels, the velocity is no longer
dependent on the ATP concentration. The energy difference between the backward
and forward direction barriers is shown on the top axis. b, Energy efficiency and
power. Work is defined as W = LFe. The energy efficiency, £, and power, P, at an
ATP concentration of 1 mM were obtained from £ = W/A20k,T} {filled circles and
dotted line; left axis) and P = W/r (open circles and unbroken line; right axis).

ATP concentrations of 1 mM and 10 pM (Fig. 5¢) could be well fit-
ted by equation (3}, with 7, = 7.0 ms, t, = 1.3 ms and d,= 3.0 nm.
In addition, d, was calculated to be 0.1 nm by equation (2). The
small value of 4, indicates that the backward barrier height is not
greatly altered by the effect of a load. Table 1 shows the summary of
the rate constants at 0, 3.8 and 7.6 pN (the stall force), which is con-
sistent with previous studies using either a single-molecule assay*?
or steady-state kinetics®*. Thus, load dependence of the dwell time
can be mainly ascribed to the rate constant of k.

In the above discussion, we assumed that each cycle of the ATP
hydrolysis reaction is coupled to a stepwise movement. This
assumption has been confirmed at low Ioads®'> but not at high
loads. We therefore characterized the chemomechanical coupling at
high loads by studying the possibility of ‘futile hydrolysis™*'¢ —
that is, the possibility that ATP is hydrolysed but kinesin fails to
generate the movement, The histogram of the dwell time before an
8-nm step at 6-7 pN shows a monotonic decrease (Fig. 5d), consis-
tent with our model in which the kinetic pathway has one rate lim-
iting reaction at high loads and saturating ATP concentrations. If
the futile hydrolysis reactions occur frequently at high loads, then
the result would be a large shift in the position of peaks or the
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occurrence of the additional peaks. Such changes were not appar-
ent in Fig. 5d.

We next determined the number of ATP molecules consumed at

each stepwise movement by trying to fit the dwell time histogram
with curves corresponding to simple hypotheses?2¢, The histogram
could be fitted to the curve by assuming that one ATP molecule is
always consumed per stepwise movement (unbroken line, reduced
%= 1.1), but not by assuming that two ATP molecules were con-
sumed per stepwise movement (broken line, reduced %= 5.6).
Thus, the latter hypothesis was rejected at a significance of less than
1% using the x*-test. Similar results were obtained from the dwell
time histogram at other force levels. Therefore, futile hydrolysis
reactions do not occur frequently even at high loads, indicating that
the hydrolysis reaction of ATP molecules for kinesin most probably
results in a stepwise movement,
Mechanics and energetics of the stepwise movements. We charac-
terized the mechanical and energetic aspects of the bidirectional
movements of kinesin by calculating the velocity, run length, ener-
gy efficiency per ATP turnover and power. Qur calculations using
data from individual steps enabled us to compare our results with
previous values obtained from averaged traces.

Figure 7a shows the force—velocity curves of the stepwise move-
ments; these did not show linear'™' or upper concave'*'® relation-
ships, as found in previous studies, but were more similar to the
inverse proportion”. This discrepancy is most probably due to the
different methods used for calculating the velocity, that is, individ-
ual stepwise movements (used here) versus those obtained from
averaged traces'>', We estimated the run length of kinesin along a
microtubule from the stepping efficiency (Table 1). The run length
at zero load was about 3 um, which is reasonably consistent with
previous values+"**%, When a load was applied to kinesin, the run
length decreased exponentially with the increment of the load'¢ and
reached zero at 7.6 pN (Table 1}. We characterized the energetic
aspects of the bidirectional movement by the energy efficiency and
power, which we calculated from the work taking into account the
stepping efficiency (Fig. 7b). The energy efficiency and power
showed peaks at moderate loads, but these peaks had different posi-
tions. Notably, similar results have been reported for studies using
muscle fibres?.

Discussion

We have analysed the individual stepwise movements — that is, the
8-nm steps, back steps (<30 nm) and detachments (>30 nm) — of
kinesin travelling along microtubules. It seems that the hydrolysis
of single ATP molecules can be coupled to either the forward or the
backward movement. This indicates that the chemomechanical
coupling is not deterministic. Thus, kinesin may be a loosely cou-
pled motor because the ATP hydrolysis reaction does not necessar-
ily couple to the forward movement. How the forward and back-
ward movements are created through hydrolysis of ATP is outlined
below and in Fig. 6a.

In the absence of ATP, kinesin molecules attach to a microtubule
through one head (rigor), leaving the other one free (refs 29, 30;
state ‘K’}. ATP molecules bind to the head that is linked to the
microtubule according to Michaelis-Menten kinetics (refs 2, 24;
state ‘K.T’). We obtained a Michaelis constant of 27 uM, and this
value is independent of the load". Because the stepwise movements
take place through a load-dependent transition (Fig. 4), kinesin is
not able to move in the forward direction in the K.T state. The
nucleotide hydrolysis process from ATP to ADP (state ‘K.D’) caus-
es a structural change of the kinesin head**?, such that the binding
between kinesin and the microtubule is changed to a highly mobile
state¥*,

The unidirectional movement of kinesin has never been report-
ed in the presence of ADP, but no ATP; thus, the free energy released
from ATP hydrolysis is essential for creating the 8-nm step. This
energy may be stored in the ATP molecules'™, as demonstrated by
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a load-dependent asymmetric potential (Fig. 6b). Kinesin in the
energy-charged K.D) state is able to make an 8-nm step, although
there is also the risk of a back step or detachment, After the kinesin
molecule moves to the next binding site, the ADP molecule is
released and the head returns to the immobile state at the new
binding site (state ‘K’). This rapid dissociation might be involved in
inhibiting any additional movements, such that kinesin makes only
a single stepwise movement at each hydrolysis of ATP.

The load dependence of the stepwise movements is character-
ized primarily by the large characteristic distance, d;=3.0nm,
which indicates the existence of substeps'*®, In our experiments,
however, analysis in the millisecond time range showed no evidence
of steps shorter than 8 nm (Figs 2 and 3). Thus, the most likely
explanation is that the substep coincides with the rising phase of
the 8-nm step. This has already been proved by measuring the
nanometre displacements of kinesin with microsecond accuracy,
showing that the 8-nm step is composed of sequential 4-nm sub-
steps'”. These rapid two-step reactions can be explained by a ‘hand-
over-hand’ process, in which the two heads of kinesin work in a
coordinated manner'. A structural change in the motor domain
initiates the partner head to attach to the next binding site, which
is 8 nm from the initial binding site®®*!, The rear head then detach-
es from the initial binding site. In this mechanism, the role of each
head would alternate at each ATPase cycle.

But it has been reported that single one-headed kinesin mole-
cules can move processively along the microtubule”. This indi-
cates that the two-headed structure is not required for motility,
because a stepwise movement can be achieved by single head. Thus,
the role of the partner head might be to stabilize the
kinesin—microtubule complex, similar to the K-loop of the KIF1
motor*** or to biotin-dependent transcarboxylase (BDTC) in sin-
gle-headed kinesin®, and assist in movements towards the plus end
of the microtubule®, To move for a considerable distance, such as
the length of the motor domain (7 nm), the head that is attached to
the microtubule might step along the 4-nm repeat of tubulin
monomers*™! in a way that resembles hopping on one leg.

The stochastic behaviour of the forward and backward move-
ments can be explained simply by a model of biased Brownian
motion. Because Brownian motion is random, it must be biased in
the forward direction to produce the unidirectional movement
observed. In this study the forward and backward movements can
be explained by the Brownian motion of a mass particle on a one-
dimensional asymmetric potential of activation energy. According
to the Arrhenius/Eyring kinetics, the asymmetry of the potential is
ascribed to the different height of the barrier maximum,; the ener-
gy difference is 5.4 k, T (where T= 298 K) at zero load, which is
about a quarter of the free energy of the ATP hydrolysis (~20 k,T).

Alternatively, another idea for the biased Brownian motion has
been proposed on the basis of the thermal ratchet model***, In this
model, a simple motor consists of a ratchet and a pawl isolated at
different temperatures that produces work and unidirectional
motion. Two temperatures, T;and T;, control the probabilities of the
forward and backward steps of motor molecules, respectively; in
general, T, > T, = T (the experimental temperature), In the thermal
ratchet model, the probability of the forward movement but not the
backward movement is dependent on the load. This is consistent
with our results. Here, we calculated T, from the ratio of the forward
to the backward movement (Fig. 4b). We characterized an asym-
metric potential assuming that the barrier height is E (E= E=E,
regardless of the load) and the distance from the bottom to the for-
ward barrier maximum is equal to the step size, thus, d;= 8 and d,
=0 nm. The experimental data were fitted by T; = 2.8 T, leading to
T; = 834 K at the experimental temperature T= 298 K. The energy
barrier in the potential was 8.4 k, T, which is roughly half of the free -
energy of the ATP hydrolysis.

We used these procedures to estimate the T; of the other proces-
sive motor molecules — 225 dynein of Tetrahymena cilia®®, the
inner-arm dynein ¢ of Chlamydomonas flagella* and myosin V
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{ref. 22) — from the ratio of the step size to the characteristic dis-
tance. Notably, the T; of these motors is about 3T (~900 K}, which
is almost the same as that of kinesin. Thus, the ATP-driven proces-
sive motors, kinesin, dynein and myosin, would seem to be pro-
grammed to work with the same chemomechanical energy trans-
duction mechanism.

We conclude that the forward and backward movements of
Kinesin are created by a similar chemomechanical energy transduc-
tion mechanism. The stepwise movement is essentially Brownian
motion that is biased in the forward direction. The biased
Brownian motion is caused by the interaction between kinesin and
the microtubule, which is dynamically changed by the free energy
derived from the hydrolysis of ATP. O

Methods

Single-molecule assays

We obtained kinesin and rubulin from bavine brains and purified them as described™”, Tubulin was
labelled with t hytrhod idyl ester and then polymerized into microtubules. We
cartied out single-moicculc assays by using the improved optical trapping nanometry system® with
some modifications.

Kinesin was mixed with bead solution at a molar ratio of kinesin to beads of 0.5, to that the
kinesin-coated beads moved onto the microtubule with a probability of 0.31. Taking the geometry of
the kinesin on the bead into account'™”, the probability that a single kinesin molecule would interact-
ing with a microtubule was 0.95. We discarded the retults from beads with a maximum force of more
than 9 pN, because it was thought that on these beads more than two kinesin molecules were binding
t0 a microtubule. All the procedures were done at25 £ 1°C.

succini

Nanometry of the stepwlse movements

We recorded the bead displacements at a sampling rate of 20 kHz with a bandwidth of 10 kHz. The
force of kinesin was caleulated from the bead displacement multiplied by the trap atiffness (0.03-0.06
pN nm '}, which was determined from the variance of the thermal fluctuations of a trapped bead with
the equipartition theorem of energy’”. Kinesin displacements were calculated from the bead displace-
ments with an attenuation factor at each force'”, The average values of the attenuation factor obtained
from the thermal fluctuation of the bead berween the adjacent stepwise movements'" were 1,35. 1,10
and 1,06 at 1, 4 and 7 pN, respectively; the factor was i 1y prop I to the load®.

The stepwise movemnents of kinesin were cleardy observed after the time record was filtered with a
bandwidth of 500 Hz; the noise between the stepwise movements was about | nm {the standard devia-
tion gver the interval of 10 muy was 1,63, 0.88 and 0.73 nm at L, 4 and 7 pN, respectively), The step size
for the forward and backward movements was obtained directly from the individual stepwise move-
ments and determined as the difference between the average kinexin positions over a 5-ms interval
before and after the step.

The dwell time between 8-nm steps at near zero loads was estimated to be about 8 ms on average.
This value was obtained by dividing the diding velocity (960 nm s*'] by the step size (3 nm),
Therefore, submillisecond resolution is roquircd for detecting the individual stepwise movements. The .

I resolution for the experi ] sysiem was checked from the response time of the force gen-
enuon of kinesin-coated bead", This temporal resclution was essentially retained after passing
through the filter. This was confirmed by the absence of any large steps >16 nm [ref, 15) in the raw
traces (Figs | and 3) and histograms of the step size (Fig. 2a). Thus, cur experimental system was
¢quipped with a spatial and temporal resolution that was sufficient to detect all stepwise movemnents in
the time courses studied.

Dwell time

The dwell times between the adjacent stepwise movements were classified into three groups: an 8 nm
step at the end phase of the dwell time, 3 back step (<30 nm}, and a detachment {>3¢ nm), The dwell
time was measured as the time fromn the midpoint of a stepwise movement to that of the next in the
bead traces passed through a low-pass filter with a bandwidth of 500 Hz. The dwell time for the 8-nm
atep had a distribution with a peak &t high resolution. Thus, the average dwell time was obtained by
integrating the histogram of the dwell time and fitting it to the two-step reaction equation by least
squares*,

The average dwell time at 0 pN was estimated from the step size (8 nm) divided by the sliding velocity
without the optical rap. The diding velocity of kinesin was measured from the image analysis of bead
image” at ATP concentrations berween 1 and 1,000 uM. At very low ATP concentrations, an ATP
regenerating system {1 mM phosphoenolpyrubic acid and 16 univml phosphoenctpyruvate carboxyki-
nase, final concentrations) was added to the solution. The relationship between the velocity and ATP
concentration was fitted to the Michaelis-Menten kinetics equation with K, = 36 £ 3uM and V.,

= 860 £ 50 nm s, consistent with previous studies™®!,

ATP turnover time
According to novel Michaelis—Menten kinetics. the sliding velocity of the motor motecules, V, is
described as

v < Vouc JATP)

0
(ATP] + Koy

where V. is the sliding velocity at saturating concentrations of ATP and K, is the Michaelis
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constant'®®. In consideration of the stepwise movement of kinesin molecules, the microscopic vefogity
was defined as the step size (8 nm) divided by the dwell time, T, between adjacent steps. Thus, the
equation {4) can be described as

(5}

where T, is the ATP turnover time and this corresponds to the dwel time at satarating concentrations
of ATE. The ATP turnover time was calculated from

)
- (6)
i [“ TP ]

The dwell times in the presence of saturating (>>Xm) and limiting { <Xim) ATP are represented for t,,,
and T, respectively. The ratio of 1., to 1., was calculated as Follows

7

7o)

fm/fm-[l+w

If the ratio of the dwell times is not changed by the foad, then Km is independent of the load.
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ABSTRACT

Estrogen-related receptor o (ERRa) was Wentified as a gene related to
estrogen receptor a (ERa) and belongs to a class of nuclear orphan
receptors. ERRa binds to estrogen responsive. element(s) (ERE) and ks
considered to be involved In medulation of estrogenic actlons, However,
biological significance of ERRa remains largely unknown. Therefore, we
examined the expresslon of ERRa In human breast earelnoma tiuues
uwsing immunohistochemlstry (rl = 103) and nal-ﬁmc reverse transcrip-
tion-PCR (» = 30). ERRax lmmunormtivity was detected In the nuclel of
carcinoma cells Ii 35% of breast cancers examined, and relative mmu-
noreactivity of ERRa was significantly (P = 0.0041) assoclated with the
mRNA level Significant sssociations’ were detected between ERa and
ERE-containing estrogen-responsive genes, such as pS2 (P < 0.0001) and
EBAGY/RCASL (P = 0.0114), in bresst carcinoma tissues. However, no
significant association was detected between ERaxand pS2 (P = 0.1415) in
the ERRa-positive cases (» = 56) or between ERa and EBAGY/RCASL
(P = 0.8171) In the ERRa-negative group {# = 46). ERR« kmmunoreac-
tivity was significantly associated with an increased risk of recurrence and
adverse clinical outcome by both unl- (P = 0.0097 and P = 0.0053,
respectively) and multi- (P = 0.0215 and P = 0.0118, respectively) variate
analyses. A similar tendency was also detected In the group of breast
cancer patlents whe recelved tamorifen therapy after surgery. Results
from our study suggest that ERRax possibly modulates the expression of
ERE-containing estrogen-respomive genes, and ERRa immunoreactivity
is a potent prognostic factor In human breast carcinoma.

INTRODUCTION

Estrogens are well known to contribute immensely to the develop-
ment of hormone-dependent breast carcinomas (1, 2). Biologica!
effects of estrogens are mediated through an interaction with estrogen
receptor (ER) a and/or 8 (3). ERs activate transcription of various
target genes (f.e., estrogen responsive genes) in & lignnd-dcpcndcnt
manner by direct DNA interaction through the estrogen-responsive
element(s) (ERE) or by tethering to other transcription factors (4, 5).
Therefore, antiestrogens such as tamoxifen, which blocks ER, have
been mainly vsed as an endocnne therapy in breast carcinoma for
many years.

Estrogen-related receptor (ERR) family belongs to nuclear hor-
mone receptors, and consists of three closely related members (a, 8,
and y; Refs. 6 and 7). ERRs share significant homology to ERa at the
DNA-binding domain and recognize the ERE (8-10), which indicates
that ERRs modulate the actions of ERs (11-13). However, ERRs are
not activated by known natural estrogens and are therefore classified
as orphan receptors (14), ERRs can also bind to steroidgenic factor |
(SF1)-binding clement within the promoter regions of various steroi-
dogenic P450 genes including sromatase (15, 16),

Previous in vitro studies have demonstrated the mRNA expression
of ERRa in breast cancer cell lines (17) and breast carcinoma tissues
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(18). ERRa nctivated the expression of pS2, one of the estrogen
responsive genes (17), in breast cancer cells, and it has also been
reported that ERRa regulated aromatase expression in breast fibro-
blasts (11), However, a detailed examination of ERRa expression,
including at the protein level, has not been examined in human breast
carcinoma tissues, and the biological significance of ERRa remains
largely unclear. Therefore, in this study, we examined the immuno-
localization of ERRa in 102 cases of buman breast carcinoma tissues
and correlated these findings with various clinicopathological factors
including the clinical cutcome. In addition, we also examined mRNA
expression of ERRat in 30 cases of breast carcinoma tissues using
real-time reverse transcription-PCR and analyzed the com:lauon with
the ERRcr immunoreactivity or aromatase mRNA expression.

MATERIALS AND METHODS

Patients and Tissues. Cno hundred and two specimens of invasive ductal
caroinoma of the breast were obtained from female patients who underwent
mastectomy from 1985 to 1990 in the Department of Surgay. Tohoku Uni-
versity Hospital, Seadai, Jupan, Bredst tissue specimens were obtained from
patients with & mean age of 53.6 years (fange 27-82). None of the patients
examined used oral contraceptives. The patients did not reccive chemotherapy
or irnadistion before surgery. Eighty-cight paticnts received adjuvant chemo-
therapy, and ten patients received tamoxifen therapy afier the surgery. The
mean follow-up time was 106 months (range 4-157 months). The histological
grade of cach specimen was evalusted based on the method of Elston and Ellis
(19). All specimens were fixed with 10% formalin and embedded in panﬁ'm
WaX.

Thirty specimens of invasive ductal carcinoma were obtained from patients
who underwent masteotomy in 2000 in the Deparim ents of Surgery at Tohoku
Univenity Hospital and Tohoku Kosai Hospital, Scndm, Japan. Specnnem of
adiposs tissue adjscent to the carcinoma and non-neop! breast ti were
availsble for exxmination in 7 and § of these 30 cases, respeclively. Specimens
for RNA isolation were snap-frozen and stored at —80°C, and those for
immunohistochemistry were fixed with 10% formalin and embedded in par-
affin-wax. Informed consent was oblaincd from all patients befors their sur-
gery and examination of specimens used in this study.

Research protocols for this study were approved by the Ethics Committee at
both Tohokn University School of Medicine and Tchoku Kossi Hospital.

Antibodles. Mouse monoclonal antibody for ERRa (2215 844H) was pur-
chated from Pencus Protcomics Ino. (Tokyo, Japan). This antibody was
produced by immunizing mice with a systemic peptide corresponding to amino
acids 98-171 of ERRa (GenBank accession number; X51416), and the char-
acterization was confirmed by immuncblotting analyses.* Rabbit polyclonal
antibody for estrogen sulfotransferase (EST; SULT 1EZ gene; PV-P2237; Ref.
20) was purchased from Medical Biological ]..abontory (Nagoya, "Japan).
EBAGY/RCASI antibody was & rabbit polyclonal antibody 21, 22) aad was
kindly provided from Dr. S. Inous (Department of Biochemistry, Saitama
Medical School, Saitama, J'npnn). Monoclonal antibodies for ERa (ERIDS),
progesterone reoeptor (PR, MAB429), Ki-67 (MIB1), pS2 (M7 184). cyclin D
(PZD11F11), and o-mye (1-6E10) were purchased from Immunotech (Mar-
seille, France), Chemicon (Temecula, CA), DAKO (Cupmt:ﬁl, CA), DAKO,
Novocastra Laboratories (Newcastle, United Kingdom), and Cambridge Re-
scarch Biochemical (Cambridge, United Kingdomy}, reapectively. Rabbit poly-
clonal antibodies for ERB (06-629) and human cpidermal growth factor

* Perseus Proteomics Inc., unpublished data.
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receptor 2 (HER2; A0485) were obtained from Upstate Biotechnology (Lake
Placid, NY) and DAKO, respectively.

Immunohistachemistry. A Histofine kit (Nichirei, Tokyo, Japan), which
uses the streplavidin-biotin amplification method, was used for the identifica-
tion of ERRa, ERa, PR, EST, HER2, Ki-67, pS2, EBAGS/RCAS], cyclin D1,
and c-mye immunorcactivity, whereas EnVision™ (DAKOQ) was used for ER3
immunchistochemical analysis. Antigen retrieval for ERRa, ERq, ERS, PR,
HER2, Ki-67, EBAG®/RCAS], and cyclin D] immunostaining was performed
by heating the slides in an sutoclave at 120°C for § min in citric acid buffer 2
mM eitric acid and 9 mM trisodium citrate dehydrate (pH 6.0)], and similarly,
antigen retrieval for EST and pS2 immunostaining was done by heating the
slides in & microwave oven for 15 min in 4 citric acid buffer. Dilutions of
primary antibodies used in this study were as follows: ERRe, 1:1000; ERa,
1:50; ERB, 1:50; PR, 1:30; EST, 1:9000; HERZ, 1:200, Ki-67, 1:30; pS2, 1:30;
EBAGY/RCASL, 1:20; cyelin D1, 1:40; and o-myo 1:600. The antigen-anti-
body complex was visualized with 3,3'-diamincbenzidine solution {1 mwm
3,3'-disminobenzidine, 50 mM Tris-HCI buffer (pH 7.6), and 0.006% H,0,)
and counterstained with hematoxylin,

Human tissues of heart were used as positive controls for ERRa immuno-
histochemistry (23). As a ncgative contro] for ERRa immunchistochemistry,
normal mowse IgG was used instead of the primary antibody for ERRa, and no
specific immunoreactivity was detected in these sections.

Real-Time Reverse Transcription-PCR. Total RNA was carcfully ex-
tracted with guanidinium thiocyanste followed by ultracentrifugation in ce-
sium chloride. A reverse transcription kit (SUPERSCRIPT II Preamplification
system; Life Technologies, Inc., Grand hlmd, NY) was used in the aynthesis
of cDNA.

The Light Cycler System (Roche Disgnositics GmbH, Mannhcim, Ger-
many) was used to semi-quantify the mRNA level of ERRa, aromatase, and
ribosomal protein L 13a (RPL13A) by real-timo reverse transcription-PCR
(24). Settings for the PCR thermal profilc were as follos: initial denaturation at
95°C for 1 min followed by 40 amplification cycles of 95°C for 1 s, anncaling
a1 62°C (ERRa), 60°C (aromatase), or 68°C (RPL13A) for 15 1, and elonga-
tion st 72°C for 135 5. The primer scquences uscd in this study are as follows:
ERRa [X51416; forward 3'-TGCTCAAGGAGGGAGTGC-3' (¢cDNA posi-
tion; 785-802) and reverss 5'-GGCGACAATTTCTGGTTCGGGTCAG-
GCATGGCATAG-3' (¢cDNA position; 981-998)], aromatase [(X13589; Ref.
20; forward $'-GTGAAAAAGGGGQACAAACAT-3' (cDNA position; 1286-
1305) and revene 5'-TGGAATCGTCTCAGAAGTGT-3' (cDNA position;
1481-1500)], and RPLI3A [(NMO012423; 2%; forward 5'-CCTGGAG-
GAGAAGAGGAAAGAGA-3' (¢DNA position; 487-509) and reverse 5'-
TTGAGGACCTCTGTGTATTTGTCAA-3' (¢cDNA position; 588-612)). OI-
igonucleotide primers for ERRa were designed in different exons to avoid the
amplificstion of genomic DNA or human ERRa pscudo-gene (UB52358). To
verify amplification of the correct sequences, PCR products were purified and
subjected to direct sequencing. Human heart tissue was used as a positive
control for ERRa, whereas human placental tissue was uzed as & poitive
control for sromatase. Negative control experiments lacked cDNA substrats to
check for the pomibility of exogencus contaminant DNA, and no amplified
products were detected under these conditions. mRNA level for ERRa and
aromatsse in cach case has been summarized as w ratio of RPL13A and
subsequently evsluated as a ratio (%) compared with that of the positive
controls,

Scoring of Immunoreactivity and Statistical Analysis, ERRe, ERc,
ERB, PR, and Ki-67 immunoresctivity was scored in >1000 carcinoma cells
for each case, snd the percentage of immunoreactivity, Le., labeling index (LT,
was determined. In this study, cases that were found to have ERRa LI of
>10% were considered ERRa-positive breast carcinomas, according to &
report for ERa and PR by Allred ef ol (26). Immunoreactivity of EST was
classified into the following three categorics: ++, >50% positive cells; +,
1-50% positive cclls; and ~, no immunoreactivity, according to s previoul
report (20}

Values for LIs for ERRa, ERa, ERB, PR, Ki-67, ERRa mRNA Ievel,
patient age, and tumor size were summarized as 8 mean * 95% oonfidence
interval. The associstion between immunoresctivity for ERRa status and these
paramecters were evaluated wing & one-way ANOVA and Bonferroni test, The
association between ERRa and PR LIs, and the association between ERRa
mRNA and ERRa L] or aromatase mRNA were performed using & corrclation
cocfficieat (r} and regression equation. Statistical difference between ERRa

status and menopausal status, stage, lymph nods status, bistological grade,
ERa status, EST, or HER2 status was evaluated in a cross-table nsing the f
test. Overall and disease-fres survival ourves were generated sccording to the
Kaplan-Meier method, and the statistical significance was calculated using the
log-rank test Univariate and:multivarisie analyscs were cvaluated by Cox
proportional hazards model using PROC PHREG in our SAS software. Dif-
ferences with Pi < 0.05 were considered ngmfcnnt.

RESULTS

Immunchistochemistry for ERRa in. Breast Carcinoma Tis-
sues. Immunorcactivity for ERRa: was detected in ‘the nuclei of
invesive ductal carcinoma cells (Fig, L4). A mean value of ERRe LI
in the 102 breast carcinoma tissues' examined was 23.0% (range

0-75%), and a number of ERRo-positive breast carcinomas (i.e.,
ERRa LI ='10%) was 56 of102 cases (54.9%). ERRa i immunoreac-
tivity was focally "detected in epithelial cells of morpholog:cally
normal glands (Fig. 1B), whereas the stroma or ad:poso tissue was
|mmunoh1stochem:cally negative for ERRar. A mean value of ERRa
LI in non-neoplastic mammary epithelia was 14.6% (ra.nge 0-33%),
and the number of cases showing higher ERRa LI in carcinoma cells
than that in non-neoplastic memmary epithelia was 49 of 102 (48.0%).
In positive control sections for ERRa immunohistochemistry, ERRa
immunoreactivity was markcdly dctected in the nucle: of myocardlul
cells of the heart (Fig.' 1C).

Associations between ERRa 1mmunoreact1v1ty ‘and clinicopatho-
logical parameters in 102 breast carcinomas are summarized in Table
1. ERRa immunoreactivity tended to be posmvely assocmted with
ERa status and ERa LI and negatively associated with EST; however
the correlation did not reach a statistical significance (P = 0.0348,
P = 0.1485, and P = 0.1224, respectively). No significant association
was detected between ERRa immunoreactivity and the other clinico-
pathological paramcters examined, including patient age, menopausal
status, stage, tumor size, lymph node status, histological gmde, ERB
LI, PR LI, HER2 status, and Ki-67 LI, in this study,

Influence of ERRax Status on the Association between ERar and
Estrogen Responsive Genes. p52, EBAG9/RCASI, PR, cyclin D1,
and c-mye are all well recognized as estrogen-responsive genes in
buman breast cancers. As shown in Table 2, a significant positive
association was detected between ERa LI and the status of these
immunoreactivity genes except for c-myc in the 102 breast cancer
tissues examined (P < 0.0001 for pS2, P = 0.0214 for EBAGY/
RCASI, P < 0.0001 for PR LI, P = 0.0002 for cyclin DI, and
P = 0.9372 for c-myc), which agrees well with previous immunohis-
tochemical studies (22, 27-30). However, when the breast cancers
were classified into two groups according to ERRa status, no signif-
icant association was detected between ERa LI and pS2 in the group
of ERRa-positive breast carcinomas (P = 0.1415; n = 56) or between
ERa LI and EBAG9/RCAS] in ERRa-negative breast cancers
(P = 0.8271; n = 46). On the other hand, significant association was
detected between ERa LI and PR LI (P < 0.0001 in ERRa-positive
cases; P < 0.0001 in ERR a-negative cases) or cyclin D1 (P = 0.0126
in ERRa-positive cases; P = 0.0082 in ERRa-negative cases), re-
gardless of the ERRa status in the breast cancer cases examined.

No significant association was detected between ERRa LI and
these estrogen-responsive genes regardless of ERa status in 102
breast carcinoma tissues (Table 3). '

Correlation between ERRa Immunoreactivity and the Clinical
Outcome of the Patients. ERRa immunoreactivity was significantly
associated with an increased risk of recurrence (P = 0.007}, log-rank
test; Fig. 24). After univariate enalysis by Cox proportional hazards
model (Table 4), lymph node status (P < 0.0001), tumor size
(P < 0.0001), EST (P = 0.0035), and ERRa immunoreactivity
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Fig. 1. Immunchistochemistry for ERRa in invasive ductsl carcinoma. A, ERRa
immunoreactivity wes detected in the nuclei of invasive ducta] carcinoms cells. ERR,
estrogen-related receptor & B, in morphologically noemal mammary glands, immunore-
activity for ERRa was weakly detected in the nuclei of epithelial cells. €, in the positive
control for ERRa immunchistochemistry, ERRa immunoreactivity was detected in the
nucleus of myocardial ceils in the heart. Bar s 50 wm, respectively.

Table 1 Association betwsen ERRa immunoreactivity and clinicopathological
paramsters in 102 breast carcinomas

ERRa immunoreactivity

+ (n = 56) — (n = 46) P
Age (yrs)* 54316 528+ 18 0.527]
Menopausal status

Premenopauss] 27(26.5%) 20(19.7%)

Postmenopausa) 29(28.4%) 26(25.5%) 0.6329
Stage

I 14{13.7%) 15(14.7%)

I 35(34.3%) 26(25.5%)

m 7(6.9%) 5(4.9%) 0.6852
Tumor size (mm)* 2856218 24818 0.7443
Lymph node status

Pasitive 27(26.5%) 19(18.7%)

Negative 29 (28.4%) 27(26.5%) 0.4849
Histological grade

1 4{13.7%) 13(12.7%)

2 22 (21.6%) 14 (13.7%)

3 20(19.7%) 19 (18.6%) 0.6462
ERu« status

Positive 45 (44.1%) 30(29.4%)

Negative 11 (10.8%) 16(15.7%) 0.0348
ERa Ll 415+ 43 38152 0.1485
ERSLI* 15324 146+ 27 0.8493
FR LI* 456+ 43 40.7£51 0.4894
EST

- 35(34.3%) 24(23.5%)

+ 10 (9.8%) 15(14.7%)

++ 11 (10.8%) 7(6.5%) 0.1224
HER2 status

Positive 20 (19.6%) 15 (14.7%)

Negutive 36 (35.3%) 31 (30.4%) 0.7421
Ki-67LI* 24.7*20 274+ 27 0.4045

“ERRa, estrogen-related recepor &; ERa, estrogen receptor o; LI, labeling index;
EST estrogen sulfotransferase; HER, human epidertns] growth receptor 2.

# Dats are presented as mean = 95% confidence interval. ALl other values represent the
number of cases and percentage.

(P = 0.0097) were demonstrated as significant prognostic parameters
for disease-free survival in 102 breast carcinoma patients, A multiva-
riate analysis (Teble 4), however, revealed that only lymph node
status (P = 0.0015) and ERRa immunoreactivity (P = 0.0215) were
independent-prognostic factors with relative risks over 1.0, whereas
tumor size and EST were not significant.

Overall survival curve was demonstrated in Fig. 2B, and a signif-
icant correlation was detected between ERR« immunoreactivity and
adverse clinical outcome of the patients (P = 0.0018, log-rank test).
Using a univariate analysis (Table 5), lymph node status
(P < 00001}, tumor size (P = 0.0002), ERRa immunoreactivity
(P = 0.0053), EST (P = 0.0065), HER2 status (P = 0.0175), adjuvant
chemotherapy (P = 0.0233), and histological grade (P = 0.0310)
tumed out to be significant prognostic factors for overall survival in
this study. Multivariate analysis revealed that lymph node status
(P = 0.0085), ERRa immunoreactivity (P = 0.0118), and EST
(P = 0.0382) were independent-prognostic factors with a relative risk
over 1.0; however other factors were not significant in this study
(Table 5).

Ten patients received tamoxifen therapy after surgery, and these
cases were ERa-positive breast cancers. The disease-free and overall
survival curves in these patients were summarized in Fig. 2, Cand D.
ERRa immunoreactivity was also markedly associated with an in-
creased risk of recurrence and worse prognosis in the group of breast
cancer patients who received tamoxifen therapy, although Ps were not
available because no patient had a recurrence or died in the group of
ERRa-negative breast cancers. Association between ERRa immuno-
reactivity and clinical outcome of the patients was not significantly
changed regardless of the status of adjuvant chemotherapy after
surgery in this study (data not shown).
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Table 2 Correlation between ERa” and estrogen responsive gene immunoreactivities associated with ERRe status in 107 breast carcinomas

Total (n = 102) ERRa positive (1 = 56) ERRa negative (# = 46)
ERea LI P ERa LI P ERa LI P

pS2

Positive 547*40 543+ 55 538%65

Negative 288=5]) <0.0001 IB5x72 0.1415 148263 <0.6001
EBAG9/RCAS]

Positive 467244 516x59 408 =67 ’
" Negative 27913 0.0214 174 £ 6.1 0.0093 450 =164 08271
FR LI «0.0001 «<0.0001 . <0.0001

(r = 0.590) (r=0515 (r = 0.675)

Cyelin D1

Positive 57345 596260 45=70

Negative 1221+44 0.0002 37260 0.0126 265 =65 0.0082
c-myc

Positive 43753 479 * 68 374+133

Negative 4245 0.9372 48461 0.9583 198 +67 0.3321

Ps < 0.05 were considered significant, and described as boldfuce.

* ERa, estrogen receptor o; ERRa, estrogen-related receptor «; PR, progesterone receptor; LI, labeling index.

ERRa mRNA Expression in the Breast Carcinoma Tissues,
mRNA expression for ERRa, aromatase, and RPL13A was detected
a3 a specific single band (214, 215, and 126 bp, respectively) and was
semi-quantified by real-time reverse transcription-PCR. Expression of
ERRa mRNA was detected markedly in the breast carcinoma tissues
(657 = 9.0%) but was low in non-ncoplastic breast tissues
{254 = 6.0%, P = 0.0448 versus carcinoma tissues) or adipose
tissues adjacent to the carcinoma (12.6 * 7.3%, P = 0.0174 versus
carcinoma tissues; Fig. 34). ERRe mRNA expression was closely
correlated with the ERRa immunoreactivity evaluated as ERRa LI
(P = 0.0041, r = 0.509) in 30 breast carcinoma tissues examined
(Fig. 3B). However, mRNA expression of ERR« was not significantly
associated with that of aromatase (P = 0.6441, r = -0.088) in this
study (Fig. 3C).

DISCUSSION

In this study, ERRa immunoreactivity was detected in the nuclei of
carcinoma cells in 55% of breast cancer tissucs and was significantly
associated with its mRNA level. ERRa mRNA expression was dem-
cnstrated previously in various human breast cancer cell lines, breast
carcinoma tissues, and normal mammary cpithelial cells (17, 18), and
our present findings were in good agreement with thess previous
reports. Results in our present study also demonstrated that ERRa
immunoreactivity tended to be positively or inversely associated with
ERa or EST, respectively. The possible correlation between ERRa
and ERa expression remains controversial. Aniazi ef al, (18) reported
that increased ERRa mRNA levels were associated with ER-negative
and PR-negative tumor status in 38 breast cancer tissues and sug-

Tabie 3 Correlation between ERRa® and estrogen responsive gene i)

gested a possible unfavorable marker in the breast cancers. However,
Liu ef al (31) demonstrated that estrogens stimulate the expression of
ERRa in the human breast ceil lines, and suggested that ERRa is a
downstream target of ERa. On the other hand, EST catalyzes estro-
gens to biologically inactive estrogen sulfates (32, 33) and is consid-
ered to diminish estrogen actions in the breast cancers (20). Therefore,
our present results suggest that expression of ERRa is, at feast in a
part, associated with estrogenic actions.

In cur present study, significant associations were detected between
ERa and estrogen responsive genes such as pS2, EBAGS/RCASI,
PR, and cyclin D1, as was reported previously (22, 27-29). However,
the significant association between ERa and pS2 or EBAG9/RCASI
disappeared in the group of ERRa-positive or -negative breast can~
cers, respectively, On the other hand, correlation between ERa and
PR, cyclin D1, or c-myc was not influenced by ERR« status in these
breast cancer patients examined. Both pS2 and EBAGY/RCAS] genes
are induced by ERa through an ERE in the promoter region (34, 35).
However, functional ERE has not been identified in PR (36) and
cyclin D1 (5), and these are considered to be induced by ER through
the interaction between ER and other DNA-binding transcription
factors. Considering that ERa and ERRa directly compete for binding
EREs (13), our present data suggest that ERRa mainly modulates
ERa-mediated ERE-dependent transcription and changes the expres-
sion pattem of estrogen-responsive genes in the breast cancer cells.

ERRa immuncreactivity was significantly associated with an in-
creased risk of recurrence or adverse clinical cutcome of the patients,
and results of multivariate analyses demonstrated that ERRa immu-
noreactivity is an independent-prognostic factor. Estrogens induce

activities axsociated with ERa status in }02 breast carcinomas

Total (n = 102) ERa positive (n = 75) ERa negative (0 = 27)
ERRa LI 14 ERRa LI P ERRa LI P

ps2

Positive 35+27 230x29 21786

Negative 224*34 0.7981 21745 03T 163438 02776
EBAG9/RCAS]

Positive 22626 . 242x30 185+ 49

Negative 236*58 0.8834 218 %+68 0.7542 %0113 0.5341
PRLI 0.5072 0.9069 0.9671

(r = 0.065) (r = 0.014) {r = 0.008)

Cyclin DI

Positive 247*134 248 %36 233110

Negative 218 +23 05134 24234 09053 18147 0610
c-myc

Positive 25013 : 25837 n5+17

Negative 20=x238 0.4943 237234 0.6543 17853 0.6100

* ERRa, estrogen-related receptor a; LI, labeling index; ERa, estrogen receptor o, PR, progesterane receptor.

4673

— 155 —



ERRa IN HUMAN BREAST CANCER

A ERRa immunoreactivity
§ 100 —m e |
3 w] omeeee a9
% o | +(n=56)
g
$
8 0]
-é‘- o P=0.0071
0 2 4 6 80 100 120 140 160
Months after operation
B
ERRa immunoreactivity

100 1 ateduint T PRI
& : (n =46)
= 801
g + (n =56)
£ 0
2
= 407
g
S 204
o .| P=o000s

0 20 40 60 80 100 120 140 (60
Months after operation

c ERRa immunoreactivity
’-‘100- badi R .(n=3)
g
ER
©
o ;
“? 40 —I
% 20 o +{o="7)
a o

0 20 4 6 80 100 120

Months after operation
D .
ERRa immunoreactivity
L e m e (n=])
¥ w0
=
2z
E L
2 0 +(=7)
g 204
o
Q 4
0 20 40 60 80 100 120

Months after operation

Fig. 2. 4 and B, discase-free (4) and overall (B) survival of 102 patients with breast carcinoma aceording to ERRa immunoreactivity (Kaplan-Meier method). ERRa
immunoreactivity was significantly sssociated with an increased risk of recumence (P = 0.0071, log-rank test; A, and worse prognosis (P = 0.0018, log-rank test). Cand D, discase-free
(C} end ovenal] (D) swrvival of 10 paticnts received tamoxifen therapy sfter surgery sceording 1o ERRa immunoreactivity (Kaplan-Meier method). ERRa immunoreactivity was also
associsted with an increased risk of recurrence (C) and worse prognosis (D) in the group of patients who received tamoxifen therapy. Ps were not calculated, becauss no patient had
@ recurrence of died in the group of ERRa-negstive breast cancer patients. ERR, estrogen-related receptor a

Table 4 Univariale and multivariate analyses of disease-free survival in J02 breast

cancer patients examined
P
Relative risk
Variable Univariate  Multivariate (95% C19

Lymph node status (pN,pN*  <0.0001° 00015  2.593 (1.441-4.666)
Tumor size (75-7 mm)“ <0.0001* 0.3306

EST (—/+, ++) 0.0038 - 0.0613

ERRa immunoreactivity 0.0097 0.0215 1.953 {1.116-3.149)

(positive/negative)

e-myc (positive/negative) 0.0581

Adjuvent chemotherapy (nofyes) 0.1305

Ki-67 LI (210/<10) 0.1795

HER2 status (positive/negative) 0273

Histaological grade (31, 2) 02911

ERa status (positive/negative) 0.4363

“Cl, confidence interval; EST, estrogen sulfotransferate; ERRey, estrogen-related
recepior e, HER2, human epidermal growth factor receptor 2; LI, labeling index; ERc,
esirogen receplor

# Data were evaluated es continuous variables i the wni- and multivariste gnalyses. All
other data were evalusted as dichotomized variables.

* Duta were considered significant in the univariate analyses, and were examined in the
multiveriate analyses.

various estrogen responsive genes in breast cancer cells, and these
genes include not only activators of cell growth such as cyclin D1 (37)
or c-myc (38) but also relatively good prognostic markers such as pS2
(29) or PR (39). ERRs display significant constifutive transcriptional
activity (7, 9, 40). Therefore, poor clinical outcome in ERRa-positive
breast cancer patients may be partly caused by constitutive modula-

tion of the expression of estrogen-responsive genes, although we
could not directly demonstrate such hypothesis from our present data,
because of the lack of mechanistic examinations and the relatively
limited number of cases examined in this study. Additional examina-
tions are required to clarify the detailed mechanism of ERR e action in
the breast cancer tissues,

Table § Univariaie and multivariate analyses of overall survival in 102 breast cancer

patients exantined .
P
Relative risk
Variable Univariate Multivariste (95% C1")
Lymph node status (pN,-pN,Y*  <0.0001°  0.0085 2414 (1.252-4.653)
Tamor size (75-7 mm)® 0000 02675
ERRe immunoresctivity 0.0053* 0.0118 5.076 (1.217-21.173)
(positive/negative)
EST (~/+, +4) 0.0065° 0.0382 4.101 (1.027-19.705)
HER2 stahuy (positivemegative) ~ 0.0178° 04669
Adjuvent chemotherapy (nofyes) 0.0233° 0.0635
Histological grade (3/1, 2) 0.0310° 0.1453
Ki-67 LI (=10/<10) 0.1318
c-myc (positive/negative) 0.2697
ERa status (positive/negative) 0.7646

“Cl, confidence interval; ERRa, estrogen-selated receptor o EST, estrogen sulfo-
transferase; HER2, human epidermsl growth factor receptor 2; L, labeling index; ERe,
estrogen receplor o

# Data were evalusted as cantinucus variables in the uni- and multivariste analyses. All
other data were evaluated ss dichotomized varisbles.

© Data were considered significant in the univariste analyses, and were examined in the
multivariate anelyses.
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