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Fig. 3. TEM imagss of fluorescence microspheres coated with silica for 10.9 M water, 0.4 M ammonia and 0.02 M TEOS at PVP concentrations of (a)

Ggfl, (b) 0.01 g/, (c) 0.1 p/, {d) 1.0/ and (&) 101

silica particles were still observed in Fig. 3(c}. The surfaces
of silica shell were smoother with the increase in PVP con-
centration. In our research, it can be considered that PVP
improved an affinity between the silica nuclei and the fluo-
rescent microsphere surfaces.

3.2. Effect of water concentration

Fig. 4 shows TEM micrographs of silica-coated fluores-
cent microspheres prepared at various water concentrations.

In Fig. 4(a)-(c}, homogeneous silica shells were observed
on the surfaces of the fluorescent microspheres and their
thickness increased from 13 to 60mn with the water con-
centration. As Bogush and Zukoski reported [26], an in-
crease in water concentration in TEOS/NHa/water/ethanol
solution dissociates ammonium hydroxide and brings about
an increase in electric conductivity that corresponds to fonic
strength. Since the increase in ionic strength reduces electro-
static repulsion between particles, the growth of silica shells
was probably promoted.

@], .

Fig. 4. TEM images of fluorescence microspheres coated with silica for 10/l PVP, 0.4M ammenia and 0.02 M TEOS at initial water concentrations of

(a) L.13 M, (b) 5.0M, {c) 10.9M, (d) 13.0M and (¢} 17TM.
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Many core-free silica particles were also observed and
their average sizes increased from 41 to 92nm with the
water concentration. In Fig. 4(d) and (e}, such silica parti-
cles adhered to the fluorescent microsphere surfaces and no
more homogeneous shell was observed, which can not be
explained by the change in ionic strength that was the fac-
tor causing the silica shell growth as shown in Fig. H{a)r(c).
Because the dielectric constant of water/ethanol mixture in-
creascs with water concentration, silanol groups on the silica
particle surface probably tend to ionize with increasing wa-
ter concentration. This might increase affinity of the silica
particles for the dispersant. Therefore, silica nuclei gener-
ated during the early stages of the sol-gel reaction probably
grew as stable core-free silica particles.

3.3, Effect of anmmonia concentration

Fig. 5 shows TEM micrographs of silica-coated fluores-
cent microspheres prepared at different ammonia concen-
trations. At an ammonia concentration of 0 M (Fig. 5(a)),
no silica shell and no silica particle was observed because
of a shortage of catalyst. At ammonia concentrations of
0.2-0.8M (Fig. 5(b)-{d}), the thickness of silica shell in-
creased from 38 to 43 nm with the increase in ammonia con-
centration. Addition of ammonia increases the ionic strength
of the solution and catalyzes the hydrolysis and condensa-
tion of the alkoxysilanes [27]. Thus, the high ammonia con-
centration should reduce the double layer repulsion between
the fluorescent microspheres and the silica nuclei. As a re-
sult, the silica shells grew on the microsphere surfaces. At
an ammonia concentration as high as 1.2 M, the fluorescent
microspheres aggregated with the secondary generated silica
particles (Fig. 5(e)). The high ammonia concentration ex-

tensively accelerated the sol-gel reaction of TEOS and then
the core-free silica particles were generated from the silica
nuclei and grew much before the silica nuclei was used for
the silica shell formation.

3.4. Effect of TEOQS concentration

Fig. 6 shows TEM micrographs of silica-coated fluores-
cent microspheres formed at various TEOS concentrations,
Some silica particles were observed and their size tended to
increase with the TEOS concentration. The ionic strength
decreases as a sol-gel reaction of TEOS proceeds and then
secondary silica particles are generated [28.29]. Since the
high TEOS concentration should increase a source of silica,
the silica shell grew. The silica shell thickness was varied
from 13 to 138 nm as initial TEOS concentration increased
from 0.00038 to 0.2 M. This means the shell thickness can
be controlled within a certain threshold. The thickness of
silica was smaller than those estimated from initial TEOS
concentrations, because of the generation of the core-free
silica particles.

3.5. Photo-bleaching

Fig. 7 shows the time-dependence of the fluorescence
intensity. The fluorescence intensity of the silica-coated flu-
orescent microspheres was lower than that of the uncoated
ones up to 15min. However, the laser-irradiation over
15min reversed the order of the fluorescence intensites.
For making clear a difference between the silica-coated
microspheres and the uncoated ones, the fluorescence in-
tensities were normalized by the value of fluorescence
intensity measured before the laser-irradiation, as shown in

*
4

Fizg. 5. TEM imapes of fluorescence microspheres coated with silica for 10g/1 PVP, 10.9M water and 0.02M TEOS at initial ammonia concentrations

of (a) OM. (b) 0.2 M. () 0.4M, {(d) 0.8M and (e} |.2M.
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Fig, 6. TEM images of fluorescence microspheres coated with silica for 10g/1 PVE, 10.9M water and 0.4 M ammonia at initial TEOS concentrations of

{2) 0.00038 M, (b) 0.0015M, (c) 0.009 M, (d) 0.02M and (¢} 0.2 M.

the inset. Time-dependence of the normalized fluorescence
intensity for the silica-coated fluorescent microspheres was
weak compared to that of the uncoated fluorescent micro-
spheres, which is evidence that the silica-coated fluorescent
microspheres were more stable in respect to their lumines-
cence property than the uncoated ones. Singlet state oxygen
molecules decompose dye molecules in their exited stage.
[5-7). This stable fluorescence property is probably related
to the diffusional limitations of oxygen melecules inside of
the flucrescent microspheres through the silica shell. Such
stabilization by the silica-coating will be of importance in
the preparation of stable materials for practical applications.
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Fig. 7. Fluorescence infensitics of silica-coated fluorescent microspheres
and uncoated ones as a function of laser-irradiation time. The silica-coating
was employed at 10g1 PVP, 10.9M water, 0.4 M ammonia and 0.02 M
TEOS. The inset shows fluorescence intensily normalized by the value
of fluorescence intensity measured before the laser-irradiation.

4, Conclusion

A synthetic methed was developed for the stabilization
of fluorescent microspheres. The method was based on the
deposition of a silica shell on the flucrescent microsphere
cores. The silica-coating was performed with a sol-gel re-
action of TEOS in the presence of PVP and the fluores-
cent microspheres. Homogeneous silica shells were formed
on the fluorescent microspheres in the presence of PVP. At
high water and ammonia concentrations, no formation of ho-
mogeneous silica shells could be performed. With increas-
ing TEQS concentration, the silica shell thickness increased.
Concentration effects can probably be explained by differ-
ences in ionic strength of the solution. It was observed that
the silica~coated fluorescent microspheres provided high Iu-
minescence stability, compared with uncoated ones. This
property is significant for biomedical application.
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Biophoton emission is defined as extremely weak light that is ra-
diated from any living system due to its metabolic activities,
without excitation or enhancement. We measured biophoton im-
ages of tumors transplanted in mice with a highly sensitive and
ultra-fow noise CCD camera system. Cell lines employed for this
study were AH109A, TE4 and TE9. Biophoton images of each tu-
mor were measured 1 week after carcinoma cell transplantation
to estimate the tumor size at week 1 and the biophoton inten-
sity. Some were also measured at 2 and 3 weeks to compare the
biophoton distribution with histological findings. We achieved
sequential biophoton imaging during tumor growth for the first
time. Comparisen of microscopic findings and bicphoton intensity
suggested that the intensity of biophoton emission reflects the
viability of the tumor tissue. The size at week 1 differed between
cell lines, and the biophoton intensity of the tumor was corre-
lated with the tumor size at week 1 (correlation coefficient 0.73).
This non-invasive and simple technique has the potential to be
used as an optical biopsy to detect tumor viability. {Cancer Sci
2004; 95: 656-661)

Itraweak biophoton emission is defined as extremely weak
light originating from living things as a result of their met-
abolic activities. This phenomenon has been recognized to oc-
cur without enhancement or excitement by chemical

administration or light irradiation. Ultraweak biophoton emis- .

sion ranges from the ultraviolet to the near infrared, and its in-
tensity is generally lower than 10-° W/cm?, i.e., less than 1/
1000 of the human visible light intensity,

Many living systems have been shown to exhibit biophoton
emission since the invention of photo-multiplier tubes,? includ-
ing proliferating Saccharomyces cerevisiae, longitudinal sec-
tions of bamboo shoot, injured soybean seedlings and fertilizing
sea urchins.-9 All the results are consistent with pathological
or physiological significance of biophoton emission. Samples
from human beings, including smoker’s breath and serum, also
exhibit ultraweak light emission.® Thus, biophoton emission
may be an indicator of pathological conditions in patients.

Cancer is a major cause of human mortality, and many diag-
nostic methods have been developed. Trials on ultraweak bio-
photon measurement of the serum or urine from cancer patients
have also been performed for diagnostic applications.”® Eleva-
tion of ultraweak light intensity from serum or urine has been
attributed to metabolic changes in patients. Thus, measurement
of carcinoma lesions might provide more accurate information
on the pathological status of cancer. Shimizu et al. measured
biophoton intensity from transplanted malignant tumors? and
observed differences among the tumors, and Amano et al. pre-
sented biophoton images of bladder cancer transplanted in nude
mice.'® Although these results suggest the feasibility of biopho-
ton measurement for cancer diagnosis, there has been no report
discussing applications based on specific pathological features
for cancer diagnosis.

In a recent study, we detected changes in biophoton emission
from proliferating carcinoma cell cultures using a flow culture

656-661 | CancerSci | August2004 | vol. 95 | no. 8

system coupled with a highly sensitive apparatus.'V In the
present study, TE9, an esophageal carcinoma cell line, exhib-
ited quite similar changes in biophoton intensity during cell
proliferation, and we measured the specific biophoton spectrum
of a cell culture for the first time. The results demonstrated the
applicability of biophoton measurement to the detection of cell
proliferation for cancer diagnosis. Growth rate is one of the
most important of the factors that define malignancy, and the
results lead to the idea that biophoton emission may reflect the
growth potential of the tumor.

In the present study, we investigated the relationship between
biophoton intensity and tumor size after 1 week to ascertain the
relationship of biophoton properties with the tumor growth po-
tential. Furthermore, we took weekly measurements of the bio-
photon images of 3 different types of tumor for 2 or 3 weeks
and compared them with the tumor histology to clarify the rela-
tionship between tissue distribution and the two-dimensional
biophoton emission tmage. The feasibility of specific applica-
tion of biophoton imaging is discussed.

Materials and Methods

Instrumentation. For the imaging of ultraweak light emission,
a cooled charge-coupled device (CCD) camera system
{ATC200C, Photometrics, Inc.) was utilized. A back-illumi-
nated type of CCD (TK1024AB2, Tektronix, Inc.) is incorpo-
rated in the camera system with cooling at —120°C using liquid
nitrogen. The camera head is mounted on a completely light-
tight chamber, which includes a temperature-controlled mount-
ing bed to maintain the body temperature of a mouse (Fig. 1).1»
A lens system (Nikor F/1.2, Nikon) was used for imaging an
observation area measuring 100x100 mm. The CCD has a
spectral sensitivity over the wavelength range from 400 to 1000
nm with a maximum quantum efficiency of 73% at 700 nm.
Pixel size of the CCD is 24x24 pm with 1024x 1024 format. In
the experiments, the CCD camera was operated in 2x2 binning
mode, with a resulting spatial resolution of 48x48 pm, which
corresponded to a resolution of 190 pm on the object. Integra-
tion time for each measurement was 1 h. The minimum detect-
able intensity of the emission on a sample surface under the
above condition is estimated to be 1.0x10?% photons/sfcm?, tak-
ing into account read-out noise and the dark current of the
CCD, and the total light detection efficiency of the system. One
count of the intensity indicated in figures corresponds to
1.64x10* photons emitted on the surface.

Image processing was made based on grey scale images of
tumors. The images in figures shown in this article were further
modified by converting emission intensity to specific colors ac-
cording to a color bar (Fig. 2). Image processing for elimination
of background noise induced by high-energy particles was ap-
plied with threshold filtering. The average emission intensity in
the total region of the tumor was evaluated after subtraction of

*To whom correspondence should be addressed. E-mail: noriaki-o@umin.ac.jp
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Fig.2. Biophoton image and pathological findings of AH109A at week 1. The arrows drawn on the tumor corresponds to the cross-sectional line.

the background emission of the mouse determined at a circular
region of 600—800 pixels between the blade bones, which ex-
hibited good reproducibility with the lowest biophoton emis-
sion in the body of the mice.

Cell lines. The cell lines used in the present study were TE4,
TE9 and AHI109A. Both TE4 and TE9 are human esophageal
carcinoma cell lines established in our department.' AH109A
is a rat hepatoma cell line.'¥ All of the cell lines were cultured
in an RPMI1640 medium supplemented with 10% fetal bovine
serurn. The TE4 and TE9 cells were harvested for transplanta-
tion after detachment with trypsin and ethylenediaminetetraace-
tic acid (EDTA) when the cells were confluent on the bottom of
the flasks. The AHI09A cells proliferated as a suspension in
the medium, The cel! suspension was then centrifuged, and

Takeda et al.

cells were collected for transplantation,

Chemicals and animals, We used RPMI1640 medium supple-
mented with 10% fetal bovine serum (FBS) without phenol red
for cell culture. The RPMI1640 medium was purchased from
Life Technologies, Inc. (Grand Island, NY) and the FBS was
purchased from ICN, Inc. (Costa Mesa, CA). EDTA and trypsin
were used to detach the cells from the bottom of the sample cu-
vettes and culture flasks. The EDTA was purchased from Life
Technologies, Inc. and the trypsin was purchased from ICN,
Inc. All chemicals were of culture grade.

Mice supplemented in this study were nu/nu male nude
mice, 5-7 weeks old, purchased from Charles Liver, Inc.

Sample preparation and experimental details. Cells of each line
(107 cells) were suspended in 0.1 m! of saline {(cell volume 0.1

CancerSci 1 August2004 | vol.95 | no.8 | 657



*solid line circles: live tissue, dotted line circles: necrotic tissue

Fig. 3. Changes in the ultraweak biophcton images with tumor growth. Ultraweak biophoton images taken after cell transplantation: week 1,

week 2 and week 3,

ml) and 0.2 ml of cell suspension was injected subcutaneously
into the backs of the nude mice. After transplantation, the mice
were anesthetized with pentobarbital (0.05 mg/g) by intraperi-
toneal injection and fixed on a temperature-controlled sample
table in a completely light-shielded sample; chamber. Then bio-
photon imaging was performed for 1 h with detection of the
raw image obtained by a biophoton detector under very weak
illumination for estimation of tumor size. Thereafter, the mice
were kept in their cages for 1 week and biophoton imaging was
performed again for another hour. The correlation between tu-
mor growth rate and biophoton intensity was made at week 1
because AH109A exhibited the fastest growth at that time
point; at later times, tumor necrosis appears, and heterogeneity
of growth occurs so that the growth rate cannot be properly es-
timated. Throughout the measurements, the body temperature
of the mice was kept at about 37°C.

In some cases the nude mice were kept for 3 weeks for detec-
tion of ultraweak biophoton images and pathological examina-
tion. After biophoton imaging, the mice were sacrificed by
cervical dislocation, and the tumors were excised and embed-
ded in 10% buffered formalin for fixation. We sketched the
shape of the tumor mass when we cut the sample for formalin
fixation, and we compared the sketch of the pathological sam-
ple with the biophoton images. The measurement points of bio-
photon intensity were carefully identified. Comparison of the
biophoton images and pathological slices revealed the relation-
ship between the pathological findings and the two-dimensicnal
biophoton images.

All animal experiments were approved by the Institutional
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Laboratory Animal Care and Use Committee of Tohoku Uni-
versity. All experiments were performed under UKCCCR
guidelines (Workman ef al., 1998).'%

Evaluation of growth rate and statistical analysis, Since the same
numbers of cells in the same volume of 0.1 ml were introduced
at the point of transplantation, we determined the size of tumors
at week 1 to calculate the growth rate. The tumor size at week 1
was estimated from the product of the longest diameter and its
perpendicular diameter. Tumor height was not measured at
week 1 because the tumor was so thin that it was very difficult
to measure. ‘

Estimation of the tumor size and the emission intensity of
biophoton images at week 1 were performed for 7 TE9 tumors,
9 TE4 tumors and 17 AHL09A tumors. The emission intensity
was measured by averaging the total tumor area with subtrac-
tion of background biophoton intensity obtained from the data
measured at the midpoint of bilateral blade bones on the back
of mice (this point exhibited the most stable biophoton intensity
in the body throughout the measurement period).

The correlation coefficient was calculated from the biopho-
ton intensity and tumor size (area) or square root of tumor size
at week 1.

Biophoton intensity and tumor viability. To compare live and
necrotic tumor, we observed 5 AH109A xenografts at 3 weeks,
We classified each area into live or necrotic tissue, then we
measured the biophoton intensity of corresponding circular ar-
eas of 697 pixels in biophoton images (Fig. 3). The intensity
was measured in 40 live areas and 26 nectotic areas. Statistical
analysis was done with a two tailed ¢ test.

Takeda et al.
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tumar size at week 1, Tumor size and ultraweak biophoton intensity at
the first week are plotted in the graph. The correlation coefficient of
the tumor size at week 1 and ultraweak biophoton intensity is 0.73.

Results

Tumor growth and biophoton imaging. The tumors exhibited
different growth modes for each cell line. Representative
growth time courses and biophoton images are shown in Fig. 2.
The rat hepatoma cell line AH109A showed the most rapid
growth, reaching a size of about 700 mm? in 3 weeks. The hu-
man esophageal carcinoma cell line TE4 grew to the size of
about 100 mm?® in 3 weeks and the human esophageal carci-
noma cell line TEQ grew to the size of about 40 mm? in a week,
but shrank thereafter. The size of TE4 at week 1 was 24 mm?,

The biophoton patterns also showed differences in each tu-
mor cell strain. Although AH109A exhibited a homogeneous
biophoton pattern at week 1, it exhibited a heterogeneous pat-
tern after 2 weeks (Fig. 2). The emission intensity from TE4
was rather weak in the first week, but became more intense in
weeks 2 and 3, The biophoton pattern from TE4 showed homo-
geneity until the third week. In contrast, TE9 showed very
weak light emission; tumors were recognized as arising from
the lower biophoton intensity area compared to neighboring
normal tissue throughout the measurement period.

Nude mice showed specific biophoton emission related to in-
ternal organs and muscles in all measurements.

Comparisons of the biophoton pattern and surface appear-
ance of the tumors showed distinct differences. In Fig. 3, part

Takeda et al.

Table 1. Comparison of tissue viability and biophoton intensity of
AH103A

Tissue viability Biophoton intensity

Live tissue

2.93%3.34"
] 2
10.76£6.52"

Necrotic tissue

1) Photon counts/pixel/h.
2) P=2.30E-8.

of the tumor showed high-intensity biophoton emission despite
being covered with necrotic skin. In ancther area, the tumor
showed low-intensity biophoton emission despite being covered
with normal skin. Pathological findings suggest the area with
high-intensity biophoton emission contains live tissue and the
area with low-intensity biophoton emission contains necrotic
tissue (Fig. 3).

Biophoton intensity and tumor growth rate. Pathological obser-
vation of AHI09A at week | revealed homogeneous tissue
(Fig. 4).

The average biophoton intensities of the TE9, TE4 and
AHI09A tumors at week 1 were 3.37+2.23, 2.42+3.09 and
13.55+8.40 counts/pixel/h, respectively. After 1 week,
AHI109A reached 167.1£535.1 mm? while TE9 grew to
41.4+18.7 mm? and TE4 grew to 24.1+12.7 mm?. AHI09A
showed the highest emission intensity among all the tumors.
The biophoton intensity of AH109A was significantly higher
than those of TE9 and TE4 (P=0.0001 and P=0.00006, respec-
tively). The P value between TE4 and TE9 was 0.49,

The relationship between biophoton intensity and tumor size
at week 1 is shown in Fig. 5. The correlation coefficient of the
biophoten intensity and tumor size at week 1 for all tumors was
0.73 and the correlation coefficient of the biophoton intensity
and the square root of tumor size was (.82.

Biophoton intensity and tumor viability. The emission intensity
of living tissue, measured in 40 areas, amounted to 10.7616.52
photon counts/pixel/h, and that of necrotic tissue measured in
26 areas was 2.93+3.34 photon counts/pixel/h. The P value
was 0.00077 (Table 1).

Discussion

Although the biophoton images of the AHI09A tumor exhib-
ited homogeneous patterns at week 1, they exhibited heteroge-
neous patterns thereafter. This heterogeneity is not due to the
surface condition of the skin, but reflects the viability of the un-

Cancer 5ci | August2004 | vol.95 | no.8 | 659



derlying tumor tissue, as judged by microscopic observation.

TE4 grew to approximately 100 mm? in 3 weeks and the bio-
photon image exhibited a homogeneous pattern until the third
week, Pathological findings of TE4 showed a homogeneous
pattern in accord with the biophoton image.

The biophoton intensity of TE9 at week 1 was greater than
that of TE4, TE9 exhibited an extremely weak biophoton inten-
sity at week 3 that was lower than the emission intensity of
TE4 or the normal tissue around the tumor. The growth pattern
of TE9, i.e., reaching maximum size during week 1 and shrink-
ing thereafter, is in agreement with the biophoton results.
Pathological findings showed no vessel formation in TE9.

Although the biophoton images of TE4 and TE9 at week 1
cannot be easily differentiated from those of normal tissue at
present, spectral analysis may be helpful for recognition of such
tumors.'?

The non-tumor regions in the nude mice showed specific bio-
photon patterns related to the organ distribution. The lumbar
muscle and digestive organs showed enhanced biophoton emis-
sion. These phenomena suggest that studies to evaluate the rela-
tionship between physiological function and biophoton
emission would be of value.

The growth rates and biophoton intensities of AHID9A tu-
mors are significantly higher than those of TE9 and TE4. Addi-
tionally, biophoton intensity and tumor size at week 1 were
correlated, with a correlation coefficient of 0.73 (Fig. 5). This
result suggests that ultraweak biophoton emission is related to
growth activity, presumably via metabolic activity, Thus, we
can argue that areas with high intensity of biophoton emission
contain live tissue and have high-growth activity, while areas
with low-intensity biophoton emission contain necrotic tissue
or tissue with a very low-growth rate.

Biophoton emission has been attributed to oxidative metabo-
lism in live organisms, and it was reported that electron leakage
from mitochondria results in the generation of active oxygen
species such as the superoxide anion, hydrogen peroxide, hy-
droxyl radical and singlet oxygen.'® Oxidation of cellular mole-
cules causes excitement of other fluorescent molecules that
results in biophoton emission.! 7-!% In addition, cancer tissue
contains fewer reactive oxygen quenchers than normal tissues,
including superoxide dismutase (SOD) and catalase.?? In nor-
mal tissue, reactive oxygen species are immediately eliminated
by self-defence mechanisms consisting of SOD, catalase, vita-
min E, glutathione, etc., in the cells. In morbid tissue, however,
the balance between reactive oxygen generation and quenching
activity is destroyed. Although the mechanism of this phenome-
non is not clear at present, it is speculated that the relatively
fast growth of malignant tumor generates a large amount of re-
active oxygen species, leading to intense biophoton emission.
The mechanism of this phenomenon should be examined.

Inflammation is also a cause of biophoton emission owing to
active oxygen species from neutrophils, which generate singlet
oxygen, Since singlet oxygen shows specific absorption at 703
nm, spectral analysis might be useful to distinguish malignant
tissue from inflammation.

Tumor growth rate is one of the most important factors that
define malignancy. No existing imaging modality except for
positron emission tomography (PET) is able to evaluate meta-
bolic activity. Our results suggest that biophoton measurement
can detect growth activity, and it requires no isotope-labeled
substrates, nor a cyclotron to prepare them, as is needed for
PET. Biophoton measurement requires only a completely

1. Popp FA, Gurwitsch AA, Inaba H, Slawinski J, Cilento G, van Wijk R,
Chwirot WB, Nagl W. Biophoton emission. Experientia 1988; 44: 543-630.

2. Quickenden TI, Que Hee §S. Weak luminescence from the yeast Saccharo-
myces cerevisiae and the existence of mitogenetic radiation. Biochem Bio-
phys Res Commun 1974; 60 (2): 764-70.
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shielded space and compact detectors, requiring no chemical
administration. Thus, biophoton measurement could be useful
as a simple non-invasive method to obtain pathological infor-
mation. PET js preferably used in screening of distant me-
tastases or occult lesions of malignancies. Applications of
biophoton measurement should be different from those of PET,
because biophoton emission at the body surface represents light
emission from only as deep as 3 mm from the tissue surface.
Thus, biophoton measurement might be suitable for non-inva-
sive sequential or repeated pathological diagnoses of recog-
nized tumors but not for screening. For measurement of deeper
tissue, a needle-coupled measurement probe would be needed.
Biophoton measurements also have the advantage of being in-
expensive.

This measurement technique may also be available for recog-
nizing extremely thin tumors that are not palpable or visually
apparent.

Image aquisition took 1 h in this study, and the measurement
time should be shortened for clinical application. Recent devel-
opment of measurement apparatus with high efficiency can
shorten the image acquisition time, which is less than 30 min
with the latest detector.

Biophoton images obtained from growing tumors can pro-
vide information about tumor properties, including whether the
tumor is alive or not and how fast it is growing. In addition,
biophoton images reveal tumor viability even when the surface
skin is necrotic.

The effectiveness of chemotherapy is generally assessed in
terms of tumor size. However, this standard parameter often
shows a slow response after application of anticancer therapies,
because the reduction of tumor size usually occurs much later
than tissue necrosis. Therefore real-time estimation is impossi-
ble using this parameter. Biophoton measurements might allow
real-time assessment of tumor viability through detection of
changes in emission intensity.

In our study, necrotic areas showed low emission intensity in
the heterogeneous mass. These results suggest that we can dis-
tinguish living area and necrotic area by biophoton measure-
ment. Moreover, sequential measurement of biophoton
emission during chemotherapy may enable us to detect tumor
necrosts induced by chemotherapy. Because different chemo-
therapeutic agents have distinct mechanisms of action, charac-
teristic changes of biophoton emission during the transition
from the living state of the tumor to the necrotic state might be
observable,

In conclusion, this method could be useful to assess not only
malignancy, but also the efficacy of chemotherapy or radiother-
apy in terms of viability, rather than tumor size. Although bio-
photon emission can be detected only on the body surface at
present, deeper targets should be detected by the use of endos-
copy or needle-coupled devices. This procedure may thus pro-
vide a non-invasive or minimally invasive optical biopsy as an
adjunct to or replacement of existing diagnostic methods. We
are now trying to detect other malignant xenografts to confirm
the validity of this approach to measure tumor growth rate.
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Rapid double 8-nm steps by a kinesin mutant
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The mechanism by which conventional kinesin walks
aleng microtubules is poorly understood, but may involve
alternate binding to the microtubule and hydrolysis of ATP
by the two heads. Here we report a single amino-acid
change that affects stepping by the motor. Under low
force or low ATP concentration, the motor moves by
successive 8-nm steps in single-motor laser-trap assays,
indicating that the mutation does not alter the basic
mechanism of kinesin walking. Remarkably, under high
force, the mutant motor takes successive 16-nm displace-
ments that can be resolved into rapid double 8-nm steps
with a short dwell between steps, followed by a longer
dwell. The alternating short and long dwells under high
force demonstrate that the motor stepping mechanism is
inherently asymmetric, revealing an asymmetric phase in
the kinesin walking cycle. Our findings support an asym-
meiric two-headed walking model for kinesin, with co-
operative interactions between the two heads. The
sensitivity of the 16-nm displacements to nucleotide and
Ioad raises the possibility that ADP release is a force-
producing event of the kinesin cycle.

The EMBO Journal (2004) 23, 2993-2999. doi:10.1038/
sj.emboj.7600306; Published online 15 July 2004

Subject Categories: membranes & transport; cell & tissue
architecture

Keywords: double steps; kinesin; motor mutant; stepping
mechanism

Introduction

The kinesin motor proteins bind to ATP and microtubules, and
use the energy of nucleotide hydrolysis to move along
the microtubule. The first discovered or conventional kinesin
is a highly processive motor that takes more than a hundred
steps each time it binds to a microtubule (Howard et al, 1989;
Svoboda et al, 1993; Hackney, 1995). Steps by conventional
kinesin along a microtubule are tightly coupled to ATP
hydrolysis—the motor takes a single 8-nm step for each ATP
it hydrolyzes (Schnitzer and Block, 1997; Coy et al, 1999).
The mechanism by which kinesin walks along a micro-
tubule is not well understood, although several models have
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been postulated. One model involves a hand-over-hand step-
ping mechanism in which the two heads of the motor
alternate in binding to the microtubule and hydrolyzing
ATP, each head in turn taking a step to advance the motor
towards the microtubule plus end {Howard, 2001; Schief and
Howard, 2001). This model is supported by the finding that
processivity of kinesin requires two heads {Hancock and
Howard, 1998). It accounts for the observed cooperativity
of binding to nucleotide and microtubules by the two heads
of kinesin—the finding that only one head of the dimeric
motor binds to a microtubule and releases ADP in the
absence of ATP, and that ATP hydrolysis by the bound head
is required for the other head to bind to the microtubule
(Hackney, 1994}—by postulating that both heads participate
in ATP hydrolysis in an alternating manner. If both heads
hydrolyze ATP, the tight coupling between ATP hydrolysis
and steps by the motor requires that both heads be involved
in producing force and taking steps along the microtubule,

A hand-over-hand model could involve either a symmetric
mechanism in which the rear head always steps to the same
side of the forward head to take the next step along the
microtubule {Howard, 1996), or an asymmetric mechanism
in which the rear head steps to either side of the forward head
(Hirose et al, 2000; Hoenger et al, 2000; Schliwa, 2003). The
rationale underlying the proposal of a symmetric hand-over-
hand mechanism is that the two heads of the dimeric motor
are functionally equivalent and should undergo the same
movements and conformational changes during the nucleo-
tide hydrolysis cycle (Howard, 1996). The only available
crystal structure of dimeric kinesin shows a rotational sym-
metry of the two heads around the axis of the coiled-coil stalk
that causes the microtubule-binding regions of the heads to
be on opposite sides of the motor (Kozielski et al, 1997).
Thus, a symmetric hand-over-hand model would require that
the motor rotate ~180° each time an unbound head binds to
the microtubule to take a step. This should produce rotations
during processive movement that are detectable experimen-
tally.

Failure to observe the rotational movement predicted by
a hand-over-hand mechanism has led to the proposal of an
‘inchworm’ model in which only one head binds to the

" microtubule and hydrolyzes ATP, dragging the second head

along (Hua et al, 2002). This model is consistent with the
failure to observe 180° rotations of microtubules bound to
single kinesin motocrs, but does not account for the coopera-
tivity of nucleotide and microtubule binding by the two heads
of the motor (Hackney, 1994), which requires that both heads
of the motor hydrolyze ATP and produce force. Further, the
experimental results do not compel an inchworm model, as
they could also be accounted for by an asymmetric hand-
over-hand model in which conformational changes of the
neck linker or another structural element, together with
stepping by the rear head to either side of the forward head
in successive steps, produce net rotations too small to be
detected in the previous experiments (Hua et al, 2002).
Here we report a single amino-acid change of conventional
kinesin that affects stepping by the motor. The mutant motor
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moves processively along the microtubule by taking succes-
sive 8-nm steps, like wild-type kinesin, but under high force
the motor moves by 16-nm displacements instead of 8-nm
steps. Analysis of the 16-nm displacements reveals that the
motor stepping mechanism is asymmetric. The asymmetry is
not stochastic, but recurs in a regular pattern that compels an
asymmetric mechanism for kinesin walking. The load sensi-
tivity of the 16-nm displacements identifies a potential force-
producing event of the kinesin cycle.

Results

Mutant design

The kinesin-T94$ mutant was designed to make the highly
conserved nucleotide-binding motif or P-loop of Drosophila
kinesin heavy chain, GQTSSGKT, resemble more closely the
P-loop of the myosins, GESGAGKT, in amino-acid sequence.
The change of T94 to S causes only a small predicted
structural change in the motor (Figure 1); however, T94
interacts with the f-phosphate of ADP in the kinesin motors
and may help stabilize ADP binding. The point mutation was
thus expected to open the nucleotide-binding cleft and permit
meore rapid nucleotide binding or release by the motor. The
mutant motor was expressed in bacteria as a fusion to a
biotin-binding protein and tested for ADP release in biochem-
ical assays and velocity of movement along microtubules in
in vitro motility assays.

ADP release assays
Single-turnover mant-ADP release experiments using FPLC-
purified mutant or wild-type motor protein without micro-
tubules showed that, upon addition of 500 uM Mg ATP, the
kinesin-T945 mutant releases ADP ~3.6-fold faster
{0.0128+0.0013s™!, n=11) than wildtype Kkinesin
{0.00353 +0.00017 5, n=12) (Table I). When no nucleotide
was added, the mutant motor released ADP at the same rate
(0.00319 +0.000795~", n=4) as the wild-type motor with
added Mg- ATP, indicating that release of ADP by the kinesin-
T94S motor is not dependent on binding of ATP or micro-
tubules. The wild-type motor without added nuclectide
released ADP more slowly (0.00154i0.00080$“. n=3},
with poorer curve fits (linear correlation coefficient,
R>0.75) than the kinesin-T945 mutant (R>0.95).
Single-turnover assays with microtubules were performed
by mixing 0.2pM kinesin-T945 or wild-type kinesin with
1 uM microtubules and menitoring the release of mant-ADP
in a fluorometer. Results of these assays showed an accelera-
tion of ADP release by microtubules (9- to 10-fold), which
was comparable for the mutant and wild type. The dissocia-
tion rate for the kinesin-T94S motor (0.0287+0.0187577,
n=9) was higher than that of wildtype kinesin
{0.0162+0.00625™", =8} (Table I), but the overall values

did not differ significantly due to the variability from assay
10 assay. Attempts to measure the k., of the mutant and wild-
type motors in ATPase assays with microtubules gave vari-
able values that were lower than normal for wild type and
somewhat higher for the mutant. The high variability in
mant-ADP release rates in the presence of microtubules and
microtubule-stimulated k.4, values may be due to the effects
of the BIO fusion protein on motor-microtubule interactions
when the motor is not bound to a glass surface or bead, as
motor velocities in gliding and laser-trap assays were in the
normal range for wild-type kinesin (see below). The k.
values with microtubules are not reported here to avoid
misinterpretation of the mutant effects. Detailed studies of
nonfusion mutant and wild-type motors in the presence of

Figure 1 Kinesin-T945 mutant. (A) Structure of wild-type kinesin.
The atomic structure of the dimeric motor is shown as a ribbon
diagram (rat kinesin heavy chain, PDB 3KIN) (Kozielski et al, 1997).
The conserved T94 in the nucleotide-binding P-loop is space-filled
(purple) and the P-loop {GQTSSGKT}) is green. {B)} Close-up of the
active site with the residue corresponding to Drosophila kinesin T94
in purple. {C) The active site with 594 (cyan) modeled into the wild-
type structure in place of T94. ADP, wire diagram; helices a4 and
a5, black.

Table 1 Kinetic properties of the kinesin-T94S and wild-type kinesin motors

Kinesin-T945

Wild-type kinesin

kg4, ADP rtelease—ATP
k4, ADP release + ATP
ka, ADP release + MTs

Velocity, MT gliding 255+13nm/s, n=20

0.0031940.00079s~), n=4, R>0.95
0.01284+0.000357", n=11, R>0.90
0.028740.01875 ), n=9, R>0.73

0.00154 +0.000805~', n=3, R>0.75
0.00353 +0.00017s"}, n =12, R>0.93
0.0162+0.00625", n =8, R=0.65
8534+ 25nm/s, n=19

Values are the mean+s.e.m.; R, linear correlation coefficient for the curve fit (values closet to 1.00 indicate a better fit); MT, microtubules,
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microtubules will be required to determine the effects of the
T945 mutation on motor binding to nucleotide in the pre-
sence of microtubules. The altered rate of ADP release by the
kinesin-T94S mutant in the absence of microtubules and the
initial data presented here for assays with microtubules raise
the possibility that ADP release in the presence of micro-
tubules is also altered.

Gliding assays

Microtubule gliding assays (Song et al, 1997) were performed
with lysates of the kinesin-T945 or wild-type motor. The
assays showed good binding to microtubules by the motors
attached to the coverslip, but a slower gliding velocity by
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~3.3-fold for the mutant (255413 nm/s, n =20} compared
to wild type (853 +25nm/s, n=19} (Table 1).

Laser-trap assays

The increased ADP release rate in the absence of micro-
tubules, but decreased velocity in gliding assays, suggested
that stepping of the kinesin-T24S mutant along microtubules
might be altered. Traces of single kinesin-T94S meotors in
laser-trap assays showed slow movement compared to wild
type (Figure 2A and B). The velocity of the mutant at low load
{~1pN} was 250nm/s, which was about one-third the
velocity of wild type, 760 nm/s, consistent with the gliding
assays, The stall force of ~§pN for the mutant was similar to
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Figure 2 Single-molecule laser-trap assays of kinesin-T945 and wild-type kinesin. (A, B} The traces show processive movement by single
kinesin-T945 (magenta) and wild-type kinesin (green) motors. (C, D} Single kinesin-T94S motors showed successive 8-nm steps at forces
< ~4 pN, but exhibited successive 16-nm displacements, consisting of rapid double 8-nm steps, at forces > ~4pN. Single wild-type kinesin
motors under the same conditions showed sequential 8-nm steps. (E, F) A plot of dwell time versus force shows alternating short and long
dwells following sequential 8-nm steps by the kinesin-T94S mutant. The wild type shows variable dwells following sequential 8-nm steps.
(G, H) The ratios of the long dwell times divided by the short dwell times at different forces, calculated by averaging overlapping sets of three
successive odd and even steps (see Materials and methods) corresponding to the traces in (C, D). The dwell time ratios or limp factors L of the
mutant are significantly greater than those of wild type at forces > ~4 pN. Note the difference in Y-axis scales in (G, H).
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wild type. The mutant was processive with a step size of §nm
at low load (< ~4 pN) (Figure 2C). Remarkably, at high load,
the mutant showed frequent 16-nm displacements, which
could be resolved into two rapid 8-nm steps with a short
dwell between steps followed by a longer dwell, with the
short and long dwells alternating between successive §-nm
steps (Figure 2C and E). The wild-type motor showed 8-nm
steps, as reported by others (Svobeda et al, 1993; Nishiyama
et al, 2002), with variable dwells between steps (Figure 2D
and F).

The dwell times between steps by the mutant and wild-
type motors were analyzed statistically. Steps in traces were
assigned as odd or even, and the dwell times for three
sequential odd steps and three sequential even steps were
averaged (total =6 steps). The longer mean dwell time was
divided by the shorter one to ¢btain the ratio. Two steps were
then slipped from the first step, the next dwell time ratio was
calculated, and this process was reiterated for the length
of the run, Analysis of the traces for the mutant and wild
type in Figure 2C and D is shown in Figure 2G and H.

In all, 31 traces of the mutant and 20 traces of wild type
were analyzed in this way without selecting for 8- or 16-nm
displacements (Figure 3). The dwell time ratio, referred to as
the limp factor L (Asbury et al, 2003), increased sharply for
the mutant from 2.99 to 6.35 with 2.4-6.9pN force
(Figure 3A). By contrast, the limp factor of wild-type kinesin
increased slowly from 1.88 to 2.57 with 2.4-6.7 pN force,
remaining at a low ratio of <3 (Figure 3A).

The average dwell time of the kinesin-T948 mutant was
~ 2.5 times longer than that of wild type (mutant = 37 ms and
wild type=14.6ms at 2.4pN; mutant=159ms and wild
type =61 ms at 6.7-6.9pN) (Figure 3B and C). For the mu-
tant, the long dwell times increased sharply with force,
whereas the short dwell times increased more gradually.
The short dwell times of the mutant were longer than the
average dwell times of wild type at low force, but they were
shorter at high force.

The 16-nm displacements, characterized by short dwell
times and high L values, appeared clearly at high force
(=4 pN), where they were observed frequently for single
kinesin-T945 motors (L>5, 32% of dwell time ratios,
total = 149, compared to 22% at <4pN, total=74). The
16-nm displacements were cbserved infrequently for wild
type (2% of dwell time ratios, total = 148).

At low force, single kinesin-T94S motors showed 8-nm
steps at higher frequency than at high force, rather than
16-nm displacements. The appearance of the 16-nm displace-
ments at high force indicates the existence of a phase in
the kinesin-T94S walking cycle that can be accelerated by
force, resulting in the rapid double 8-nm steps. The 8-nm
steps by the mutant were also observed at low ATP concen-
tration (0pM) {L=2.37 at 2.3-6.2pN force). The low
frequency of 16-nm displacements by the mutant at low
ATP conceniration {L>5, 5% of dwell times, total=99)
is probably due to the time required to release ADP and
bind ATP. The ratelimiting step of the kinesin cycle is
thought to be the release of ADP (Hackney, 1988).
But because the dwell time for the mutant at 10uM ATP
was ~3 times that at 1 mM ATP, the rate-limiting step at low
ATP concentration is likely to be ATP binding rather than
ADP release, making the dwell time between steps by the
mutant close to that of wild type.
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Figure 3 Dwell times versus force for steps by kinesin-T94S and
wild-type kinesin. (A) The dwell time ratio or limp factor for 8-nm
steps by the kinesin-T945 mutant (magenta) or wild-type kinesin
(green) increases linearly with force, but the increase is significantly
greater for the mutant than wild type. (B) The increase in long dwell
times of the mutant with increasing force is paralleled by the
increase in the average dwell times, while the short dwell times
increase more slowly. (C} The long and short dwel times of wild-
type increase in parallel with one ancther and with the average
dwell times with increasing force, The error bars show the standard
error of the mean (s.e.m.) for the dwell time ratios and average
dwell times.

Discussion

A kinesin stepping mutant

We report here a new mutant of Drosophila kinesin heavy
chain that was rationally designed to make the nucleotide-
binding P-loop resemble more closely that of the myosins.
The mutant motor has a change of T94S in the P-loop, which
was expected to open the nucleotide-binding cleft and in-
crease the rate of nucleotide binding or release by the motor.
This relatively minor structural change causes the motor to
release ADP ~3.6-fold faster than wild type in the absence
of microtubules and to translocate microtubules in gliding
assays with a velocity ~3.3-fold slower than wild type. In
single-molecule laser-trap assays, the mutant motor shows
frequent 16-nm displacements under high force, which are
resolvable into rapid double 8-nm steps, consisting of
alternating slow and fast steps. At low force or low ATP
concentration, successive 8-nm steps were observed instead
of 16-nm displacements. The wild-type motor showed infre-
quent 16-nm displacements due to rapid double 8-nm steps.
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The frequency of rapid double 8-nm steps is thus enhanced in
the mutant compared to wild type.

The 16-nm displacements arise by alternating fast and
slow dwell times, causing alternate steps to be fast and
slow. The structural basis of a slow step by the kinesin-
T94S mutant that alternates with a fast step could be due to
an inherent asymmetry of stepping to the right or left of the
forward head caused by the handedness of the twist of the
coiled coil. Stepping to the right might be constrained by the
twist of the coiled coil, whereas stepping to the left might not
be, and might be accelerated by interactions of the rear head
with the forward head.

The successive 16-nm displacements in the kinesin-T945
traces with alternating short and long dwell times indicate
that a step in the kinesin walking cycle is asymmetric, as
predicted by asymmetric two-headed walking models, but not
by symmetric ones such as hand-over-hand models in which
the rear head always steps to the same side of the forward
head (Howard, 1996), or inchworm models, in which only
one head steps, dragging the other head along (Hua et al,
2002). Our results favor an asymmetric walking model in
which the two heads of kinesin alternate in binding to the
microtubule and hydrolyzing ATP.

Stepping by heterodimeric kinesin

Recently, others have reported 16-nm displacements by a
heterodimeric kinesin protein consisting of kinetically differ-
ent mutant and wild-type motor subunits {Kaseda et al,
2003}, providing evidence that the two heads of the hetero-
dimeric motor alternate in stepping. The interactions of the
two heads of a heterodimeric motor with one ancther could
differ from that of the native motor, however, due to the
mutation in one head or due to the different proteins to which
they were fused. The results we report here differ from those
of Kaseda et al (2003) in that we observe asymmetry of
movement for a homodimeric kinesin motor. This substanti-
ates these previous findings by showing that the asymmetric
steps of the heterodimer must have been due to an inherent
asymmetry of stepping by the motor and were not dependent
on the differences in the motor subunits.

Limping by wild-type kinesin motors
QOur findings differ from those reported recently by others
{Asbury et al, 2003) for wild-type Drosophila and native
squid kinesin. These workers found evidence for alternating
slow and fast steps under high force {4pN) for truncated
Drosophila kinesin proteins, whereas we did not observe
frequent 16-nm displacements for our truncated wild-type
kinesin, which was expressed as a fusion to a 106-residue BIO
protein with two linker residues. The basis of these conflict-
ing results could be a difference in the kinesin preparations
used in the assays, a dependence of limping on the total
length of the proteins analyzed, such that shorer proteins
show a greater tendency to limp because they interact asym-
metrically with the surface of the bead rather than the
microtubule, or the conditions of the laser-trap assays. In
the present work, we used a kinesin motor fused to a BIO
domain to prevent interactions of the motor with the bead.
The velocities reported by Asbury et al (2003} both for
their truncated and native kinesin proteins were unusually
slow, ~65-165 nm/s (calculated from the mean fast and slow
dwell times in their Figure 3C). These velocities are signifi-

©2004 European Molecular Biology Organization

Rapid double 8-nm steps by a kinssin mutant
H Higuchi et af

cantly slower than the velocities of 300 and ~600 nm/s for
squid kinesin at 4pN reported previously by the same
laboratory (Visscher et al, 1999; Block et al, 2003), and the
velocity of 390nm/s at 4.0pN of our wild-type kinesin,
DmK447-BIO. These unusually slow velocities could arise
if the force-clamp assays were performed under higher actual
force than the reported value of 4 pN, or the kinesin proteins
used in the assays were heterogeneous, comprising some
motors in which one head was slower than the other due to
partial inactivation during purification. The slow velocities of
the truncated and native kinesin motors reported by Asbury
et al (2003) need to be accounted for and correlated with the
limping behavior of the motors before attempting to reconcile
our data with theirs.

Kinesin-T94S and stepping models
The results we report here are important in that they show
that a kinesin mutant with a single amino-acid change in the
nucleotide-binding P-loop, under high force, shows a high
frequency of rapid double 8-nm steps, resulting in 16-nm
displacements. Under low force or low ATP concentrations,
the mutant takes 8-nm steps, like wild-type kinesin. This
suggests that the mutation enhances a step in the wild-type
kinesin stepping cycle that is sensitive to load and the
nucleotide state of the motor. Load-sensitive conformational
changes have not previously been identified for kinesin and
are believed to correspond to the force-producing steps of the
hydrolysis cycle. The finding that the mutant motor is altered
in ADP release tentatively identifies ADP release as a force-
generating event of the kinesin cycle, although it is still
possible that a different step of the hydrolysis cycle is
affected. Further biochemical studies will be required to
determine the step in the cycle that is altered in the mutant
and how it affects the motor stepping mechanism. The
observation of rapid double 8-nm steps under high load
with alternating long and short dwells implies that a phase
of the stepping cycle is affected by the mutant that involves
the alternative regulation or interactions of the two heads.
The disappearance of the 16-nm displacements at low
force or low ATP concentration indicate that another rate-
limiting step, probably ATP binding, suppresses the rapid
double 8-nm steps by interposing a longer dwell between the
steps, resolving them into two steps. The ability of the
kinesin-T94S motor to take successive 8-nm steps demon-
strates that the basic mechanism of walking by the kinesin
motor is unaltered. The appearance of the rapid double 8-nm
steps or 16-nm displacements at high force and their infre-
quent appearance in wild-type traces indicates that the
mutant enhances a step in the walking cycle that is inherently
asymmetric, revealing an asymmetric walking mechanism for
kinesin.

Materials and methods

Plasmids

Plasmids to express the kinesin-T945 mutant or corresponding
wild-type Drosophila kinesin heavy chain (KHC) motor fused to a
biotin-binding protein were constructed by inserting DNA frag-
ments synthesized by the polymerase chain reaction (PCR) into
pMW172/KHC (Song and Endow, 1996). The plasmids encode M-G-
S+ KHC residues E4-Q447, linked by G-S to 106 residues of the
Propionibacterium shermanii biotin-binding transcarboxylase (BIO)
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{Pinpoint Xa, Promega). PCR-synthesized regions were confirmed
by DNA sequence analysis.

Protein expression and purification

The kinesin-T94S5 and corresponding wild-type kinesin proteins
fused to BIOQ were expressed in bacteria using the T7 RNA
polymerase system (Studier er af, 1990). The fusion proteins were
123.4 kDa dimers of a $67-residue subunit. The kinesin region of the
fusion protein corresponds to the conserved motor domain (E4-
F326), the neck linker (G327-T344) and 103 residues of the coiled
coil {A345-Q447). Proteins were purified for biochemical assays by
chromatography on P11 phosphocellulose, followed by MonoQ
and/cr Supercse 12 FPLC. The Superose 12 chromatography step
was necessary to remove high-molecular-weight kinesin aggregates.
The purified proteins were diluted extensively for use in laser-trap
assays.

Motility assays

Microtubule gliding assays on motor-coated coverslips were
performed as described (Song et al, 1997), using lysates of the
kinesin-T945 or wild-type motors fused to BIO.

ADP release assays

Single-turnover mant-ADP release experiments were performed
using FPLC-purified kinesin-T945 or wild-type protein fused to BIO
by incubating 2pM mant-ATP [2'(3'}-O-(N-methyl-anthraniloyl)-
adenine 5'-triphosphate] with 0.5puM motor for 22h on ice in the
dark. Samples were warmed to room temperature for 5-10 min and
fluorescence (excitation, 356 nm; emission, 446 nm) was recorded
in a SPEX FluproMax or SLM Aminco 8100 spectrofluorometer
before and after addition of 500 uM ATP. Mant-ADP release assays
in the presence of microtubules were performed by mixing 0.2 pM
motor + mant-ATP after incubation on ice with 1 pM GTP-depleted
microtubules in a cuvette and recording fluorescence before and
after addition of the microtubules. Fluorescence was plotted versus
time and data poeints were fit 10 a single exponential curve,

y=m;+ mle(A"hmo)

where y=fluorescence {cps), my=time (s) and y=mz+m,; at
=0, using KaleidaGraph v 3.08d. Dissociation rate constants
(ka =y} were obtained from the curve fits. In some experiments,
samples were spin-dialyzed to remove excess mant-ATP after
incubation on ice and before recording fluorescence; rates were
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Statistical analysis

Dwell times between steps of the mutant and wild type were
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values were close to the value of 1.79 obtained by analyzing dwell
times from computer-simulated stepping records (Asbury et al,
2003).
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