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Abstract. Fluorescence resonance energy transfer (FRET) with green fluorescent protein
(GFP) variants has become widely used for biochemical research. In order to expand the choice
of Auorescent range in FRET analysis, we designed various color versions of the FRET-based
probes for caspase activity, in which the substrate sequence of the caspase was sandwiched by
donor and acceplor fuorescent proteins, and studied the potential of these color versions as
fluorescent indicators. Six color versions were constructed by a combination of cyan fluorescent
protein (CFP), GFP, yellow fluorescent protein (YFP), and DsRed. Real-time monitoring in
single cells revealed that all probes could detect caspase activation during tumor necrosis factor
(TNF)-a-induced cell death as a fluorescent change. GFP-DsRed and YFP-DsRed were as
sensitive as CFP-YFP, and CFP-DsRed also showed a large fluorescent change. By using two
probes, CFP-DsRed and YFP-DsRed, we carried out simultaneous multi-FRET analysis and
revealed that the initiator- and effector-caspases were activated almost simultaneously in TNF-
a-induced cell death. These findings may give experimental bases for the development of novel
techniques to analyze multi-events simultaneously in single cells by using FRET probes in
combination.

Keywords: fluorescence resonance energy transfer, green fluorescent protein,
tumor necrosis factor-a, cell death, caspase

Introduction resulting in a change in the distance between and relative

orientation of CFP and YFP. This change alters the

Many probes for various physiological reactions have
been developed with green fluorescent protein (GFP)
variants by using a similar strategy as Lhat used with
cameleon, the Ca®'-sensing fusion protein developed by
Miyawakiet al. (1 - 9). The cameleon consists of cyan
fluorescent protein (CFP), calmodulin, M 13 peptide, and
yellow fluorescent protein (YFP). This fusion protein
senses Ca™ as the change of fluorescence resonance
energy transfer (FRET) efficiency between CFP and
YFP. Calmodulin binds M13 in the presence of Ca™,
which causes conformational change in cameleon,
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FRET efficiency from CFP to YFP; therefore, Ca can
be monilored as the fluorescent change (1).

CFP and YFP are the most frequently used pair for
analysis by FRET. This pair is suitable for FRET
analysis because the spectral overlap between the emis-
sion of the donor protein (CFP) and the excitation of the
acceptor protein (YFP) is sufficient for energy transfer,
and their ranges of fluorescence are far apart enough to
be separated by measuring devices such as fluorescent
microscopy (10). However, there are limitations for the
CFP-YFP pair. Il is impossible, tor example, to use the
CFP-YFP FRET probe {or simultaneous measurement
with other probes that are made of GFP variants or have
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fluorescein structure. |f more choice of FRET probes is
available from wider fluorescence ranges, it would allow
us to analyze multi-events simultaneously occurring in
living cells.

In this paper, we developed caspase-sensors of
various colors by using cyan, green, yellow, and red
fTuorescent proteins and assessed their ability to detect
the caspase activation in living single cells. Based on the
findings obtained, we tried to perform multi-event FRET
analysis and clarify the temporal relationships between
biochemical reactions during cell death.

Materials and Methods

Plasmid construction

Plasmid encoding CY-sensor, YFP-peptide-CFP, was
generated as previously reported (11). The sequence
encoding 11 amino acids at the C-terminus of YFP was
eliminated in this construct. The C-terminal truncated
forms of the CFP (or GFP) gene were generated by PCR
with primers containing the Nhel site or BspE! site and
pECFP-CI (or pEGFP-C1; Clontech, Palo Allo, CA,
USA) as a template, and the restricted (ragment was
inserted into the Nhel/BspEl sites of the CY-sensor to
generate a plasmid carrying truncated CFP (or GFP) at
the N-terminus. DsRed was generated (rom pDsRed2-
C1 (Clontech) by PCR, at the Agel/Notl sites, and the
restricted fragment was inserted into the Age!/Notl sites
of the CY-sensor to generate a plasmid carrying DsRed2
at the C-terminus. CG-, CR-, GR-, and YR-sensors
were generated with a combination of these elements.
The Agel/BsrGl fragment from pEGFP-C| was inserted
into the Agel/BsrGl sites of the CY-sensor Lo generate
the GY-sensor. All cloned sequences were verified by
sequencing,.

Cell culture and transfection

Hela cells were cultured in DMEM (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 100 units/m!
of penicillin G, 100 ug/mi of streptomycin, and 10%
fetal calf serum (Invitrogen Corp., Carlsbad, CA, USA).
Plasmid encoding the sensor protein was transfecled
into HeLa cells using Eftectene Transfection Reagent
(Qiagen, Hilden, Germany) according to the manulac-
turer’s instructions. After 12 — 24 h incubation with the
transfection reagent, the cells were washed with PBS
and cultivated on dishes suitable lor assay in medium
containing 500 gg/ml of G418 for an additional 1 -3
days until the assay was performed.
Western blotting )

Cells cultured in a plastic dish were washed with
PBS and lysed with | x SDS loading bufter. The samples

dissolved in | x SDS loading buffer were incubated at
95°C for 2 min, and then they were loaded onto SDS-
polyacrylamide gels (10%). Proteins were separated at
20 mA and then blotted to PVDF membranes in Tris-
glycine transfer buffer at 100V for 2 h. The membrane
was incubated with block ace (Dainippon Pharma-
ceutical, Osaka) for 1h, anti-GFP peptide antibody
(Clontech, diluted with 0.1 x block ace to 1:1,000) for
2 h, and anti-rabbit 1gG horseradish peroxidase-conju-
gated secondary antibody (Chemicon International Inc.,
Temecula, CA, USA; diluted with 0.1 x block ace to
1:10,000) for | h. The membrane was washed with
TBS-T 3 times for 5 min after the incubation with the
antibody. All of these incubations were performed at
room temperature. The membrane was developed with
the ECL chemiluminescence detection reagent (Amer-
sham Biosciences, Piscataway, NJ, USA).

Measurement of fluorescent spectra of the sensors in
HelLa cells

Spectral imaging was performed with LSM510META
(Carl Zeiss, Jena, Germany) (12). Cells expressing one
of the sensors were observed by excitation light at
458 nm (Ar laser), emitted lNuorescence was separated
by a grating, and the separated fluorescence were
detected by 24 photomultiplier tubes (PMT) that were
set 1o delect fluorescence at 468 — 714 nm. Each PMT
detected Nuorescence in the 10.7-nm wavelength range.
So, the fluorescent spectrum at 468 — 714 nm was
obtained with 10.7-nm resolution. Cell death was
induced by incubation with tumor necrosis factor (TNF)-
a (100 ng/ml) and cycloheximide (CHX, 10 pyg/ml) for
6 h. Fluorescent spectra of living and dead cells were
obtained [rom the whole cell region of normal-shaped
and spherical cells, respectively.

Real-time imaging with FRET sensors

Transfected cells were cultured on a cover glass (25-
mm diameter, 0.15 — 0.18-mm thickness) for 1 -3 days.
Cells were treated with TNF-a/CHX and then incubated
under the usual culture condition for 1—-2h before
analysis. Analyses were carried out by confocal laser-
scanning fluorescent microscopy using a Carl Zeiss
LSMS510 system. During the observation, the media
were bulfered with 10 mM hepes buffer (pH 7.4), and
the cells were maintained al 35-37°C. DIC images
and grayscale images for lNuorescence channels were
obtained every 2min unless otherwise described.
Excitation lights for the FRET probe (458 nm for the
CG-, CY-, GY-, and CR-sensors; 488 nm for the GR-
and YR-sensors) were provided by an Ar laser with a
458 or 488 dichroic mirror. Images of the FRET probe
were obtained separately for both donor and acceptor
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Measurement conditions for real-time analysis by LSM510

Emission (nm)°

Sensor Excitation

emission filter

Fusion protein® beam

(nm)" spliver donor acceptor
cG GFP-peptide-CFP 458 515 467.5-497.5 515-545
cY Y FP-peptide-CFP 458 SIS 467.5-497.5 515 - 545
GY Y FP-peptide-GFP 458 515 475~ 525 515-545
CR CFP-peptide-DsRed 458 51S 467.5-497.5 560 - 615
GR GFP-peptide-DsRed 488 545 505 -530 560 -615
YR YFP-peptide-DsRed 488 545 505 - 530 560-615

*N-terminal CFP, GFP, and YFP were in a truncated form in which 11 amino acids at the C-terminus were eliminated,
and His,, was present at the C-terminus of CG, CY, and GY. "Excitation light was obtained by Ar laser and a 458
or 488 dichroic mirror. “Emitted Nuorescence was separated by a 515 or 545 dichroic mirror, and the fluorescence
of the donor and that of the acceptor were obtained through band pass emission filters.

fluorescence using a dichroic mirror and band-pass
emission filters as shown in Table |. Images were
processed and quantified using MetaFluor software as
follows: The average pixel intensity of the fluorescence
of the whole cell region was determined for each
channel. The ratio value was calculated as the average
pixel value of the Ruorescent ratio, (fluorescent intensity
for the acceptor channel)/ (Muorescent intensity for the
donor channel), in the whole cell region. As cells
changed their morphology during the observation, the
whole cell region was determined separately in each
image.

Results

Construction and characterization of FRET probes

We developed plasmids expressing caspase sensors
as shown in Fig. la. A 12-amino-acid peptide derived
from poly(ADP-ribose)polymerase (PARP) that is a well-
known substrate of elTector caspases was sandwiched by
two different fluorescent proteins, (an example of CFP-
YFP is shown in Fig. 1a). The peptide sequence contains
a caspase recognition sile in the middle, and this fusion
protein was cleaved mainly by caspase-3 (11). CFP-
GFP, CFP-YFP, GFP-YFP, CFP-DsRed, GFP-DsRed,
and YFP-DsRed were used as the donor-acceptor pairs.
We named these fusion proteins CG-, CY-, GY-, CR-,
GR-, and YR-sensor, respectively (Table1). These
fusion proteins show FRET in their intact form, whereas
in the presence of active caspase, the peptide sequence is
cleaved, CFP and YFP are far apart, and the fusion
proteins do not show FRET any longer. The fluorescent
ratio of acceptor/donor reflects the amount of FRET,

so we used the reduction of this value as an index ol

caspase activation.
HeLa cells expressing one of these fusion proteins

SGKRKGDEVDGVDEPVAT

=7 475 nm 433 om
FRET Cleavage \
by caspase
<

(b)
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N MMM Y
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Fig. 1. Small peptide sandwiched by two different fluorescent
proteins can be a caspase-sensor. a: Fusion protein that consists of a
PARP-derived |2-amino-acid peptide sandwiched by CFP and YFP
exhibits FRET in its intact lorm. In the presence of active caspases.
the peplide is cleaved, and the fusion protein does not exhibit FRET.
Caspase activation can be detected by measuring the Huorescence of
CFP and YFP. b: Six caspase-sensors expressed in HelLa cells were
cleaved by cell death stimuli. HeLa cells expressing one of the
sensors were incubated in the presence or absence of TNF-a/CHX
for 6 h. The arrow and arrowhead indicate the full length and cleaved
fragments of the sensors. ’
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were (reated with TNF-a/CHX. After 6-h exposure, the
sensor proteins in cells were extracted and analyzed by
weslern blotting. All 6 fusion proteins were detected in
their intact forms in non-treated Hela cells (arrow in
Fig. Ib), and small fragments were detecled in cells
treated with TNF-a/CHX (arrowhead in Fig. Ib),
indicaling that the fusion proleins were cleaved by cell
death stimuli, as expected. The antibody used in this
analysis reacts with CFP, GFP, and YFP, but not with
DsRed. Therefore, CG-, CY-, and GY-sensor showed
two cleaved fragments corresponding to the N- and C-
terminatl C/G/YFP, whereas CR-, GR-, and YR-sensor
showed only one cleaved fragment corresponding to the
N-terminal C/G/YFP.

Figure 2 shows the fluorescent spectra of the probes in
living or dead cells. Comparing the fluorescence of
living and dead cells, all sensors showed an increase
of donor fluorescence and/or a reduclion of acceptor
fluorescence in response to cell death stimuli. This
change results in a reduction of tluorescent ratio of
acceplor/donor that is an index of FRET. These sensors
were designed to show a reduction ol FRET with
caspase aclivation, so these. results suggest that all 6
fusion proteins work as expected and can detect caspase
activation as Nuorescent change in living cells.

For simultaneous application of two or more fluores-
cent probes, minimum spectral overlap between probes
is one ol the important conditions. The spectra in Fig. 2
give us a clue to determine a suitable combination of
probes for multi-probe analysis. CG-, CY-, or GY-
sensor has the least Mluorescence in the red-Nuorescence

region (>600 nm), so it is possible to use this {luorescent
region for another dye. We can use a red-fluorescent dye
that has fuorescence in this region together with CG-,
CY-, or GY-sensor simultaneously. On the other hand,
YR-sensor has the least fluorescence in the blue-cyan
region (<500 nm), so blue-cyan-fluorescent dye is
applicable with this probe for the purpose of simulta-
neous fluorescence imaging. The color variations of
FRET probe may be useful for multi-probe analysis.

Real-time detection of caspase activation in living cells

Next, we applied the sensor proteins to real-time
measurement. Hela cells expressing one of the sensor
proteins were analyzed with a time resolution of 2 min
by laser-scanning confocal fluorescent microscopy.
Figure 3 shows typical images (a) and fluorescent
changes (b) during cell death. HelLa cells expressing
GR-sensor were treated with TNF-a/CHX. An increase
of donor protein fluorescence (GFP), a reduction of
acceptor protein fluorescence (DsRed), and a reduction
of the Auorescent ratio of acceplor/donor (DsRed/GFP)
were observed in each cell at a different time. Caspases
began to work at the point when the fluorescent ratio
began lo decrease.

All sensors showed similar changes, meaning that all
sensors were uselul for real-lime detection of the
caspase activation in a living cell, although the apparent
sensitivity was diflerent between sensors. In order to
compare the sensitivity of these sensors to detect the
caspase activation, the amount of the fluorescent change
was calculated. We delined the start point and the end
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Fig. 2. Fluorescent spectra of the caspase-sensors in llela cells. MeLa cells expressing each sensor were treated with
TNF-a/CHX for 6 h, The spectra of living cells (solid line) and dead cells (dotted line) were oblained from normal-shaped
and spherical cells, respectively. Each spectrum was normalized to the peak that showed maximal intensity. The asterisks and
bars on horizontal axes represent the excitation wavelength and detection range for the emitted {luorescence, respectively, used
in real-tlime imaging analysis. Each spectrum is the average of data from 13 - 26 cells.
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Fig.3. Real-time imaging of caspase activation in living Hela
cells during cell death. HeLa cells expressing GR-sensor were
treated with TNF-a/CHX. and fluorescent images were obtained
every 2min, a: DIC images (upper panels) and fluorescent ratios
(Red/Green, lower panels) are shown in grayscale. The indicated
time represents the time after the addition of TNF-a/CHX. Scale bar,
10 #m. b: The fluorescent ratio of cells were plotted. Cell 1,2, or 3
corresponds to the cells shown in panel a. ¢: The mean pixel intensity
i arbitrary fluorescent units (a.u.) for each channel was plotied. The
Nuorescence ol cell No. 3 from panel a is shown. Open circle, GFP;
open triangle, DsRed; closed diamond, ratio of Red/Green. Asterisks
on the x-axis indicate the time points of the images in panel a.

point of the reduction of the fluorescent ratio as follows:
the start point was the point after which the value
decreased over four continuous points or more, the value

decreased more than 10% in total, and the reduction of

the value was not because of artificial noise such as
focus shift; the end point followed the start point and
was the point at which the value stopped decreasing. The
sensitivity of the probe was calculated as AR = (R -

0.6
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02 |
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Fig. 4. Comparison of the sensitivity of various caspase-sensors.
The amount of change of the fluorescent ratio during cell death (4R)
was determined in each cell as described in the text. Bars represent
means = S.D. The number of cells used in each analysis is shown in
parentheses.

Raun) / Riuan|, where Ryg and Rew were the fluorescent
ratio at the start point and the end point, respectively.
Figure 4 shows AR for each probe. GR and YR, as well
as CY, showed the highest AR. They each showed a
more than 50% change during cell death. CR showed a
slightly lower AR, but its change was still 44% on
average. CG and GY were less sensitive, probably
because the fluorescent spectra of the donor and the
acceplor were so similar that our system could not
effectively measure FRET between them. CY vs GR,
CY vs YR, or GR vs YR were not significantly different,
and any other comparisons were significantly different
by the Games-Howell test (P<0.05).

Simultaneous multi-event analysis using two FRET
probes

Finally, we tried to perform multi-FRET measure-
ment. We constructed a Y R-initiator caspase sensor and
a CR-effector caspase sensor by changing the caspase
substrate sequence in the sensor and applied them to
real-lime imaging analysis simultaneously in order to
reveal the temporal relationships between the initiator
caspase activation and the effector caspase activation in
the same cell. The caspase substrate sequences were
derived from procaspase-3 and PARP, respectively, and
their sequences are shown in Fig. 5a. These sensors were
cleaved mainly by caspase-8/9 and caspase-3, respec-
tively (11).

Simultaneous measurement of these sensors was
performed under the multi-track scanning mode, in
which two sets ol excitation-detection conditions were
used alternatively. CFP fluorescence by excitation at
458 mim was measured in the first track, and YFP and
DsRed fluorescence by excitation at 488 nm was mea-
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Fig. 5. Simultancous measurement of initiator- and effector-caspase activation with Y R-sensor and CR-sensor. Hela cells

expressing YR-initiator caspase sensor and/or CR-elfector caspase sensor were treated with TNF-a/CHX and observed as
described in the text. a: Probes used in this study. Underline indicates peptide derived from procaspase-3 and PARP. and bold
indicates the consensus 4 amino acid sequence for caspase recognition. b - g Cells expressing YR-initialor caspase sensor (b),
CR-effector caspase sensor (¢), or both of them (d - ) were treated with TNF-a/CHX. The Aluorescence of CFP, YFP, and
DsRed (colored plots) and the fluorescent ratio ol DsRed/YFP (open triangles) were plotted against time after TNF-a/CHX

wreatment.

sured in the second track. The time difference of scan-
ning between tracks is about 3 — 8 s. Figures 5b and 5c¢

show control studies with cells expressing only one ol

the probes. These control studies were conducted in
the same conditions as Fig. 5d. Figures 5b and 5c
indicate that the YR- and CR-sensor could detect
initiator- and eflector-caspase activation as an increase
of YFP and CFP signal, respectively, and the contamina-
tion of the signal between the YFP and CFP channels
was negligible. So, we used an increase of the YFP and
CFP signal as index of the initiator- and the effector-
caspase activation, respectively. The DsRed signal in

Fig. 5c was derived from direct excitation of DsRed in
the CR-sensor by the excitation light at 488 nm and
was increased when the cell shrank because fluorescent
proteins were concentrated in the cell.

Figure 5d shows typical data of multi-probe analysis
with the YR-initiator caspase sensor and CR-eltector
caspase sensor. In this cell, the fluorescence was
dramatically changed at 150 - 160 min after TNF-a
/CHX treatment. The YFP and CFP signal began to
increase almost. simultaneously, suggesting that initiator
caspase and effector caspase were initially activated
within a short time period. Figures Se — 5g show three
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other examples. We observed more than 30 cells in at
least 3 independent experiments and found that all dying
cells showed similar results.

Discussion

In this study, we developed various.color versions of
caspase-sensors with CFP, GFP, YFP, and DsRed and
revealed that various combinations are applicable in
FRET analysis. CY, CR, GR, and YR pairs are prefer-
able FRET pairs that possess a high ability to detect the
caspase activation.

The sensitivity shown in Fig. 4 represents the appar-
ent FRET change thal depends on the measuring system
and was determined by three factors. 1) Intrinsic FRET
efficiency: All 4 fluorescent proteins had different
Nuorescent characteristics; therefore, the levels of FRET
elficiency in 6 probes differed from each other. 2) Exci-
tation crosstalk: The acceptors were excited directly by
the excitation light. 3) Emission crosstalk: The acceptor
channel was contaminated with the donor signal, and
vice versa, because the setting shown in Table | could
not perfectly separate the signals from the donor and the
acceptor. The differences in these factors cause the
difference of sensitivity among the sensors. Factors 2)
and 3) reduce the apparent FRET change in the measure-
ment. In the case of the CG-sensor, for example, fluores-
cent spectrum of donor and acceptor are so similar that
the intrinsic FRET eftficiency may be high, but excitation
and emission crosstalk may also be high, much higher
than in other sensors (e.g., CY-sensor), resulting in the
relatively low sensitivity of this probe in our measure-
ment system. Crosstalk effects are undesirable for
detection, but it is impossible to completely eliminate
these effects in the current measurement system. Maybe
we could obtain different results by using spectral
imaging in which emission crosstalk is eliminated (12).

According to the characteristics of the fluorescence
spectrum, the CY probe seems (o be one of the best for
FRET-detection. However, the probe is not suitable for
imaging with confocal laser microscopy, because the
normal argon ion laser, the most common one in
confocal microscopes, is not suitable for the excitation
of CFP. The blue laser is the most suitable for the
excilation, but it is not common in confocal laser
microscopes. In this paper, we had 10 use the argon ion
laser emitting 458 nm and the special emission filters
optimized for the confocal ratio-imagings of caspase
activation using the CY probe (11). On the contrary, the
GR probe and the YR probe can be efficiently excited a
488 nm emitted by the normal argon ion laser and
imaged with a set of emission filters lor fluorescein and
a set for rhodamine, with which almost all of the

confocal microscopes are equipped. In addition, the GR
probe is useful for the detection of caspase activation in
flow cytometry, because almost all of the normal flow
cytometers are also usually equipped with the laser and
the emission filters.

DsRed-containing “red"-sensors have several charac-
teristics that are different from other “non red”-sensors.
As previously reported (13), it takes longer for DsRed to
mature and emit red fluorescence than it takes for GFPs,
and DsRed fluorescence tends to decrease during real-
time observation, which may cause a reduction of the
apparent sensitivity. These characteristics must be
considered when any analysis is performed with these
sensors, but as shown in Figs. 4 and 5, red-sensors have
a potential similar to that of the CY-sensor and are very
useful for multi-color imaging.

1t has been reported that DsRed is useful as a fusion
tag and a partner for FRET (13, 14). Erickson et al.
analyzed the potential of DsRed as a FRET partner with
CFP and GFP (14). Mizunoetal. developed a Ca®™
sensing fusion protein using Sapphire and DsRed (13).
And recently, Karasawa et al. used two novel fluorescent
proteins, namely the cyan-emitted and orange-emitted
fluorescent proteins from Acropara sp. and Fungia
concinna, respectively, as a FRET pair, and measured
caspase-3 activity in cells (15). These results combined
with our results indicate that various fluorescent proteins
including GFP derivatives, DsRed, and others are useful
for FRET analysis. By choosing the appropriate two
fluorescent proteins as the FRET pair, we can customize
the fluorescent range o FRET-based imaging probes to

fit the analysis, which would expand the flexibility of

simultaneous multi-event analysis.

By using the CR and YR developed in this study, we
were able to analyze two FRET probes simultaneously
in the same cells. In several reports, the initiator caspase
activity and the effector caspase activity were measured
in living cells (8, 9, 11). In these reports, however, each
activity was measured independently in ditferent cells.
To our knowledge, the present study is the first report
that analyzes these activities in the same cell. The results
directly reveal the temporal relationships between these
caspase activities. It takes a long time for cells to start
the initiator caspase activation after drug treatment, but
it takes a relatively short time for cells to start the
effector caspase activation after the initiator caspase
activation. The caspase cascade is initiated at the last
stage of cell death signaling, and it proceeds within a
short time period.
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Thrombomodulin (TM) is a thrombin receptor on the surface of endothelial cells that
converts thrombin from a procoagulant to an anticoagulant. Thrombin promotes
invasion by various tumor cells, and positive or negative correlations are found
between the expression of TM and tumorigenesis in some patients. In this study, we
used an invasion assay to investigate the effect of TM on the invasive activity of a
mouse mammary tumor cell line, MMT cells, and the effects of TM were compared
with those of thrombin as a positive control. In the presence of 1% fetal calf serum
(FCS), TM significantly stimulated MMT cell invasion in a dose-dependent manner,
resulting in an approximately 3-fold increase at 1-10 pg/ml over the untreated con-
trol. Thrombin also caused a similar degree of stimulation at 50 ng/ml. Since
thrombin activity was detected in the components of the assay system, an invasion
assay was also performed in a thrombin-activity-depleted assay system constructed
to eliminate the effect of thrombin activity; TM (10 pg/ml) plus thrombin (1 pg/ml)
stimulated invasion by approximately 3.5-fold in this assay system. Hirudin, a specific
thrombin inhibitor, inhibited stimulation by TM as well as by thrombin in both the
presence and absence of 1% FCS. Investigations of the effects of TM on proliferation,
adhesion and chemotaxis to clarify the mechanism of stimulation by TM revealed that
TM does not affect proliferation or adhesion in the presence of 1% FCS, but stimulates
chemotaxis by approximately 2.3-fold. Similar results were obtained in experiments
using thrombin. TM (10 pg/ml) plus thrombin (1 pg/ml), on the other hand, stimulated
chemotaxis by approximately 2.3-fold in the thrombin-activity-depleted assay system.
Binding studies using [1%I]-thrombin revealed that the cells have specific saturable
binding sites for thrombin. These results show that TM stimulates the invasive activ-
ity of MMT cells, probably by acting as a cofactor for the thrombin-stimulated inva-
sion of the cells via its receptor and lowering the effective concentration of thrombin.
The findings also indicate that the stimulation of invasive activity in the presence of
1% FCS and in the thrombin-activity-depleted assay system may mainly be mediated
by the stimulation of chemotaxis.

Key words: invasion, thrombin, thrombomodulin.

Abbreviations; TM, thrombomedulin; MEM, modified Eagle’s medium; CS, calf serum; FCS, fetal calf serum;
MMP, matrix metalloprotease; ECM, extracellular matrix; Boc-Asp(Obzl)-pro-Arg-MCA, Boc-B-benzyl-Asp-Pro-
Arg-4-methyl-coumaryl-7-amide; PBS, phosphate-buffered saline.

Thrombomeodulin (TM) is a thrombin receptor on the sur-
face of endothelial cells (1) that was first discovered as a
cofactor for the thrombin-catalyzed activation of the anti-
coagulant protein C (2). Biologically active soluble forms
of TM, which probably represent the products of limited
proteolytic cleavage of cell-surface TM, were later
detected in human plasma (3), suggesting a possible role
of the soluble forms in vivo. TM also positively or nega-
tively regulates various functions of thrombin as
described below. TM stimulates the inactivation of pro-
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urokinase-type plasminogen activator (4), the activation
of TAF 1 (5), and the activation of progelatinase A (6). TM
inhibits the activation of platelets (7), the activation of
factor X (8) and human endothelial cells (9), the stimula-
tion of fibrin formation (8), and the proliferation of arte-
rial smooth muscle cells (10) and human umbilical vein
endothelial cells (11).

On the other hand, there are several direct and indi-
rect lines of evidence indicating that thrombin stimulates
invasion and/or metastasis by tumor cells (12-18), and it
has recently been reported that the expression of TM is
increased or decreased in some carcinomas. The expres-
sion of TM increases in squamous carcinomas of the lung
(19), colorectal carcinomas (20), and some transitional
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carcinomas (21-22), and its expression level is negatively
correlated with the malignancy of carcinoma of the
esophagus (23), hepatocellular carcinoma (24), and ovar-
ian tumors (25). There is also evidence of increased
serum levels of TM in some tumors, including pancreatic
cancer (26), digestive tract carcinoma (27), and glioblast-
oma (28). Based on this evidence, it is likely that TM
plays some role in the regulation of tumor metastasis.

In this study, we investigated the effects of TM on the
invasive activity of a mouse mammary tumor cell line,
MMT, by an in vitro invasion assay, because tumor cell
invasion through the basement membrane is a critical
step in the process of metastasis (29-30). We also com-
pared the effects of TM with those of thrombin as a posi-
tive control.

MATERIALS AND METHODS

Materials—TM was a kind gift of Asahi Kasei Pharma,
Japan. The TM was prepared as described by Gomi et al.
(81). Plasmids containing the ¢cDNA encoding TM (resi-
dues 1-498) were transfected into COS-1 cells, and the
recombinant TM was purified from serum-free COS-1-
cell-conditioned medium. The purified TM yielded a
single band at 90 kDa in SDS-PAGE under reducing
conditions. The recombinant TM was confirmed to be
thrombin-free by a protein C activating assay developed
in our laboratory (32). Thrombin (1,140 units/mg protein)
was a kind gift of Mochida Pharmaceutical Co., Ltd.,
Japan. Hirudin was purchased from Wako (Osaka,
Japan). A fluorogenic substrate, Boc-B-benzyl-Asp-Pro-
Arg-4-methyl-coumaryl-7-amide (Boc-Asp(Obzl)-pro-Arg-
MCA), was purchased from Peptide Institute, Inc. (Osaka,
Japan).

Cell Culture—MMT mouse mammary tumor cells were
obtained from the Japanese Health Science Research
Resource Bank and cultured in modified Eagle’s medium
(MEM) supplemented with 10% calf serum (CS) on 60-
mm diameter culture dishes, 4 x 105 cells per dish. After
7 d, the subconfluent MMT cells were detached from the
culture dishes with 0.25% trypsin/EDTA, treated with
MEM containing 10% CS, and collected by centrifuga-
tion. The cells were then washed with MEM and used in
experiments. In some experiments, the thrombin activity
associated with cells was depleted as described below,
and the resultant cells were used for various experiments
in which MEM containing 0.1% BSA was used as the
basal medium. We refer to this assay system as the
thrombin-activity-depleted assay system below. To deplete
thrombin activity, the cell suspension (1.5 x 10 cells in 10
m] of MEM) was incubated in a non-adherent form on
100-mm diameter non-treated culture dishes pre-coated
with BSA (10 mg/ml) for 2 h in a humidified chamber at
37°C under 5% CO,, and then washed with MEM.

In Vitro Invasion Assay—In vitro invasion by MMT
cells was measured in a Matrigel invasion chamber (Col-
laborative Biomedical Products, Bedford, MA, USA). The
chamber (upper compartment) was placed in a 24-well
culture plate (lower compartment), and the cell suspen-
sion (1.6 x 105 cells in 500 ul) and the basal medium (750
ul) containing various factors were added to the upper
and lower compartments, respectively. MEM containing
1% fetal calf serum (FCS) or 0.1% BSA was used as the
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basal medium. Matrigel invasion chambers were pre-
coated with fibronectin as described below before use in
the thrombin-activity-depleted assay system. Human
plasma fibronectin solution (IWAKI, Japan) was diluted
to a final concentration of 5 pg/ml with phosphate-buff-
ered saline (PBS), and a 300 pl aliquot was added to the
chamber and a 750 pl aliquot to the 24-well culture plate.
The chamber and 24-well plate were allowed to stand at
37°C for 2 h and were then washed with PBS. After incu-
bating the cells for 18 h, the filters were fixed with meth-
anol and stained with hematoxylin and eosin. The cells
on the upper surface of the filters were removed by wip-
ing with cotton swabs, and the number of cells that had
migrated to the lower surface of the filters was counted
under a microscope.

Measurement of Thrombin Activity—Thrombin activity
in FCS, CS, and on cells was measured by the method of
Kawabata et al. (33). A 10 ! volume of 10% FCS or CS
was mixed with 90 pl of reaction buffer containing 50 mM
Tris-HCl, pH 8.0, 100 mM NaCl, and 10 mM CaCl,, with
or without hirudin (0.5 unit/ml). Packed cells (1 x 10°
cells) were suspended in 100 pl of reaction buffer with or
without hirudin (0.5 unit/ml). After adding 1 pl of 10 mM
substrate, Boc-Asp(Obzl)-pro-Arg-MCA solution to the
cell suspension, the mixture was incubated for 20 min at
37°C, and the reaction was stopped by adding 600 pl of
0.6 M acetic acid. The fluorescence of the aminomethyl-
coumarine released was measured with a fluorospectro-
photometer at an excitation wavelength of 380 nm and an
emission of 460 nm. A blank solution was prepared by
adding 1 pl of substrate solution to the reaction buffer
mixed with 600 ul of 0.6 M acetic acid. Thrombin activity
was calculated using 1, 2.5, 5 and 10 ng/ml thrombin
solutions as standards and subtracting the fluorescence
obtained in the presence of hirudin from that in the
absence of hirudin. A linear dose-response curve was
obtained between 0.5-5 ng/ml of thrombin, and its activ-
ity was inhibited by more than 98% by hirudin (0.5 unit/
ml). The fluorescence of each sample was within the lin-
ear range.

Proliferation Assay—The cell suspension (1 x 109 cells
in 4 ml) was seeded on 60-mm diameter culture dishes
and incubated with each factor for 18 h. MEM containing
1% FCS was used as the basal medium. The cells were
then detached from the culture dishes with 0.25%
trypsin/EDTA, treated with MEM containing 10% CS,
collected by centrifugation, and counted with a hemocy-
tometer.

Adhesion Assay—Adhesion assays were performed by
a modification of the method of Deryugina et al. (34). A
300 ul aliquot of fibronectin (5 ug/ml), prepared as
described above, was added to each well of 24-well plates
(IWAKI, Japan). The plates were allowed to stand over-
night at 4°C, washed with PBS, blocked with 1% BSA in
PBS for 1 h at 37°C, and finally washed in PBS. MMT
cells (55 x 104 cells) were exposed to each factor in 2 ml of
MEM containing 1% FCS for 30 min at 37°C. After wash-
ing with 2 ml of MEM, the cell suspensions (1 x 10° cells
in 0.38 m] of MEM) were seeded on each well. After incu-
bation for 30 min at 37°C, non-adherent cells were
removed by washing with PBS, and the adherent cells
were fixed and stained with 0.2% crystal violet in 10%
ethanol for 10 min. After three washes with 2 ml of PBS,
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Fig. 1. Dose dependency of the effect of TM on invasiveness.
MEM containing 1% FCS was used as the basal medium. The con-
centrations of TM indicated are the concentrations in the lower
compartment. The data shown are means * SD of the data obtained
in duplicate wells in three experiments (**p < 0.01 us. control). The
deviation in each experiment was less than 10%.
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Fig. 2. Dose dependency of the effect of thrombin on inva-
siveness. MEM containing 1% FCS was used as the basal medium.
The concentrations of thrombin indicated are the concentrations in
the lower compartment. The data shown are means = SD of data
obtained in duplicate wells in three experiments (**p < 0.01 vs. con-
trol). The deviation in each experiment was less than 10%.

the dye was extracted in an end-over-end mixer with 600
pul of 50% ethanol in 50 mM sodium phosphate (pH 4.5)
for 10 min, and absorbance was measured at 540 nm. The
correlation between absorbance and cell number was con-
firmed in a preliminary experiment.

Chemotaxis Assay—Chemotaxis assays were per-
formed with control inserts (Collaborative Biomedical
Products, Bedford, MA, USA) in a similar manner to the
invasion assay described above. The control inserts were
not coated with Matrigel. MEM containing 1% FCS was
used as the basal medium. The control inserts were
pre-coated with fibronectin (5 ug/ml) as described for the
pre-coating of the Matrigel invasion chamber in the
thrombin-activity-depleted assay system.

Iodination of Thrombin and Determination of Bind-
ing—Thrombin was iodinated to a specific activity of 19.1
x 107 cpm/ug by the chloramine T method as described
previously (35-36). After precoating 24-well plates with
fibronectin (5 pg/ml) as described above, the cell suspen-
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Fig. 3. Effect of TM and thrombin on invasiveness in the
thrombin-activity-depleted assay system. Cells on which
thrombin activity was depleted were used in the experiment. MEM
containing 0.1% BSA was used as the basal medium. The data
shown are means + SD of data obtained in duplicate wells in three
experiments (**p < 0.01 vs. control). The deviation in each experi-
ment was less than 10%.

sions (1.22 x 105 cells in 0.45 ml of MEM) were seeded
into each well and incubated in a humidified chamber at
37°C under 5% CO, for 2 h. The cells were then washed
with 0.4 ml of MEM containing 15 mM Hepes (pH 7.2)
and 0.1% BSA and incubated for 1.5 h at 37°C in the
same buffer with various concentrations of [!25])-thrombin
in the presence or absence of a 100-fold excess amount of
unlabeled thrombin. After washing the cells four times
with the same ice-cold buffer, the cells were. solubilized
with 0.4 ml of 1 N NaOH for 1 h at 37°C. Specific binding
was calculated as the difference between total binding
and nonspecific binding.

RESULTS

Effect of TM on Invasiveness—Figure 1 shows the
effects of TM on the invasive activity of MMT cells in the
presence of 1% FCS. TM significantly stimulated inva-
sive activity in a dose-dependent manner, resulting in an
approximately 3-fold stimulation at 1-10 pg/ml. Figure 2
shows the effects of thrombin used as a positive control.
Thrombin also stimulated invasive activity in a dose-
dependent manner.

On the basis of these findings, we investigated the pos-
sibility that the stimulation of invasion by TM might be
dependent on thrombin that may have been introduced
into the assay system as described below. First, thrombin
activity in the assay system was measured. The thrombin
concentrations in freshly prepared 10% FCS and CS
measured by the thrombin activity assay were 200 pg/ml
and 2.8 ng/ml, respectively. The amount of thrombin on
the cells measured in a similar manner was 35 pg/10°
cells. Based on these values, the thrombin concentrations
in the assay system with or without 1% FCS were esti-
mated to be 24.48 and 4.48 pg/ml, respectively. Second,
the action of TM was examined in the thrombin-activity-
depleted assay system described in “MATERIALS AND
METHODS,” and depletion of thrombin activity in the
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Fig. 4. Effect of hirudin on the stimu-
lation of invasion by TM. (A) MEM

containing 1% FCS was used as the basal
medium. The indicated concentration of
each factor is that in the lower compart-
ment. The data shown are means % SD of
data obtained in duplicate wells in three
experiments (*p < 0.05 vs. control; **p <
0.01 vs. control) (B) MEM containing
0.1% BSA was used as the basal medium.
The data shown are means t SD of data
obtained in duplicate wells in three
experiments (**p < 0.01 vs.. control). The
deviation in each experiment was less
than 10%.
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assay system was confirmed by the absence of any detect-
able thrombin activity on the cells. Figure 3 shows the
effects of thrombin (1 pg/ml) and TM (10 pg/ml) on the
invasive activity of cells in the thrombin-activity-
depleted assay system. While neither thrombin or TM
had any effect on invasion, TM plus thrombin stimulated
invasion by approximately 3-fold.

Effect of Hirudin on the Stimulation of Invasion by
TM—The action of TM was also examined in the pres-
ence of the specific thrombin inhibitor hirudin to inves-
tigate the possibility described above. Fig. 4, A and B,
shows the effects of hirudin on the invasion-stimulating
activity of TM in the presence and absence of 1% FCS. We
used a 1 unit/ml concentration of hirudin in this experi-
ment, because 50 ng/ml thrombin corresponds to 0.057
unit/ml, and so 1 unit/ml hirudin seemed adequate to
inhibit this concentration of thrombin. As expected,
hirudin (1 unit/ml) not only inhibited the stimulation by
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Fig. 5. Effect of TM on proliferation. MEM containing 1% FCS
was used as the basal medium. The data shown are means * SD of
data obtained in duplicate dishes in three experiments. The devia-
tion in each experiment was less than 10%.

thrombin to control levels, but the stimulation by TM as
well.

Effect of TM on Proliferation—Since tumor cell inva-
sion consists of a series of events, including adhesion to
the extracellular matrix (ECM) and chemotaxis, we
investigated the effects of TM on these two events to clar-
ify the molecular mechanism of the stimulation of inva-
sive activity by TM. Before investigating the effect of TM
on these processes, we investigated its effects on cell pro-
liferation to confirm that the stimulation of invasive
activity by TM is not an artifact of the enhancement of
cell proliferation.

Figure 5 shows the effects of TM on MMT cell prolifer-
ation in the presence of 1% FCS. The numbers of cells in
the presence of TM or thrombin did not differ from the
numbers in the control cultures.

Effect of TM on Adhesion to Fibronectin—Figure 6 shows
the effects of TM on adhesion to fibronectin, a basal lam-
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Fig. 6. Effect of TM on adhesion to fibronectin. MEM contain-
ing 1% FCS was used as the basal medium. The data shown are
means + SD of data obtained in duplicate wells in three experi-
ments. The deviation in each experiment was less than 10%.

J. Biochem.



TM Enhances the Invasiveness of MMT Cells

583

Fig. 7. Effect of TM on chemotaxis. (A)
MEM containing 1% FCS was used as
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the basal medium. The data shown are
means * SD of data obtained in duplicate
wells in three experiments (**p < 0.01 vs.
control). (B) Cells on which thrombin
activity was depleted were used in the
experiment. MEM containing 0.1% BSA
was used as the basal medium. The data
shown are means + SD of data obtained
in duplicate wells in three experiments
(**p < 0.01 vs. control). The deviation in
each experiment was less than 10%.

ina component. Neither TM nor thrombin affected adhe-
sion to fibronectin. :

Effect of TM on Chemotaxis—Figure 7 (A and B),
shows the effects of TM on chemotaxis by MMT cells in
the presence of 1% FCS and in the thrombin-activity-
depleted assay system, respectively. Both TM (10 pg/ml)
and thrombin (50 ng/ml) significantly stimulated chemo-
taxis by MMT cells by approximately 1.9-2.3-fold in the
former system, but neither TM (10 pg/ml) nor thrombin
(1 pg/ml) affected chemotaxis in the latter system; TM
plus thrombin, on the other hand, stimulated chemotaxis
by approximately 2-fold.

Binding of Thrombin—Figure 8 shows the binding
curves for specific [1%51}-thrombin binding sites on cells in
the presence and absence of TM (10 pg/ml). These bind-
ing curves show the specific [%5]]-thrombin binding to be
saturable at approximately 40 ng/ml, and that TM has no
effect on the specific binding of [1%5]])-thrombin. A similar
binding experiment was performed in the ['2I}-thrombin
concentration range of 1-10 pg/ml, but no specific bind-
ing was detected independent of the presence or absence
of TM, probably because the absolute amount of radioac-
tivity used was too low to be detected as specific binding.

DISCUSSION

In the present study, we show that, at its maximum effec-
tive dose, TM stimulates the invasive activity of MMT
cells in vitro by approximately 3-fold. As far as we know,
this is the first time that TM has been shown to stimulate
the invasive activity of tumor cells in vitro. Similarly,
exogenous thrombin causes maximal stimulation of inva-
sion at 50 ng/ml, which is a concentration more than
1,000-fold higher than the maximum effective dose of TM.

Since TM acts as a cofactor for the thrombin-catalyzed
activation of protein C and increases the rate of the reac-
tion by >1,000-fold (8), the stimulation by TM may have
been due to TM interacting with thrombin, which had
been introduced into the assay system, and acting as a
cofactor for thrombin-stimulated invasion of MMT cells,
thus lowering the effective concentration of thrombin.
This possibility seems to be supported by the detection of
thrombin activity in the assay systems, the requirement
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for thrombin for stimulation by TM in the thrombin-
activity-depleted assay system, and the inhibition of
stimulation by hirudin. It is noteworthy that the
thrombin concentration required for stimulation by TM
in the thrombin-activity-depleted assay system is more
than 20,000-fold less than the concentration required for
thrombin to stimulate invasion. On the other hand, the
control level was not inhibited by hirudin in the presence
of 1% FCS, probably due to the lower thrombin concen-
tration in the assay system compared with the effective
concentration of exogenous thrombin.

There have been two studies examining the effect of
TM on the invasive actiyity of tumor cells. Matsushita
et al. showed that a subcloned human esophageal
squamous cell carcinoma line with low TM expression is
more invasive than a high TM-expressing clone (37). In
their study, the action of TM does not seem to be due to
an acceleration of its thrombin cofactor activity, because
the difference between the cell lines with low and high
TM expression with respect to their cofactor activity for
protein C activation by thrombin was less than 13% and
significantly lower than their TM levels and invasive
activities. Hosaka et al. showed that TM (10-100 ng/ml)

~N w [
o (=] S o
T T T

Specific binding of
['251]- thrombin (pg/10° cells)
-
o
T

o‘ 1 1 1
10 20 30 40 50
['#*1]-Thrombin (ng/mi)

Fig. 8. Binding of ['®I])-thrombin. Specific binding of ['#51}-
thrombin to cells in the absence (solid circles) and presence of TM
(10 pg/ml) (open circles) was measured. The data shown are repre-
sentative specific hinding curves for {25I)-thrombin binding sites
and are means *+ SD of data obtained in triplicate wells.
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inhibits the invasive activity of mouse melanoma cells in
vitro (38), and TM has also been found to decrease the
proliferation of tumor cell lines subcloned from patients
with malignant melanomas (39). None of these inhibitory
effects were inhibited by hirudin.

In contrast to these studies, the present study shows
that TM enhances the invasive activity of MMT cells and
indicates that the action of TM is entirely dependent on
thrombin as described above. Therefore, the mode and
mechanism of action of TM in MMT cells seems to be dif-
ferent from its mode and mechanism of action in the
squamous cell carcinoma line and melanoma cells.

It is useful to speculate on the role of TM in tumorigen-
esis based on the findings of our study, because tumor cell
invasion through the basement membrane is a critical
step in the process of metastasis (29-30). Several studies
have shown that TM levels in serum increase in patients
with certain tumors (26-28), as described in the Intro-
duction. Thus, the results of this study suggest that the
soluble form of TM may play a positive role in the malig-
nancy of some kinds of tumors, probably by enhancing
the metastatic potential of thrombin. On the other hand,
TM on the cell surface may act as a negative regulator to
thrombin, because thrombin is degraded as the thrombin-
TM complex by its internalization after binding to TM on
the cell surface (40). This possibility may be supported by
the findings that the expression level of TM is negatively
correlated with the malignancy of some carcinomas (23—
25), as described in the Introduction.

Tumor cell invasion is a complex process that involves
adhesion to ECM, degradation of ECM, and chemotaxis
(41). Chemotaxis is the essential step in invasion as
reviewed by Wells (42). The results of the present study
show that both TM and thrombin stimulate chemotaxis
in the presence of 1% FCS, and that TM plus thrombin
stimulate chemotaxis in the thrombin-activity-depleted
assay system. Both of these findings are consistent with
previous reports that thrombin stimulates chemotaxis
(17, 18), and the presence of specific binding sites for
thrombin on cells indicates that these actions are medi-
ated by thrombin receptors.

However, other actions of thrombin may also be in-
volved in the stimulation of tumor cell invasion, because
the enhancement of chemotaxis alone is insufficient to
account for the increase in tumor cell invasion. One such
other possible action of thrombin is the stimulation of the
matrix metalloprotease (MMP)-mediated degradation of
a variety of ECM proteins, including collagens type IV, V,
VII, and X, fibronectin, laminin (43—47), elastin (48—49),
proteoglycans (49-51), and entactin (52). Several reports
have indicated that thrombin increases the active forms
of MMP-2 and MMP-9 (53-59), and plays important roles
in the enhancement of tumor cell invasion and metasta-
sis (34, 60-68). There are also reports that thrombin
stimulates the release of MMP-2 (69), the expression of
MMP-1 and MMP-3 (70), and the expression of MMP-9
mRNA (71). Another possible action is the stimulation of
MMP-independent degradation of ECM. This possibility
appears to be supported by the finding that thrombin
stimulates the expression of urokinase-type plasminogen
activator, a factor involved in the degradation of ECM
protein (72), and stimulates the heparinase-mediated
release of heparan sulfate from ECM (73).

S. Niimi et al.

In conclusion, the results of this study show that TM
stimulates the invasive activity of MMT cells, probably
by acting as a cofactor for the thrombin-stimulated inva-
sion of cells mediated by thrombin receptors, and by low-
ering the effective concentration of thrombin. Further,
the results indicate that the stimulation is mainly caused
by an enhancement of chemotaxis.

This study was supported, in part, by a Grant-in-Aid for
research on health sciences focusing on drug innovation from
the Japan Health Sciences Foundation.
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X 4 7RI EEFERZ BWEEANT-7RE
/70— RN ER constant (C) $HEE L b
PO CHBICEEBRZ 2 LNTH 2 (Fig. 1).
Bick MRz Hk s v 7 HO=ZRTTHEE: b
s, BRSEBRICHAT 2 B REHE com-
plementarity determining region (CDR) #1426
3#BLT, ThUNDESTHE 7 Vv — LB

* BUEERASEEFRFEYESR ERHHESK FAE 1-18-1 (T158-8501)
Division of Biological Chemistry and Biologocals, National Institute of Health Sciences, 1-18-1

Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

» BrEEMEMEENES REPHHEESX EARX 1-18-1 (7158-8501)
National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
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Table 1 B0 & LAz FUKEEK
wmat N BATO 547 e
(Hh852) i B (B BT (%)
Repro® Centocor #/ 225 004
(Abciximab)  Eli Lilly# (o 1 b T a) PTCA BB
Rituxan® IDEC #/Roche *2x5 VZ L 4
(Rituximab) #/Genentechit 2RIR OR) (CD20) JIPT o8 1997
Zenepax® k ML
(Daclizumab) Roche (IL-2R) L2 1997
Remicade® , *A5 sa—-v§
(Avakine) Centocor 4t (TNF- a) B o< 1998
Synagis® MedImmune 3t/ k ML
(Palibizumab) ~ Abott#t (RSV) RSV/MEBSR 1998
Simulect® . k ME
(Basilicimab) ~ Nevartistt (IL-2) Ld 1998
Herceptin® Genentech#/ . t bt
(Trastuzumab) Roche#t BEOYa () (HER2) L4 1998
Mylotarg® Cellutech 4t/ BN - Jay—}
(Gemtuzumab) AHP# (CD33) PHAULAMS 2000
Zevalin® IDEC#t/ wy-arJay—» V2 VL 24 2002
(Iritumomab) Schering AG#t (CD20) Y rk— <
Bexxar® Coulter £/ WleagyJay—} Va2 VL 3% 2002
(Tositumomab) SKB# (CD20) ) Yk—=
(CRR 122 & D EFT 15 CER)
Table 2 BARFPHHIKEIR
344 %
&it XA Sk b hEeldk [ E2E M| IORARGB T
FFh 1 4 5 0 2 0
B iEch 3 0 1 1 1 0
Jx—XMI 20 1 9 2 8 0
72x2—X1I 60 7 25 15 4 9
Jx~X1 35 5 13 3 6 5
&it 129 17 53 24 21 14

(2003 % 1 ABEE) (SCHK 123 & N BFTT 45 TEK)

frame region (FR) # ¥ ~XTt FHKICEEZHRZ
baThdY (Fig.l), LUTIC, =7AN47))
fF——#ifa 5, HEFELTDNA ¥ BviE(E
FHRZEIC L 5% 2 7HK, b MUK ERIE
PRAT S,

B—NDAT v 7, 2T AGUREENL T F—

e b AGRKE 32— F ¥ B EETF (UT=7
AHEBEF) H7o—=v7THbB, ~ATYEF

—=4i L) RNA ¥t L, @ cDNA #{E8I%,
TI—INAT) L — a3 rEHBVIEPCR
Bt VR BEEFE 7o—=v T 5, @
RNA LN E#PCREKC I VK ERFE 70—
= T AFENBVWLNTWS, N T F—=
iz, BHnmEkEEFUMNC, Be/ — -
NI ro—<HRNREKEERTF, 77 EICEHR
ENLTVWBREBEFIEINTEI ELH B,
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O e raRrEy
| YO2BREN

Y=

VoA FAS
100% 33%
vozm&mwoma

ﬁgth

Fig.1 Ptk (LB RUSIXE/ 7ot —LHikot bicT 3

REHEBERTOLRE (TE)
(STHR 124 & N BRI £ 45 THRHL)

LizdtnsT, KIS 72/ 7 o—+ LH&K V i
DT JERES —MREL, 7uv—=7LH
HHEF LKL T 2HBTIZ LHPTRETH
5.

X X SHKIE, Jo—=v 7Lz 2D
variable (V) gz Fict b o CHEBHEEF %
WEEL, BULRBIN7 2 —ICHAL TEEMBT
$ETS, 22, FKEENAT) F—eneTX
Ans7a7Y) > (Ig) CHBR%® b b Ig CHEIRIC
Mz 2IBEMER I ER I Ty AP 2=y TPV A
CdoTHERE NS,

b MMEHURBRIETFOVERBUTOEME LR T v 7
hbid. b MUREEMDNE—ZT v 7T, 7
o—=Y 7Lz AHEKTE (V) SBT3
B & DEESICE ST 28 ZHE (CDR) BBl &
E PR VSEBICEBIT A TA VI 7TEAENT 2
JEBEHI R LD 7 Vv —LT7— 74 (FR) 6% 3
VEERr 22— FT2AEFEBET . £ HER
HIEBUC BT L EE L SI13, CDR 2 BT 3
t b FREEBOTH A > TH 5. =7 ZH4ENCDR
P HIcE P FRABMEL kTR, eEHDN
BT, MEbvBabhs, i<y X FRE&EESD
W DR NT I/ EH CDR DB RIS HFFIC K S
UHBEEITEY, TNbDT I/ BEER
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COR ¢ b icBHEL LTt ewZ & 2L
Tw3, COROEBRIEICHEBYEZ 2T I /8
BEHIC(OPBEEINTVEH, Togklliz
NEINTELY, avEa—F—%F ) oI hE%
MMAE b THEL DR TRITHERL TV 2058
KTHhde Fi, ZnFRLLTEYD=72AH
KWVERERLBVREO S —%RTE FHKV
P ERIRL, TOFREHEEHAVWTIWIBELSLH
3,

BRI, BE2 N-Hifkheavy (H) 1R U
light (L) $40EEFOHEAINLRIARI 9—% 6B
YERIC AL, BEFERIGKZERTL. B
&, FHINTW2HENMEHMETESRYHZD
i3, Fr4=—Xru2F—JREAAKH CHO A3,
2% A 3L o—<iiken NSO # K SP2/0 i
THB", BB EEICRAVLENIDEBLUTD
Hihicks, 7, KT HERU L #HE 2 XD
BEHOS-SHELEMLTHESLTE), EHLIL
PRHE DI 13 BB TORBLOREATH 5.
% 72, Hithoy Fo 4Afic iz N RIBES A L TH D,
YESHIZ Cu2 F A A Y DNREE DR, %R T 5
BENZ 7277 —BRHICUEATHE., Lo T,
BB TRBL v EESEEME N s
RN 7275 —iEEIHELbNTLE )DL T



