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SUMMARY

CHAPTER1

Permeabilized cell models of the large heliozoon Echinosphaerium akamae were
prepared by treatment with 100 mM EGTA or 1% Triton X-100. When > 10° M Ca** was
added to the EGTA-permeabilized cells, axopodial cytoplasm became contracted and
several swellings were formed along the axopodial length. Axonemal microtubules re-
mained intact, while higher concentration of Ca®* (> 10 M) induced microtubule disas-
sembly and complete breakdown of the axopodia. In Triton-permeabilized cells, cyto-
plasmic contraction and relaxation of the cell body were induced repeatedly by successive
addition and removal of Ca®*. The contraction did not require ATP, and was not inhibited
by cytochalasin B. Electron microscopy showed, in EGTA-permeabilized axopodia, con-
tractile tubules became granulated by the addition of Ca®*. From these observations, it is
strongly suggested that Ca?*-dependent granulation of the contractile tubules is responsible
for the axopodial contraction. (Published in Cell Motility and the Cytoskeleton. 2002. 53:
267-272.)

CHAPTER 11

A “contractile tubules structure (CTS)” has been described in the radiating axopodia
and cytoplasm of the heliozoon Actinophrys sol. Permeabilized cell models with fully-
extended axopodia were prepared with 100 mM EGTA. When Ca®" was added to the
permeabilized cells, cytoplasmic swellings formed along the length of axopodia in a con-
centration-dependent manner. Triton X-100 was also used to prepare cell models of
heliozoa. In the Triton-extracted cell model, axopodia were detached, but the cell body
remained as a mass of cytoplasm which showed repetitive contraction and relaxation in a
Ca**-dependent manner with 10® M as its threshold level. A cell homogenate of 4. sol was
found to yield a precipitate following the addition of Ca®**. Formation of the precipitate
occurred within a few minutes after the addition of Ca?*, and was dependent on the con-
centration of Ca®*. Electron microscopy showed that the CTS-like filamentous structures
were present in the cell homogenate, and that the precipitate obtained from the cell ho-
mogenate by adding Ca** was composed of granular aggregates morphologically similar to

the transformed CTS observed after axopodial contraction. (Published in European



Journal of Protistology. 2002. 38: 365-372.)

CHAPTER III

Contraction of axopodia in actinophrid heliozoons (protozoa) is induced by a unique
contractile structure, called “contractile tubules structure (CTS)”. I have previously shown
that the cell homogenate of the heliozoon Actinophrys sol yields a precipitate by the addi-
tion of Ca**, which was mainly composed of filamentous structures morphologically
identical to the CTS. To further characterize the nature of the CTS in vitro, biochemical
and physiological properties of the precipitate were examined. SDS-PAGE showed that
the Ca**-induced precipitate was composed of many proteins, and that no proteins showed
any detectable changes in electrophoretic mobility by the addition of Ca®*. Addition of
exogenous proteins such as bovine serum albumin to the cell homogenate resulted in co-
sedimentation of the proteins with the precipitate, suggesting that the CTS has a high af-
finity to other proteins. Dis- and re-appearance of the precipitate were repeatedly induced
by the alternate addition of EGTA and Ca®*, and its protein composition kept unchanged
even after repeated cycles of precipitate formation. The precipitate showed a Ca**-
dependent contractility with 10 - 100 nM as its threshold level, and the contractility was
not inhibited by colchicine or cytochalasin B. The precipitate was repeatedly contracted
and relaxed by successive addition and removal of Ca®, indicating that the contraction of
the precipitate was controlled by only Ca** without any other energy supply. From my
findings by the characterization of the precipitate, I concluded that the Ca**-dependent
formation and contraction of the precipitate are closely related to the unique contractile

organelle “contractile tubules structure”. (In preparation)

CHAPTER 1V

I observed isolated and demembranated macronuclei of Euplotes aediculatus with a
field-emission scanning electron microscope (JEOL JSM-6401F) to examine three-
dimensional surface structures of chromatin bodies and the replication band. Freezing and
thawing in 0.25 M sucrose followed by treatment with 1% acetic acid demembranated the
isolated macronuclei. Each macronucleus was composed of a large number of granular
chromatin bodies of various sizes (0.2 - 1.0 um in diameter). Despite their size variation,
each chromatin body was composed of small granules with uniform diameter of ca. 50 nm,

with frequent filamentous bridge connections to neighboring chromatin bodies. On the



replication band, the chromatin bodies were disintegrated into their component 50 nm
granules. In some areas, the surface was observed to be composed of smaller particles of

ca. 10 nm in diameter. (Published in European Journal of Protistology. 2000. 36: 40-45.)

CHAPTER V

The hypotrichous ciliated protozoan Euplotes aediculatus possesses a characteristic
C-shaped somatic nucleus (macronucleus) within the cytoplasm, which shows dynamic
shape change during the cell cycle. It is shown that isolated macronuclei possess Ca®*-
dependent contractility. Macronuclei were isolated, stuck fast on the glass surface, and
subjected to different concentrations of Ca®* in a Ca**-EGTA buffer. The nuclei became
expanded at [Ca’"] < 107 M, and they contracted on subsequent addition of higher con-
centrations of Ca®*. Cycles of expansion and contraction of the nucleus could be repeated
many times by alternate addition of EGTA and Ca”, indicating that the size of isolated
nuclei can be regulated by [Ca’"] alone. The nuclear contraction was observed in all
phases of the cell cycle, but contractility was less evident around replication bands in the S
phase. In addition to the hypotrichous ciliate Euplotes, similar Ca**-dependent nuclear
contractility was found to exist in other cell types, including protozoans of different taxa (a
heliozoon Actinophrys sol and a peniculine ciliate Paramecium bursaria), and also mam-
malian culture cells (HeLa cells). My findings suggest a possibility that Ca**-dependent
nuclear contractility may be shared among diverse eukaryotic organisms. (In press in Cell
Calcium. 2003. 33.)

CHAPTER VI

Ca**-dependent contractility was found to exist in the nucleus of the heliozoon Acti-
nophrys sol. Upon addition of Ca®* ([Ca®]se. = 2.0 X 107 M), diameters of isolated nuclei
became reduced from 16.5 + 1.7 pumto 11.0 £ 1.3 pm. The threshold level of [Ca®*]e. for
the nuclear contraction was 2.9 x 107 M. The nuclear contraction was not induced by
Mg?*, and was not inhibited by colchicine or cytochalasin B. Contracted nuclei became re-
expanded when Ca®* was removed by EGTA; thus cycles of contraction and expansion
could be repeated many times by alternate addition of Ca®* and EGTA. The Ca®-
dependent nuclear contractility remained even after treatment with 2 M NaCl for 30 min,
suggesting a possible involvement of the nucleoskeletal components in the nuclear con-

traction. In the expanded state, filamentous structures were observed to be spread in the



nucleus to form a network. After addition of Ca®’, they became aggregated and con-
structed a mass of thicker filaments, followed by re-distribution of the filaments spread
around inside of the nucleus when Ca®* was removed. These results suggest that the nu-
clear contraction is induced by Ca**-dependent transformation of the filamentous struc-

tures in the nucleus. (In preparation)



INTRODUCTORY REVIEW

The main objective of my research is to elu-
cidate the mechanism of axopodial contraction of
the actinophryid heliozoa, which is commonly ob-
served when heliozoons capture prey organisms. In
1973, Ockieford and Tucker discovered the phe-
nomenon of axopodial contraction in Actinophrys
sol, and described that it was accompanied by
breakdown of the axonemal microtubules
(Ockleford and Tucker, 1973). Degradation and
reformation of microtubule-containing axopodia
are also involved in many other important cell
functions such as locomotion (Watters, 1968; Su-
zaki et al, 1980a), division (Suzaki et al., 1978), and
fusion between adjacent cells (Shigenaka and
Kaneda, 1979). During these processes, axopodia
changes in length in accordance with the break-
down and reformation of the microtubules as a cy-
toskeletal element in axopodia, and its velocity is
around 2.0 pm/sec (Suzaki and Shigenaka, 1982;
Suzaki et al., 1992). In the case of axopodial con-
traction during food-uptake, its velocity is up to 2 x
10° pm/sec (Suzaki et al., 1980a; Ando and Shi-
genaka, 1989; Suzaki et al., 1992; 1994) and direct
measurement of the force of rapid axopodial con-
traction in heliozoa showed that the motive force
for axopodial contraction cannot be explained as an
axopodial tension generated as a result of disas-
sembly of the microtubules (Suzaki et al., 1992).
Quantitative light microscopy showed that disas-
sembly of the axonemal microtubules does not ac-
company the axopodial contraction but the micro-
tubules are only severed into smaller fragments
when contraction occurs (Suzaki et al., 1994).

Tilney and co-workers have reported the ex-
istence of a non-microtubular structure inside the

cell body, and termed it as “excretion body” (Tilney

and Porter, 1965; Tilney et al., 1966). Many in-
vestigators have observed a variety of filamentous
structures, and described it as macrotubules, fila-
ments, C-shaped tubules, wavy tubules, paracrys-
talline arrays, multivesicular bodies, and morulate
bodies. Among these structures, macrotubules, C-
shaped tubules, wavy tubules and paracrystalline
arrays have been identified as structures derived
from microtubules. Based on their morphological
similarities, multivesicular bodies and morulate
bodies have been suggested as artifacts derived
from axonemal microtubules (Patterson and Haus-
mann, 1982). However, careful investigations on
the ultrastructure of these structures revealed that
they are not related to microtubules but are now
identified as contracted states of the CTS in poorly-
fixed specimens (Kinoshita et al., 2001). Shigenaka
and Kaneda (1979) have first noted that the non-
microtubular structures named X-bodies might be
involved in the control of cytoplasmic contractility.
By detailed electron microscopic observations, a
bundle of conspicuous filamentous structures
named “contractile tubules structure (CTS)” was
found to be located along the whole length of the
axonemal microtubules, and the CTS transforms
from tubular to granular forms when axopodial
contraction occurs (Suzaki et al., 1980a; Shigenaka
et al., 1982; Ando and Shigenaka, 1989). The CTS
has been distinguished from the axonemal micro-
tubules by experimental evidences that the CTS is
clearly stained unlike the axonemal microtubules
by uranyl magnesium acetate (Shigenaka et al.,
1982), and that transformation of the CTS was not
induced by colchicine treatment (Kinoshita et al.,
2001). Based on its unique appearance, the CTS
has long been speculated to be responsible for



Fig. 1. Light micrographs of a living Echinosphaerium akamae (a)
and Actinophrys sol cells (b) taken with Nomarski differential
interference optics, showing many needle-like axopodia radiating
from the spherical cell body. A, axopodium. Bars = 100 pm.

axopodial contraction, though no evidence has been
presented to support this hypothesis (Matusoka et
al., 1985; Ando and Shigenaka, 1989; Suzaki et al.,
1994; Kinoshita et al., 2001). Is the CTS really a
contractile organelle? To reply to this question,
attempts were carried out in this study to prove that
the CTS observed in actinophrid heliozoa is a mo-
tile structure in axopodia that is responsible for
rapid axopodial contraction. First, in vitro reacti-
vation of the cytoplasmic contraction in Echi-
nosphaerium akamae (Fig. 1a) and Actinophrys sol
(Fig. 1b) was carried out by using membrane-
permeabilized cell models, and evidence was pre-
sented that the CTS contracts in a Ca**-dependent

manner (Chapters I and II). Next, cell homogenate
of A. sol was prepared that yields contractile pre-
cipitate by addition of Ca®*. The precipitate was
composed of CTS-like filaments, and the motile
response of the precipitate to Ca’* was similar to
that of the permeabilized cell models. Based on
these observations, a possible mechanism of for-
mation and contraction of the precipitate was dis-
cussed in Chapter III.

It was incidentally found in Echi-
nosphaerium that nuclei in the isolated cytoplasm
contracted simultaneously with the cytoplasm. As
well as cytoplasmic contraction, contraction of the
isolated nuclei occurred in a Ca’*-dependent man-
ner, and was inhibited by neither colchicine nor
cytochalasin B. These results indicate that a certain
contractile system exists inside a nucleus, and its
mechanism differs from those of the acto-myosin
and the microtubular motilities. In an isolated
macronucleus of Tetrahymena (ciliated protozoa),
Waunderlich and Herlan have reported that the nu-
clear matrix, or a nucleoskeletal framework struc-
ture, showed reversible contraction which was in-
duced by contraction of a peripheral layer of the
nucleus (Wunderlich and Herlan, 1977; Wunderlich
et al.,, 1978). Although a large number of investi-
gations have been focused on fundamental struc-
tures and functions of the nuclear matrix in various
kinds of cells, nuclear dynamics in contractility and
its volume change have attracted less attention. In
this study, nuclear contractility was observed in
various types of cells including other species of
protozoans (Euplotes aediculatus and Paramecium
bursaria) and even in cultured mammalian cells
(HeLa cells). To eliminate the possibility of in-
volvement of the nuclear membrane in nuclear
contraction, I attempted to develop a procedure of
isolation and demembranation of the macronucleus

in E. aediculatus. By using the procedure, in



Chapter 1V, three-dimensional surface structures of
the naked nuclear chromatin was observed by
scanning electron microscopy. The isolated and
demembranated macronucleus of E. aediculatus
was found to show Ca’*-dependent contractility
(Chapter V). Furthermore, heliozoon Actinophrys
sol also showed similar nuclear contraction
(Chapter VI). Morphological and physiological
characterization of the nuclear contractility was
carried out, and possible mechanism of Ca®'-
dependent dynamics of the nuclear matrix is dis-

cussed.
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CHAPTERI1

Reactivation of Ca*"-dependent Cytoplasmic Contraction in Perme-

abilized Cell Models of the Heliozoon Echinosphaerium akamae

INTRODUCTION

Rapid axopodial contraction of actinophrid
heliozoa is a protozoan motile system that is not
explained by either actomyosin or tubulin-based
machineries (Suzaki et al., 1980a). The heliozoon
cells have a large number of needle-like axopodia
that radiate from their spherical cell bodies. When a
prey protozoan becomes attached to an axopodium,
the prey is trapped at the surface of the axopodium,
and is conveyed toward the cell body by rapid
shortening of the axopodium (Ockleford and
Tucker, 1973; Suzaki et al., 1980a; Sakaguchi et al.,
1998). Many investigations have been carried out
at light and electron microscopic levels, but the
mechanism of axopodial contraction is still poorly
understood.

It has been shown that slow axopodial re-
traction is induced by Ca®" in the presence of cal-
cium ionophore A23187 (Schliwa, 1976; Matsuoka
and Shigenaka, 1984).
cytochemistry and X-ray microanalysis has shown

Calcium pyroantimonate

that the axopodial contraction is related to intracel-
lular calcium release from either the cell cortex or
vesicles surrounding the axonemal microtubules
(Matsuoka and Shigenaka, 1984, 1985). Suzaki and
co-workers measured the force of axopodial con-
traction and estimated it to be in the order of 10° N.
The force of the axopodial retraction induced by
treatment with colchicine was also estimated to be
in the order of 10" N. They accordingly concluded
that the motive force for axopodial contraction

cannot be explained by an axopodial tension gen-
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erated as a result of disassembly of the microtubules
(Suzaki et al., 1992). The axopodium contains a
bundle of microtubules as a cytoskeletal element
(Tilney and Porter, 1965; Tilney et al., 1966; Ock-
leford, 1974). Contractile tubules (formerly called
X-bodies) are also located inside the axopodium
and run parallel to the microtubules throughout the
axopodial length (Shigenaka and Kaneda, 1979;
Suzaki et al., 1980a; Shigenaka et al., 1982). Elec-
tron microscopy has shown that the contractile tu-
bules become granulated in contracted axopodia
(Suzaki et al., 1980a; Ando and Shigenaka, 1989;
Suzaki et al., 1994). From these observations, it has
been postulated that the rapid axopodial contraction
may be a consequence of the conformational
change of the contractile tubules induced by Ca®’.
However, there is no direct evidence to support this
hypothesis.

In the present study, I attempted to prepare
cell models of the actinophrid heliozoon Echi-
nosphaerium akamae, and observed responses of
the models to Ca®" at the light microscopic level.
Furthermore, electron microscopy was carried out
to examine the relationship between cytoplasmic
contraction and the morphological change of the
contractile tubules. From these observations, the
possible mechanism of cytoplasmic contraction in

the heliozoan axopodia is discussed.

MATERIALS AND METHODS
Organism and Culture

Living samples of the heliozoon Echi-



nosphaerium akamae (Shigenaka et al., 1980) were
collected from a pond in the campus of Kobe Uni-
versity in Kobe City, Hyogo Prefecture, Japan, and
maintained in 0.01% Knop solution (0.24 mM Ca
(NO3),, 0.14 mM KNO;, 0.06 mM MgSO,, and 0.1
mM KH,PO4) at 20 + 1°C with Chlorogonium
elongatum added as a food source. C. elongatum
was cultured in a medium (0.1% sodium acetate,
0.1% polypepton, 0.2% tryptone, 0.2% yeast ex-
tract, and 0.01 mg/ml CaCl,) under constant light
conditions. Subculturing was carried out at inter-
vals of about 2 weeks.

Preparation of Permeabilized Model of Axo-
podium

Two lines of Vaseline ledges were placed on
a glass slide parallel to the longer edge of the slide,
and a small drop of fresh culture medium was
placed between the Vaseline ledges with several
fibers of absorbent cotton as spacers (Ishida et al.,
1996). Afier being washed with culture medium,
cells were placed in the drop, covered with a cov-
erslip, and left for about 10 min at room tempera-
ture so that the axopodia could recover from dam-
ages caused by pipetting. For permeabilizing the
cell membrane, the cells were treated with ethylene
bis(B-aminoethylether)-N N ,N’N’-
tetraacetic acid (EGTA) for 1 min at room tem-
perature in a solution consisting of 100 mM EGTA,
5 mM MgSO,, and 20 mM N-(2-Hydroxyethyl)
piperazine-N’-2-ethanesulfonic acid (HEPES, pH

glycol

7.0). Test solutions were introduced into the nar-
row gap between the slide and the coverslip from
one side using a Pasteur pipette. For replacement of
the solution, the preparation was drained from the
other side using a piece of filter paper. The cells
were then washed with EGTA in a solution con-
sisting of 5 mM EGTA, 5 mM MgSO,, and 200 mM
HEPES (pH 7.0). To examine cytoplasmic con-
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traction of axopodia, a solution consisting of 5 mM
EGTA, 5 mM MgSO,, 4 mM CaCl,, and 200 mM
HEPES (pH 7.0) was added. The free concentration
of Ca*" in this solution was calculated to be 1.7 x
10 M by an iterative procedure according to Su-
zaki and Williamson (1986).

Preparation on Permeabilized Model of Cell
Body

In order to examine the contractility of the
cell body, an alternative procedure was developed
to maintain a mass of cell body cytoplasm. Cells
were washed with a fresh culture medium, placed
on a hollow slide with a little amount of the culture
medium, and quickly stirred up with a Pasteur pi-
pette in a medium consisting of 100 mM ethyl-
enediamine-N ,N ,N° N’-tetraacetic acid (EDTA) at
room temperature. After 1 min, the cells were put
on a glass slide prepared as mentioned above, cov-
ered with a coverslip, and pressed with a glass nee-
dle. By this procedure, most of the axopodia be-
came detached, and cell bodies adhered to the glass
surface. The cytoplasm was then treated with Tri-
ton X-100 in a solution consisting of 1% Triton X-
100, 1 mM EGTA, and 5 mM HEPES (pH 7.0) for 1
min to permeabilize the cell membrane. Then, the
isolated cytoplasm was washed in a solution con-
sisting of 1| mM EGTA and 5 mM HEPES (pH 7.0).
To induce contraction, the cytoplasm was treated
with a solution consisting of 1 mM EGTA, 5 mM
HEPES (pH 7.0), and various concentrations of
CaCl,.

Analysis of Light Microscopic Images

Light microscopic observations of the per-
meabilized models were carried out at room tem-
perature under an Olympus DH-2 microscope
equipped with Nomarski differential interference

optics. Microscopic images were taken with a



video camera (Victor, KY-F30), recorded by either
a video cassette recorder (Victor, BR-S822) or a
digital recorder (Konica, MR-1500). Recorded
images were processed by a personal computer
(NEC, PC-9801 DA) for measuring areas of iso-
lated cytoplasm using the image analyzing software
NIH Image 1.61.

Measurement of the Area of Isolated Cytoplasm

A fractional area (A*) of the isolated cyto-
plasm was expressed as a value calculated as: A* =
(A - Apin) / (Ainit - Amin), Where Ay is the initial
area of a cytoplasmic mass, A, is the area of the
cytoplasm at the completely contracted stage, and A

is the area at a given time.

Transmission Electron Microscopy

Samples were prefixed with a fixative con-
sisting of 3% glutaraldehyde, 0.01 mM MgSO,, 1
mM sucrose, and 50 mM sodium cacodylate (pH
7.0) for 3 min at room temperature. They were then
postfixed with buffered 1% OsQO,4 for 30 min at
room temperature. After being rinsed in 50 mM
cacodylate buffer (pH 7.0), the fixed samples were
dehydrated in a graded ethanol series, followed by
embedding in Spurr’s resin (Spurr, 1969). Ultrathin
sections were stained with 3% aqueous uranyl ace-
tate for 15 min and Reynolds’ lead citrate stain
(Reynolds, 1963) for 5 min at room temperature.
Observations were made with a transmission elec-
tron microscope (JEOL JEM-1010).

RESULTS

Effect of Ca”* on the permeabilized axopodia
was examined and results are shown in Fig. L1.
The permeabilized axopodia were well preserved in
the state of full extension even after treatment with
100 mM EGTA (Fig. 1.1a). When Ca** was added
at free [Ca®] > 1 x 10 M, several beadings ap-
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peared along the length of each axopodium as a
result of contraction of the axopodial cytoplasm
(arrowheads in Fig. 1.1b). As a result of cytoplas-
mic accumulations, diameter of axopodia between
cytoplasmic beads became markedly reduced. The
contraction was not inhibited by cytochalasin B.
The contracted cytoplasm recovered to its initial
state when Ca®* was removed by the addition of
EGTA (data not shown). When surplus amount of
Ca’* was successively added at free [Ca®] > 1 x
10* M, the axopodia became collapsed and short-
ened toward the cell body as the result of disas-
sembly of cytoskeletal microtubules (Fig. I.1c).

Ultrastructural observations were carried out
by transmission electron microscopy to investigate
whether morphological changes of contractile tu-
bules or axonemal microtubules accompany Ca**-
induced contraction of the permeabilized axopodia.
As a result, contractile tubules (arrowheads) were
found to transform from tubular to granular forms
and accumulated in the axopodial beading (Fig.
1.2b) by the addition of 1.7 x 10° M Ca**, while
axonemal microtubules (asterisks in Fig. 1.2) re-
mained unchanged.

In the permeabilized cell body, cytoplasmic
contraction was also induced by the addition of
Ca® (Fig. 1.3). Although most of the membranous
structures had disappeared in the isolated cytoplasm
after the treatment with Triton X-100, nuclei
(marked “N” in Fig. 1.3a) remained in the cytoplas-
mic mass. When Ca®" was added at 1.9 x 10° M,
both isolated cytoplasm and nuclei contracted (Fig.
1.3b). Upon subsequent addition of EGTA, the
contracted cytoplasm and nuclei expanded (Fig.
L.3¢). Contraction of the cell body was not inhibited
by cytochalasin B.

Contraction and relaxation of the isolated
cytoplasm were observed repeatedly by alternate

addition of Ca’* and EGTA. The approximate area



Fig. .1. Light micrographs of the EGTA models of axopodia of
Echinosphaerium akamae. a: EGTA-permeabilized axopodia
after washing with 5 mM EGTA. The axopodia remained in a
state of full extension. b: When Ca®" (free [Ca®'] = 1.7 x 10° M)
was added, several swellings (arrowheads) appeared along the
length of each axopodium as a result of cytoplasmic contraction.
¢: Addition of 1 mM Ca”" caused complete collapse and short-
ening of the axopodia as a result of disassembly of the axonemal
microtubules. Bar= 100 um.

Fig. 1.2. Electron micrographs of cross sections through the
permeabilized axopodia of Echinosphaerium akamae before (a)
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and after (b) addition of Ca**. The addition of Ca®** (1.9 x 10°
M) induced a morphological change of the contractile tubules
(arrowheads) from tubular to granular forms, without disassem-
bly of the microtubules (asterisks). Bar =200 nm.

Fig. 1.3. Light micrographs of the Triton model of the cell body
of Echinosphaerium akamae. a: A mass of cytoplasm and nuclei
(N) after treatment with Triton X-100. b: After washing with
EGTA, contraction of cytoplasm and nuclei occurred when Ca®*
(free [Ca™] = 1.9 x 10”° M) was added. c¢: Relaxation of cyto-
plasm and nuclei was induced by the addition of EGTA. Bar=
10 pm.



Fig. 1.4. Successive contraction
and relaxation of a mass of iso-

lated cytoplasm. Fractional area \ o) . v v

(A*) of the isolated cytoplasm 1.0 r I. :’ o ©.0® o o®

was expressed as a value between ® e o { | 7 ..’ &%
0 and 1 using the equation: A*= @ 08 F : P ¢ I ! * &
(A - Amn) / (A Ama), where © 0 | T | é $ o ¢
Aii is the initial area of a cyto- @ ° . . ? I ?' \ ] 7
plasmic mass, Ay is the area of g 04 F & 4 * l [} : ® l.
the completely contracted cyto- 8 T r,. ’ \ l 1 ®
plasmic mass, and A is .the are.a of \© 02 F s ' t....' %o e %e-0-® e . l
the cytoplasm at a given time. . 1 . A , A , A , AI
Closed and open arrowheads 0 L

indicate the moments when Ca®* 0 5 10 15 20 25 30
(1 mM) and EGTA (1 mM) were Time (min)

added, respectively.

Fractional area

Free calcium concentration (M)

Fig. 1.5. Relationship between the fractional area of a mass of
isolated cytoplasm and free calcium concentration in the medium.
The fractional area was determined as described in the legend for
Fig. 1.4, The threshold level of the free calcium concentration for
cytoplasmic contraction was in the order of 107 M, and the maxi-
mal contraction was obtained at 0.1 mM. Closed circles, process
of progressive contraction; Open circles, process of progressive

relaxation.

of the isolated cytoplasm was continuously meas-
ured as shown in Fig. 1.4. The contraction-
relaxation cycle could be repeated many times (as
many as 38 times in this study) by manipulating
free Ca®* concentration in the medium. The degree
of contraction of the isolated cytoplasm was de-
pendent on the free calcium concentration (Fig. 1.5).
When the free Ca®* concentration was raised step-
wise from 10 to 10® M, the isolated cytoplasm
contracted in a sigmoidal manner as shown in Fig.

I.5 (closed circles). The threshold level of free

calcium concentration for the contraction of the
cytoplasm was in the order of 107 M, and the
maximal contraction was achieved at 0.1 mM. The
km value estimated from the data presented in Fig.
1.5 was 5.8 x 107 M. After complete contraction,
free Ca®* concentration was gradually lowered from
10° t0 10* M. The km value obtained from the
curve for the relaxation process (open circles) was

2.1 %107 M.

DISCUSSION
In this study, permeabilized cell models of E.

akamae were prepared to investigate the contractil-
ity of the cytoplasm and the axopodium. Axopodia
are known to be sensitive to detergent; they become
retracted immediately after living cells are treated
with Triton X-100 (Suzaki et al., 1980b). It is,
therefore, difficult to prepare cell models by Triton
X-100 with their axopodia in the state of full ex-
tension. Alternatively, by using EGTA at high
concentrations, permeabilized cell models were
successfully prepared without artificial shortening
of axopodia (Fig. 1.1a). High concentration of
EGTA was found to be effective for preservation of
the axonemal microtubules (Suzaki et al., 1980b).
Electron microscopy showed that although the
original arrays of axonemal microtubules were

slightly disordered, each microtubule in the perme-
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abilized axopodia was well preserved both before
and after Ca”* addition (Fig. 1.2).

At free Ca®" concentrations between 1 x 10
and 1 x 10* M, cytoplasmic contraction of axopo-
dia was observed without disassembly of the
axonemal microtubules. After addition of Ca®* to
the permeabilized models, several swellings of
axopodial cytoplasm were formed along the length
of axopodia as a result of contraction of the axopo-
dial cytoplasm. This phenomenon is similar to that
usually observed in heliozoons during prey capture
(Suzaki et al., 1980a). In living cells, electron mi-
croscopic observations showed that contractile tu-
bules were transformed into granular forms inside
the cytoplasmic swellings (Suzaki et al., 1980a;
Ando and Shigenaka, 1989). Contractile tubules
have tubular or lamellar profiles in cross section
and a wavy appearance in longitudinal section.
When cytoplasmic contraction occurred, they
change their appearance to small granules or
spherules, sometimes surrounded by membrane-
like structures (Kinoshita et al., 2001). Similarly, in
the permeabilized axopodia, contractile tubules
were also found to change their appearance from
tubular to granular forms when Ca”*-dependent
cytoplasmic contraction occurred. Furthermore, as
shown in Fig. 1.2b, microtubules in the permeabi-
lized axopodia remained intact after addition of
Ca®* at 1.9 x 10° M. From these observations, it is
strongly suggested that transformation of the con-
tractile tubules and concomitant cytoplasmic con-
traction are caused by Ca®*, not as the result of dis-
assembly of the microtubules.

In this study, contraction and relaxation of
permeabilized cell bodies were induced repeatedly
by successive additions of Ca’* and EGTA (Fig.
1.4), which demonstrate that the cytoplasmic con-
traction occurs in a Ca’*-dependent manner. Simi-

lar to the cytoplasmic contraction in axopodia, nei-
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ther contraction nor relaxation of the cell body re-
quired ATP. The cytoplasmic contraction of the
cell body was not inhibited by cytochalasin B.
These results indicate that a certain Ca’*-dependent
contractile system exists in the cytoplasm of the
heliozoa. Contraction of the cell body is probably
based on the same molecular mechanism as that for
the axopodial contraction, because both contractile
phenomena share common characteristics for their
The
contractile tubules are not only localized inside the

reactivation in permeabilized cell models.

axopodia but also in the cell body, especially near
the periphery of the nucleus where axonemal
microtubules are terminated (Suzaki et al., 1980a).
It is, therefore, probable that the cell body contrac-
tion is also mediated by the Ca’*-dependent trans-
formation of the contractile tubules,

A large number of investigations have been
made on the Ca’*-dependent contraction of the
glycerinated stalk of vorticellid ciliates (Asai et al.,
1978; Ochiai et al., 1979; Yokoyama and Asai,
1987) and Triton-extracted models of heterotrich-
ous ciliates (Ishida and Shigenaka, 1988; Ishida et
al., 1996). They showed that such contractions
occur in an all-or-none fashion (Katoh and Kiku-
yama, 1997; Moriyama et al., 1998). The threshold
level of free calcium concentration for the contrac-
tion is estimated to be in the order of 107 M, and
degree of contraction and free calcium concentra-
tion show a sigmoidal relationship (Katoh and Nai-
toh, 1994; Ishida et al., 1996). In this study, the cell
models showed contractility similar to those of
spasmonemes and myonemes. They contracted in
an ATP-independent and Ca?*-dependent manner,
and were not inhibited by cytochalasin B. In the
heliozoa, however, the contractile organelle is
The

spasmoneme and the myoneme are composed of 2 -

morphologically different in appearance.

3 nm and 3.5 - 10 nm filaments, respectively



(Huang and Pitelka, 1973; Yogosawa-Ohara and
Shigenaka, 1985). However, contractile tubules
have a diameter of about 22 nm, and a characteristic
transformation occurs when they become con-
tracted (Matsuoka et al., 1985). These differences
suggest that the molecular mechanism of cytoplas-
mic contraction of heliozoa may be different from
those for the spasmoneme of vorticellid ciliates and

the myoneme of heterotrichous ciliates.
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CHAPTER I

Ca**-dependent Cytoplasmic Contractility of the Heliozoon

Actinophrys sol

INTRODUCTION

A number of protozoan cells are known to
show characteristic cell movements which are con-
trolled by intracellular calcium ions. They include
coiling of the stalk in vorticellid ciliates (Amos,
1978; Asai et al., 1978; Ochiai et al., 1979; Yoko-
yama and Asai, 1987; Katoh and Kikuyama, 1997;
Moriyama et al., 1998), twisting contraction of the
cell body in heterotrichous ciliates (Huang and
Pitelka, 1973; Yogosawa-Ohara and Shigenaka,
1985; Yogosawa-Ohara et al., 1985; Ishida and
Shigenaka, 1988; Ishida et al., 1996) and contrac-
tion of the flagellar root fiber in algal cells
(Salisbury et al., 1984; Salisbury, 1998). Ca*-
dependent rapid axopodial contraction in heliozoa
also belongs to this type of motility (Kinoshita et
al., 2001). The heliozoon cells extend a large
number of axopodia radiating from their spherical
cell bodies, and they usually capture prey organ-
isms by rapid axopodial contraction (Ockleford and
Tucker, 1973; Suzaki et al., 1980a, Kinoshita et al.,
2001). Ultrastructural studies showed a presumed
contractile element (called the contractile tubules
structure: CTS) inside the axopodia which trans-
forms into a mass of small granules during axopo-
dial contraction (Suzaki et al., 1980a; Ando and
Shigenaka, 1989; Suzaki et al., 1994). Although
granulation of the CTS has been considered to be
responsible for axopodial contraction, its molecular

mechanism has not been explained.

MATERIALS AND METHODS
Organism and Culture
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The heliozoon Actinophrys sol was cultured
monoxenically according to Sakaguchi and Suzaki
(1999). Cells were collected by centrifugation and
washed with artificial brackish water (47 mM NaCl,
1.1 mM KC], 1.1 mM CaCl,, 2.5 mM MgCl,, 2.5
mM MgSQ,, and 1 mM Tris-HCl at pH 7.8) before
they were used for experiments.

Preparation of Permeabilized Model of
Axopodium

A. sol cells were washed and left for about 1
hour in a 1.5 ml test tube at room temperature until
they settled to the bottom of the tube and formed
cell colonies as a result of naturally-occurring
membrane fusion. For perfusion experiments, cell
colonies were placed between two lines of Vaseline
ledges placed parallel to the longer edge of a glass
slide. After being covered with a glass coverslip,
cells were gently compressed with a glass needle
from the top of the coverslip until cell colonies were
firmly sandwiched between the glass surfaces.
Individual cells were flushed away by a stream of
artificial brackish water introduced from one side of
the preparation, while excess solution was absorbed
from the other side by touching a tip of a filter paper
cut in a triangular shape. In contrast to individual
cells, clustered cells in a colony remained in the
same place because they were large enough to be
held between the glass slide and the coverslip.
Settled samples were permeabilized by treatment
with 100 mM EGTA, and washed with a solution
consisting of 5 mM EGTA and 100 mM HEPES,
(pH 7.0). Then, a solution consisting of 5 mM



EGTA, 2.9 mM CaCl,, and 100 mM HEPES at pH
7.0 was added to induce a cytoplasmic contraction
in response to Ca”*. The concentration of free cal-
cium in this solution was calculated as 5.0 x 107 M
by an iterative procedure according to Suzaki and
Williamson (1986).

Preparation of Permeabilized Model of Cell
Body

In order to examine contractility of the cell
body cytoplasm, washed cells were placed on a
hollow slide with a small amount of artificial
brackish water, and a solution consisting of 0.1%
Triton X-100, 3 mM EGTA, 1 mM MgSO,, 5 mM
CaCl,, and 5 mM HEPES at pH 8.0 (free {Ca®*] =
2.0 x 10 M) was added to permeabilize the cell
membrane. The mixture was quickly stirred up
with a glass needle, and cells were pipetted out and
placed on a glass slide with Vaseline ledges, which
had been coated with 0.1% poly-L-lysine. By this
procedure, axopodia were all broken down into
small pieces, but cytoplasm of the cell body re-
mained as a globular mass of the same size. After
being covered with a glass coverslip, the prepara-
tion was left for about 10 min at room temperature
until the permeabilized cell body adhered to the
surface of the glass slide. EGTA solution (3 mM
EGTA, 1 mM MgSO0,, and 5 mM HEPES at pH 8.0)
or Ca* solution (3 mM EGTA, 1 mM MgSO,, 5
mM CaCl,, and 5 mM HEPES at pH 8.0) was added
to observe relaxation or contraction of the perme-
abilized cell body, respectively. To quantify Ca®*-
dependent contractility of the cytoplasm, washed
cells in Ca**-depleted artificial brackish water were
mixed with the same amount of a test solution con-
sisting of 0.02% Triton X-100, 6 mM EGTA, 10
mM HEPES (pH 7.0) and various concentrations of
CaCl,. After vortexing for 5 seconds, the mixture

was placed on a glass slide and covered with a glass
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coverslip. Microscopic images were recorded
within a few minutes after addition of the test solu-
tion, and areas of the permeabilized cell bodies

were measured from their images.

Preparation of Precipitate

Washed cells were collected by centrifuga-
tion at room temperature, and were suspended in a
solution consisting of 3 mM EGTA and 5 mM
HEPES (pH 7.0), followed by homogenization us-
ing a Potter homogenizer equipped with a Teflon
pestle. After centrifugation at 7,700 x g for S min,
the supernatant was collected and a small amount of
5 mM CaCl, was added to make the final free cal-
cium concentration at 2.0 x 10° M. A precipitate
appeared within 5 min, and was collected as a pellet
by centrifugation at 200 x g for 5 min. The pre-
cipitate was placed on a slide glass with Vaseline
ledges, and observed after being covered with a

glass coverslip.

Microscopy

Light and electron microscopy of reactiva-
tion of the permeabilized models or the precipitate
obtained from cell homogenate was carried out as
described in Chapter [. Negative staining for elec-
tron microscopy was also carried out by a conven-
tional method. Samples were put on a Formvar-
coated grid mesh, drained, and treated with 1%
uranyl acetate, drained again by attaching a piece of
filter paper, and observed with a transmission elec-
tron microscope (Hitachi H-7100).

Spectroscopy

The supernatant of the cell homogenate was
put into an acrylic microcuvette, and turbidity at
500 nm was monitored with a spectrophotometer
(Shimadzu, UV-1200) to examine the effect of

various concentrations of Ca®* on the supernatant.



Sodium Dodecyl Sulfate (SDS)-Polyacrylamide
Gel Electrophoresis

SDS-PAGE was carried out according to the
method of Laemmli (1970) in slab gels containing
After

pre-fixation with 20% methanol and 7.5% acetic

12% polyacrylamide at room temperature.

acid for 20 min, gels were stained by 0.15%
Coomassie brilliant blue in 50% methanol and 10%
acetic acid for 20 min, and then destained in 25%

methanol and 7.5% acetic acid.

RESULTS

In this study, permeabilized cell models of
Actinophrys sol were prepared to investigate the
cytoplasmic contractility of the axopodium and the
cell body. When 4. sol (Fig. 11.1a) was collected by
centrifugation and left in a test tube for about one
hour, cell colonies were formed as shown in Fig.
IL.1b. Axopodia of such fused cells appeared nor-
mal, and they remained in the state of full extension

even after permeabilization with 100 mM EGTA

(Fig. IL1c). By the addition of Ca** at 5.0 x 107 M, ©_

several beads of cytoplasm appeared along the

length of each axopodium as a result of partial

contraction of the axopodial cytoplasm (Fig. 1I.1d,

Fig. 1L.1. Light micrographs of Actinophrys sol. a: Living cells
under culture conditions, showing that most of the cells are solitary.

arrowheads) without apparent breakdown of the : ) : .
b: A cell colony formed by centrifugation. ¢: A magnified micro-

graph of a part of an EGTA-treated cell colony. Axopodia retained
their fully extended state even after EGTA-permeabilization. d:
The EGTA-treated cell colony (same specimen as ¢) after addition
of Ca®" at free [Ca®"] = 5.0 x 107 M. Several swellings appeared
(arrowheads) along the length of every axopodium as a result of
cytoplasmic contraction. Bar =200 um (a and b) and 20 pm (d).

cytoskeletal microtubules. The contracted cyto-
plasm recovered to its original state when Ca>" was
removed by the subsequent addition of EGTA (data

not shown).

Cytoplasmic contractility of the cell body
also
permeabilized cell model. When Triton X-100 was

was investigated in the detergent-
added to the cell, the axopodia collapsed and were
flushed away by the stream of solution, while cyto-
plasm of the cell body remained attached to the
glass slide coated with poly-L-lysine. As shown in
Fig. IL.2, relaxation and subsequent contraction of

the permeabilized cell body cytoplasm were ob-
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served under the light microscope. The cell model
was first prepared in its contracted state with Ca®* at
free [Ca*"]=2.0 x 10 M (Fig. 11.2a). It expanded
by the addition of EGTA (Fig. I1.2b), followed by
re-contraction upon subsequent addition of Ca®'
(Fig. 11.2¢). Cytoplasmic contraction of permeabi-

lized axopodia and cell bodies was not induced by



Fig. 11.2. Light micrographs of the Tri-
ton-extracted model of the cell body. a:
The mass of cytoplasm of the cell body
retained its spherical shape after extrac-
tion with Triton X-100 at free [Ca*"} =
2.0 x 10° M. b: Expansion of the cyto-
plasm occurred when EGTA was added.
c: Subsequent addition of Ca® (free
[Ca®] = 2.0 x 10° M) induced re-
contraction of the cytoplasm. Bar = 20
pm.
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Fig. 11.3. Relationship between the projected area of the perme-
abilized cell body and free calcium concentration. An open circle
shows the approximate projected area of the cell body of living
cells. At free Ca®* concentrations of 10 M or below, cell models
were expanded as compared with the living cells. On the con-
trary, at concentrations of 10”7 M or above, cell models were in
the state of contraction. From the data, the Km value was esti-
mated to be 2.4 x 10 M. Bars represent standard errors.

Mg?* even at concentrations higher than that re-
quired for Ca’*, and was not inhibited by cyto-
chalasin B. The degree of contraction of the per-
meabilized cell body was dependent on free Ca®
concentration (Fig. I1.3). The approximate areas of
the cell models were measured as a function of free
Ca®* concentration from 0 to 10° M. At free Ca®*
concentrations lower than 10 M, cell models were
in the expanded state. At concentrations higher
than 107 M, cell models were in the state of con-
traction. A relationship between the area of the cell

model and the free Ca**concentrations fits fairly

closely to a sigmoidal curve, with the Km value
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estimated as 2.4 x 10® M. An open circle in Fig.

I1.3 shows that the approximate area of the cell
body of the living cell was about 1,900 - 2,000 pm?>.

I obtained a precipitate by addition of Ca** to
the supernatant of the cell homogenate. To exam-
ine the effect of various concentrations of Ca’*, the
turbidity of the supernatant was continuously
measured at 500 nm with a spectrophotometer. As
shown in Fig. I1.4, a significant increase of turbidity
was induced by addition of Ca®* at concentrations
higher than 10 M, while no turbidity change was
observed in Ca”*-concentrations lower than 107 M.
The precipitate disappeared when Ca®* was re-
moved by adding EGTA to the precipitate, and
reappeared when Ca’" concentration was increased
> 10" M. Such a cyclic formation of the precipitate
was possible at least 3 times by repetitive addition
and removal of Ca®*. The relationship between free
Ca®* concentration and turbidity of the cell ho-
mogenate at 500 nm, shown at ten minutes in Fig.
I1.4, indicates that the formation of the precipitate
depends on free Ca’* concentration. Light and
electron microscopy of the precipitate were carried
out as shown in Fig. I1.5. When observed by a light
microscope, the precipitate was observed as packed
particles or amorphous materials (Fig. IL.5a).
However, electron microscopy showed that a large
number of granular aggregates were contained in
the precipitate (Fig. I1.5b). When the precipitate
was compared with the contractile tubules in intact

cells, it was morphologically similar to that in the
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Fig. I1.4. Turbidity (absorbance) changes of the cell homoge-
nate measured at 500 nm. Measurements were carried out for
10 min after addition of various concentrations of Ca®" to the
supernatant of the cell homogenates. When Ca’* was added at
concentrations lower than 10”7 M, the turbidity became slightly
decreased due to the effect of dilution. Addition of Ca®" at
concentrations of 10 M or above induced significant increase
in turbidity within a few minutes. Different symbols (e, o, 0,
x, A, m, and o) indicate different free Ca** concentrations (10°
?,10%,10°%, 10, 107, 108, and 10 M, respectively).

granulated state of the contractile tubules (Fig.
I1.5¢).

As shown in Fig. 11.6, negatively-stained cell
homogenate of 4. so/ was found to be composed of
filamentous structures with tubular and wavy ap-
pearance (Figs. ll.6a and b). Diameter of these
filamentous structures was about 20 nm. When
Ca®" (2 mM) was added to the cell homogenate, the
filamentous structures changed their appearance
from tubular to granular forms (Fig. I1.6¢).

SDS-PAGE analysis of a homogenate of the
cytoplasm was carried out before and after some
fractionation and precipitation with calcium. As
shown in Fig. I1.7, Coomassie brilliant-blue-stained
gel electrophoresis showed that a precipitate ob-
tained by addition of Ca® to a cell homogenate
contained a large number of proteins, especially in
low-molecular weight regions (Lane 3 in Fig. 11.7).
The overall gel profiles of the precipitate remained

unchanged even after 3 cycles of formation and

Fig. 1L5. Microscopic observations of the precipitate and the
contractile tubules. a: Light micrograph of the precipitate, which
appeared when Ca”' was added to the cell homogenate. The pre-
cipitate was composed of packed small granules. b and c: Elec-
tron micrographs of the precipitate and the contractile tubules.
The precipitate was composed of aggregated granules or vesicles
(b) which are morphologically similar to the granulated form of
the contractile tubules in an intact cell (¢). Bar =20 um (a) and
100 nm (b and ¢).

dissociation of the precipitates (data not shown).

DISCUSSION

In the large heliozoon Echinosphaerium
akamae, cell motilities such as axopodial contrac-
tion and cytoplasmic streaming in axopodia can be
easily observed under a light microscope
(Shigenaka et al., 1974; Edds, 1975; Suzaki and
Shigenaka, 1982). During food uptake, attached
prey cells are carried toward the cell body surface
by a rapid axopodial contraction (Suzaki et al,
1980a; Shigenaka et al., 1982). The driving force
for the axopodial contraction is considered to be
generated by transformation of CTS (Suzaki et al.,
1994). Recently, I have shown that a Ca’-
dependent contractility exists in a cytoplasm of a
large  heliozoan  Echinosphaerium  akamae
(Arikawa and Suzaki, 2002). When Ca*" was added
to permeabilized cell models of axopodia, a mass of

granulated CTS was observed in a contracted cyto-
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Fig. 11.6. Negatively-stained electron micrographs of CTS -like filamentous structures in the cell homogenate. a: Filamentous struc-

tures in the cell homogenate that were prepared before addition of Ca®",

They are dispersed in the suspension, and have many

branches. Bar = | pm. b: An enlarged micrograph of the filamentous structures, showing that they have a tubular and wavy appear-

ance. Bar =
granules. Bar=1 pm.
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Fig. IL.7. SDS-PAGE analysis of the cytoplasm before and after
precipitation with calcium. Raw cell homogenate (Lane 1).
This was centrifuged at 7,700 x g for 5 min and the gel of the
supernatant is shown in Lane 2. After addition of Ca*" at 2.0 x
10”° M this was separated by centrifugation at 200 x g for 5 min
into the precipitate (Lane 3) and supernatant (Lane 4). Note that
a large number of proteins are still present in the Ca’'-induced
precipitate. The gel was stained with Coomassie brilliant blue,
and molecular weight standards (M) are shown at the left of the
gel, calculated in kD.
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100 nm. ¢: CTS-like structure after addition of Ca®*. The filamentous structures transformed into a mass of aggregated

plasm, indicating that a Ca’*-dependent transfor-
mation of the CTS results in a cytoplasmic con-
traction. E. akamae and A. sol are taxonomically
classified into the same order, both having mor-
phologically similar structures in axopodia. Al-
though there are some differences such as number
of nuclei and living conditions between E. akamae
and 4. sol, both are able to capture food organisms
by rapid axopodial contraction which accompanies
transformation of the contractile tubules in the
axopodia. Therefore, it is natural to consider that
the two species may share a common mechanism
for the cytoplasmic contraction (Kinoshita et al.,
2001).

In this study, Ca®*-dependent reactivation of
the cytoplasmic contraction of axopodia and the
cell body was demonstrated in ‘model” cells. The
addition of Ca®" to the permeabilized cells induced
localized cytoplasmic contraction, resulting in the
formation of several swellings or beads along the
length of axopodia (Fig. I1.1d). This phenomenon

is similar to that usually observed during prey cap-



ture, which usually occurs when a food organism is
trapped at the middle or proximal regions of the
axopodia (Suzaki et al., 1980a). Electron micro-
scopic observations showed that CTS was trans-
formed into a granular form inside such cytoplas-
mic swellings both in living cells (Suzaki et al.,
1980a; Shigenaka et al., 1982; Ando and Shi-
genaka, 1989) and also in the permeabilized cell
model (Arikawa and Suzaki, 2002) of Echi-
nosphaerium. In addition to these morphological
observations, reactivation of cytoplasmic contrac-
tion in permeabilized axopodia serves as direct
evidence for the presence of a Ca**-dependent con-
tractile system in the heliozoon axopodia. Con-
traction and relaxation of permeabilized cell bodies
were also induced by additions of Ca** and EGTA
(Fig. 11.2), indicating that the contractile system
exists not only inside the axopodia but also in the
cell body. The contraction of the cell body cyto-
plasm may also be attributed to the contractile tu-
bules, because they are also present in the cell body,
running parallel to the axonemal microtubules
which terminate deep towards the center of the cell
body (Suzaki et al., 1980a; Kinoshita et al., 2001).
A Ca*-induced precipitate was obtained
from the cell homogenate of 4. sol (Fig. 11.4).
Continuous spectrophotometric measurement of
turbidity of the cell homogenate at 500 nm showed
that the precipitate appears within a few minutes
after addition of Ca** at concentrations higher than
10° M. It is evident from Fig. 4 that the formation
of the precipitate depends on Ca®* concentration.
SDS-PAGE analysis showed that a large number of
proteins are contained in the precipitate; many of
those are also present in the supernatant (Fig. I1.7,
Lanes 3 and 4). When a small amount of bovine
serum albumin (BSA) was added to the cell ho-
mogenate, it was also recovered in the Ca®*-induced

precipitate (data not shown). These results suggests
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that the Ca’*-induced precipitate may be composed
of not only Ca’*-sensitive proteins but also other
associated proteins which are not involved in the
mechanism of the precipitate formation. In this
study, formation and disappearance of the precipi-
tate could be repeated many times by alternate ad-
dition of Ca** and EGTA, indicating that this phe-
nomenon is regulated by only Ca®* without any
other energy supply. It is well known that some
peritrich ciliates (Amos, 1975) and some flageliates
(Salisbury et al., 1984) possess Ca’'-dependent
contractile organelles, a spasmoneme and a flagel-
lar root, within their cytoplasm. Contraction of
these organelles is mediated by Ca**-binding pro-
teins (spasmin and centrin, respectively), whose
molecular weights are about 20 kDa. As shown in
Fig. IL.7, SDS-PAGE pattern shows a protein band
of about 20 kDa in the Ca?*-induced precipitate.
This result suggests that a spasmin- or centrin-like
Ca’*-binding protein may be present in 4. sol,
which is to be examined in the future. The precipi-
tate was found to be composed of small granules
morphologically similar to CTS (Fig. IL.5b). In
intact cells, CTS changes its appearance from wavy
tubules to granules or spherules when axopodial
contraction occurs (Kinoshita et al., 2001). Judging
from its characteristic ultrastructure, the aggregated
granules in the Ca**-induced precipitate are most
likely the granulated forms of CTS. Elongated
CTS-like filaments were found to be present in the
cell homogenate. As shown in Fig. 1.6, these fila-
tubular

(approximately 20 nm in diameter), which was

ments have a wavy appearance
morphologically similar to CTS in its elongated
state (Kinoshita et al., 2001). They are morpho-
logically distinct from microtubules, as they have
branches, smaller in diameter, and wavy in appear-
ance. Moreover, immunoelectron microscopy

demonstrated that they were not labeled by a tubu-



lin antibody (data not shown). These results indi-
cate that the filamentous structures shown in Fig.
I1.6 are CTS, not the axonemal or cytoplasmic
microtubules. Furthermore, the filamentous struc-
tures changed their form to aggregated granules
after adding of Ca®, indicates that isolated CTS
possesses an ability of transformation in vitro in a
Ca®*-dependent manner. Ca?*-dependent contrac-
tility of CTS is functionally similar to those of
spasmonemes and myonemes (Huang and Pitelka,
1973; Ochiai et al., 1979; Ishida and Shigenaka,
1988). However, CTS in heliozoa is distinguished
from the contractile filaments of these ciliates, since
it is thicker in diameter and it shows a characteristic
transformation from tubes to granules (Kinoshita et
al., 2001; Arikawa and Suzaki, 2002).

Compared with other protozoan species, it
has not been possible to culture heliozoons in ax-
enic conditions so far. Due to this difficulty, bio-
chemical approaches to understanding the mecha-
nism of cytoplasmic contraction have been limited.
Recently, however, a method of bacteria-free mon-
oxenic culture of 4. sol was established (Sakaguchi
and Suzaki, 1999), which yielded a cell density up
to 4,000 cells/ml that is > 100 times more efficient
than conventional culture. Thus, 4. sol can now be
used for biochemical research, in which a large
quantity of materials is usually required. In this
study, I succeeded in partial isolation of cytoplas-
mic structures, which show a unique response to
Ca®" in forming precipitates and having an appear-
ance similar to the contractile tubules. This indi-
cates that the contractile tubules may have been
isolated in vitro, but further purification and bio-
chemical characterization are needed to identify
proteins which are required for the cytoplasmic

contraction in heliozoa.
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CHAPTER 111

Ca**-dependent In Vitro Contractility of the Contractile Tubules in the

Heliozoon Actinophrys sol

INTRODUCTION

Heliozoons capture prey organisms by using
a large number of cytoplasmic tentacles called
axopodia that are radiating from the spherical cell
body. After a prey is trapped on the surface of an
axopodium, rapid contraction of the axopodial cy-
toplasm occurs to convey the prey towards the cell
body surface where formation of a food vacuole
takes place (Ockleford and Tucker, 1973; Suzaki et
al, 1980a; Shigenaka et al., 1982). The axopodial
contraction involves rapid breakdown of the cy-
toskeletal microtubules (Suzaki et al., 1994) and
contraction of the “contractile tubules structure
(CTS)” that is running in paralle] to the micro-
tubules (Suzaki et al., 1980a; Kinoshita et al.,
2001). In Chapters I and II, I have shown with a
detergent-extracted cell model that contraction of
the demembranated axopodia that contain the CTS
is a calcium-dependent phenomenon without re-
quirement for other energy supply (Arikawa and
Suzaki, 2002; Arikawa et al., 2002b). These char-
acteristics resemble calcium-dependent contractile
systems in other unicellular organisms such as vor-
ticellid ciliate (Asai et al., 1978; Ochiai et al., 1979;
Yokoyama and Asai, 1987; Katoh and Naitoh,
1994; Katoh and Kikuyama, 1997; Moriyama et al.,
1998), heterotrichous ciliate (Ishida and Shigenaka,
1988; Ishida et al., 1996) and green algae (Salisbury
and Floyd, 1978; Salisbury et al., 1984; Coling and
Salisbury, 1992; Salisbury, 1998), in which con-
formational changes of the calcium-binding con-
tractile proteins such as spasmin and centrin exert a

motive force for contraction. In heliozoons, how-
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ever, the mechanism of axopodial contraction is
poorly understood, and the tubular appearance of
the CTS is characteristic to this group of protozoa
(Suzaki et al., 1980a; Matsuoka et al., 1985). The
CTS transforms from a bundle of elongated tubules
to a mass of small granules when axopodial con-
traction occurs (Suzaki et al., 1980a; Ando and
Shigenaka, 1989; Suzaki et al., 1994; Kinoshita et
al., 2001; Arikawa and Suzaki, 2002), and it is sur-
mised that such a morphological change of the CTS
may be responsible for the contractile mechanism
(Matsuoka et al., 1985).

In the previous study, I have obtained a pre-
cipitate from a cell homogenate of the actinophrid
heliozoon A4. sol, which appeared in a Ca-
dependent manner (Arikawa et al., 2002b). In the
cell homogenate, CTS-like structures were ob-
served that changed their appearances from tubular
filaments to small granules by the addition of Ca®".
Judging from morphological and physiological
similarities, I have concluded that the CTS was
crudely isolated as a main component of the Ca®*-
induced precipitate (Arikawa et al., 2002b). Here, |
succeeded in reactivating in vitro contraction of the
Bio-

chemical characterization of the precipitate was

precipitate in a Ca’*-dependent manner.

carried out to understand properties and mechanism

of contraction of the isolated CTS.

MATERIALS AND METHODS
Organisms and Culture

Actinophrys sol was monoxenically cultured
as described in Chapter 1. Cells were harvested



when the cell density reached 2,000 - 4,000 cells/ml
in the culture medium. Prior to each experiment,
cells were collected by centrifugation and were

washed with fresh 10% artificial sea water.

Preparation of Precipitate

Ca’*-induced precipitate was obtained from
cell homogenate as described in Chapter Il. When
the precipitate was pressed strongly from the top of
the coverslip, it adhered to the glass surface like a
viscous paste. Contraction of the adhered precipi-
tate was induced by introducing a solution consist-
ing of 3 mM EGTA, 5 mM HEPES (pH 7.0), and
various concentrations of CaCl, from a side of the

preparation.

Protein assay

For the determination of protein concentra-
tions, a bicinchoninic acid (BCA) assay procedure
was used (Smith et al., 1985). For the BCA assay,
reagents were added to a sample, and the mixture
was incubated a few hours at room temperature.
After the incubation, absorbance at 562 nm was
recorded with a spectrophotometer (Shimadzu, UV-
1200). Bovine serum albumin (BSA) was used as a
standard.

Fractionation of Cell Homogenate

Cell homogenate was fractionated by su-
crose density gradient ultracentrifugation. Two
milliliters of a solution consisting of 2.0 M sucrose,
10 uM leupeptin, 0.2 mM phenylmethylsulfonyl
fluoride (PMSF), 3 mM EGTA, and 5 mM HEPES
(pH 7.0) were placed on the bottom of a centrifuge
tube, and was gently overlaid with 1.5, 1.0, and 0.5
M sucrose in 5 mM HEPES buffer (2.0 ml each).
Cell homogenate was centrifuged at 10,000 x g for
10 min, and the resulting supernatant (1.5 ml) was

placed on top of the layered sucrose solutions, and
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subjected to ultracentrifugation (100,000 x g) for 20
hours at 4°C (Hitachi, CP70MX). After ultracen-
trifugation, 1.0 ml fractions were collected from the
top of the tube downward and were stored on ice
before using. These fractions were sampled for
SDS-PAGE after trichloroacetic acid (TCA) pre-
cipitation, or for inducing precipitates by the addi-

tion of Ca?".

Microscopy
Reactivation of the adhered precipitate was

observed as described in Chapters I and I1.

Electrophoresis and Immunoblotting

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed ac-
cording to Laemmli (1970) as described in Chapter
1. For immunoblotting analysis, proteins of Ca®*-
induced precipitate were separated by SDS-PAGE,
and transferred to a PVDF-membrane (ATTO,
Clear blot membrane-p) in a transfer buffer (192
mM glycine and 27 mM Tris). The membrane was
incubated more than 30 min at room temperature in
a washing buffer (0.05% Tween 20, 154 mM NaCl,
and 10 mM Tris at pH 7.4) containing 1% dehy-
drated skim milk (DIFCO). After washed in the
washing buffer, membranes were cut and incubated
for 1 h at room temperature with 200-fold dilution
The

membranes were washed again with the washing

of anti-o tubulin or anti-tubulin antibodies.

buffer and then incubated for 1 h at room tempera-
ture with 500-fold horseradish peroxidase (HRP)-
conjugated secondary antibodies. The membranes
were gently washed again in the washing buffer
before detection of HRP activity with Konica im-
munostaining kit HRP-1000.

RESULTS

Previously, I have reported that a clear su-



pernatant of the cell homogenate of Actinophrys sol
yielded a precipitate by addition of Ca®*. In this
study, the Ca**-induced precipitate was further
characterized to understand the relationship be-
tween precipitate formation and Ca*’-dependent
cytoplasmic contractility of the heliozoon. By
adding Ca”" to a supernatant of the cell homogenate
prepared with 1% Triton X-100, a precipitate with a
granular appearance was obtained (Fig. [II.1). In
addition to Triton X-100, other kinds of detergents
were also found to be effective for preparing cell
extract that formed a Ca®*-dependent precipitate.
As shown in Fig. 1I1.2a, nonionic detergents (Triton
X-100, Triton X-114, Nonidet P-40, Tween 20, and
Tween 80) and anionic detergents (deoxycholic
acid sodium salt (DASS) and sodium dodecyl sul-
fate (SDS)) were tested, and obtained precipitates
were analyzed by SDS-PAGE. In case of anionic
detergents, the supernatant of the cell homogenate
became turbid by addition of Ca™*, but only a trace
amount of precipitate was obtained after centrifu-
gation. On the other hand, all the nonionic deter-
gents were found to yield cell homogenates that
resulted in precipitate formation by addition of
Ca**. SDS-PAGE showed that their band patterns
are similar to each other with a lot of protein com-
ponents in the precipitates. A zwitterionic deter-
gent CHAPS was also effective in formation of a
Ca*"-induced precipitate, and the resulting SDS-
PAGE pattern was also similar to those obtained
with the nonionic detergents (data not shown).
Immunoblot analysis was carried out to identify
components of the Ca**-induced precipitate, and
showed that both a- and B-tubulin were involved in
the precipitate as one of the components (Fig.
II12b). As an approach to detect Ca’’-binding
proteins, samples were mixed with sample buffers
with or without Ca™, and subjected to SDS-PAGE.

The supernatant of the cell homogenate was found

"."ﬁ “

Fig. 1IL1.
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Light micrograph of a Ca’*-induced precipitate of

Actinophrys sol. The precipitate was obtained as a pellet by cen-
trifugation after addition of Ca® to the supernatant of a cell ho-
mogenate. The precipitate was composed of small granules. Bar

=20 pm.
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to contain a protein that changed its mobility on a
gel by addition of Ca** (Fig. I11.3). This protein has
an apparent molecular weight of about 17 kDa in
the absence of Ca’", which shifted to 15 kDa when
Ca®* was added to the sample buffer. The protein
was not detected in the Ca”"-induced precipitate but
remained in the supernatant collected after the pre-
cipitate was formed by Ca®', indicating that the
protein is not a component of the precipitate. As
schematically shown in Fig. 111.4, a Ca®’-induced
precipitate could easily be dissolved by addition of
EGTA, and was reappeared by subsequent addition
of Ca®*. Furthermore, such cycles of dis- and re-
appearance of the precipitate could be repeated
several times by alternate addition of EGTA and
Ca”™".

agents, protein concentration was determined dur-

By a spectrometric method using BCA re-

ing successive cycles of precipitate formation.
About 46% of the proteins in the supernatant of the
cell homogenate were recovered in the Ca’*-
induced precipitate. In each successive cycle of
precipitate formation, certain loss of proteins oc-
curred. In 2nd, 3rd, and 4th cycles, the precipitates

were found to contain 78%, 81%, and 83% of the
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Fig. HL.2. a: SDS-PAGE of Ca’"-induced precipitates obtained
from a cell homogenate of Actinophrys sol which were extracted
with different kinds of detergents. Precipitates formed when Ca®
was added to cell homogenates which were extracted with non-
ionic detergents (Triton X-100, Triton X-114, Nonidet P-40,
Tween 20, and Tween 80), while only small amounts of precipi-
tates were obtained with anionic detergents (DASS and SDS).
Molecular weights of the marker proteins (M) are shown at the
left side of the gel. b: Immunoblotting analysis for the presence
of a- and P-tubulin in the Ca*"-inducled precipitate. Positive
reactions against a-tubulin (o) and tubulin (a+p) antibodies were
observed, indicating that the two dominant protein bands contain
a- and B-tubulins. Black and white arrowheads point positions of
a- and P-tubulin, respectively.
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Fig. H1.3. SDS-PAGE analysis showing the existence of a
Ca”"-sensitive protein in the cell homogenate. By addition of
Ca’*, a 17 kDa protein changed its electrophoretic mobitity from
17 (filled arrows) to 15 kDa (open arrows) in apparent molecu-
lar weight. Note that the protein was detected in the supernatant
after precipitate formation with Ca’" (sup), but not in the pre-
cipitate (ppt). Molecular weights of the marker proteins (M) are
indicated at the left of the figure. A part of the gel image (sup +
and -) was artificially contrast-enhanced for demonstrating the
existence of 17 kDa protein in this fraction.
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Actinophrys sol
O

a

> 10,000 x g, 10 min

1% Triton X-100
3 mM EGTA
5 mM HEPES (pH 7.0)

\
10,000 x g, 5 min (|

EGTA —j

— supernatant |

/ Ca?*

1 200 x g, 5 min

precipitation

Fig. 11L4. Schematic drawing of the procedure for preparing
Ca**-induced precipitate. Cells were homogenized in a deter-
gent-containing solution and a clear supernatant was obtained
by centrifugation. After addition of Ca®" to the supernatant, a
white precipitate formed and was obtained as a pellet by low-
The precipitate became dissolved by
addition of EGTA, and reappeared by subsequent addition of
Ca™.

speed centrifugation.

proteins which had been present in the supernatant
before addition of Ca?*, respectively. The pellets
which appeared after successive cycles of precipi-
tate formation were subjected to SDS-PAGE and
shown in Fig. III.5. The Coomassie brilliant blue-
stained protein profiles remained constant, and
there was no protein band with an increasing ten-
dency after cycles of dis- and re-appearance of the
precipitate. It was incidentally found that exoge-
nous proteins added to the supernatant of the cell
homogenate are incorporated to the Ca**-induced
precipitate. For example, when BSA was added to
the supernatant, a precipitate appeared as usual, but
it contained BSA as one of the components of the
precipitate (arrowhead in Fig. II1.6). BSA was in-
corporated into the Ca®*-induced precipitate in a
concentration-dependent manner, and SDS-PAGE

pattern of the intrinsic proteins was not affected by



the introduction of exogenous BSA protein. Many
kinds of proteins seem to be incorporated to the
precipitate, as all the marker proteins for SDS-
PAGE were also incorporated (data not shown).
This result suggests that the precipitate may include
many proteins that are not essential for its Ca®'-
sensitivities but are just associated to the precipi-
tate. The supernatant of the cell homogenate was
fractionated by sucrose density gradient ultracen-
trifugation to identify essential components for the
Obtained fractions were
subjected to SDS-PAGE and shown in Fig. 1IL.7.

precipitate formation.

Ca**-induced precipitates appeared only in frac-
tions 2 to 5, in which a 50 kDa protein was particu-
larly enriched. This fact raises a possibility that the
50 kDa protein is one of the necessary components
for the formation of the precipitate.

When a Ca*-induced precipitate was

slightly pressed with a glass needle from the top of
w

2nd

oo

3rd

P

Fig. 111.5. SDS-PAGE analysis of the precipitate after cy-
cles of dis- and re-appearance. Samples represented as W,
1st, 2nd and 3rd show proteins in the whole-cell sample (W)
and precipitates obtained after cycles of precipitation for
one (1st), two (2nd) and three (3rd) times , respectively. A
large number of proteins were present in the precipitate

even after three cycles of precipitate formation, and no pro-
tein has been enriched.
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Fig. I11.6. SDS-PAGE analysis of the Ca®'-induced precipitate
with bovine serum albumin (BSA). When BSA was added to the
supernatant of the cell homogenate, it was recovered in the Ca®*-
induced precipitate in a concentration-dependent manner. BSA
appeared as a predominant band when it was added at 0.1 mg/ml
to the supernatant that contains 1 - 2 mg/ml of total intrinsic
proteins.

a coverslip, the precipitate adhered to the surface of
either the glass slide or the coverslip, in which the
precipitate became clotted by adhesion of small
granules close together. When EGTA solution was
introduced from a side of the specimen, free gran-
ules were flashed away, and the clot of the precipi-
tate became loosened and swollen to form a less
refractive layer at the edge of the clotted precipitate
(Fig. [11.8a). By the addition of Ca**, contraction of
the swollen layer occurred and the edges became
tightened up (Fig. I11.8b). When the precipitate was
pressed hardly, it adhered to the glass surface like a
viscous paste (Fig. 111.9a). The adhered precipitate
became contracted by the addition of Ca® (Fig.
I11.9b), and was relaxed by the following addition
of EGTA (Fig. l11.9¢c). Both contraction and re-

laxation of the adhered precipitate were not inhib-
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Fig. 11L.7. SDS-PAGE analysis of fractionated proteins of the
supernatant of the cell homogenate by sucrose density gradient
ultracentrifugation. Ca®" was added to all the fractions after
centrifugation, and precipitates appeared only in the fractions
no. 2 to 5 (number of plus marks shows degree of precipitate
formation, and minus marks represent no precipitate formation).
In the fractions no. 3 and 4, most predominant proteins appear to
have approximate molecular weights of about 50 kDa.

Fig. 1IL.8. Sequential light
micrographs of an adhered
. precipitate, showing its re-
sponse to Ca’*. When a pre-
cipitate was slightly com-
pressed, it adhered to the
surface of a glass slide. a:
X Free granules were flashed
~ away from its edges by a
~  stream of EGTA solution
3 (arrows), and the precipitate
remained on the glass surface
. with a transparent peripheral
region. b: The peripheral
region of the adhered precipi-

S " N
tate suddenly tightened up by subsequent addition of Ca®
([Ca’)see = 2 mM). Broken line shows the periphery of the
precipitate in EGTA solution (a). Solutions were applied from
the top of the figures. Bar =20 pm.

ited by treatment with colchicine (10 mM) or cyto-
chalasin B (1 mM). As shown in Fig. 11110, con-
traction and relaxation of the adhered precipitate
could be induced many times by alternate addition
of Ca® (filled arrows) and EGTA (open arrows).
Degree of contraction of the precipitate was de-
pendent on free calcium concentration. As shown
in Fig. IIL.11, the process of contraction and re-

laxation of the adhered precipitate was dependent

Fig. IIL9. Sequential light micrographs of a precipitate
strongly compressed on a glass surface, showing cyclic con-
traction and relaxation by successive addition of Ca®* and
EGTA. The precipitate that was attached to a glass surface had
a paste-like appearance (a). Contraction (b) and relaxation (c)
of the precipitate were induced repeatedly by successive addi-
tions of Ca?* ([Ca®'Jgee = 2 mM) and EGTA (3 mM). Bar = 20
pum.

on external free Ca®" concentration, and was char-
acterized by hysteresis. When free Ca>* concentra-
tion was increased stepwise from 0 to 10° M, the
adhered precipitate became contracted (filled cir-
cles) with its apparent Km value (or free Ca>* con-
centration required for the half-maximum response)
of 1.3 x 107 M. The following decrease in free Ca®*
concentration induced gradual relaxation of the
contracted precipitate (open circles) with its appar-
ent Km value of 1.3 x 10® M.

DISCUSSION

In the present study, Ca’*-dependent con-
tractility of the cytoplasm of the heliozoon Actino-
phrys sol was examined in vitro. A Ca**-induced
precipitate was obtained from the cell homogenate,
which retained its Ca’*-dependent contractility.
The clotted precipitate showed Ca**-dependent
contraction that seems to share common contractile
properties with the membrane-permeabilized cell
models of 4. sol (Arikawa et al., 2002b). In the
actinophrid heliozoons A. sol and Echinosphaerium
akamae, cytoplasmic contraction of permeabilized
cell models repeatedly occurred by alternate addi-
tion of Ca’* and EGTA, and it did not require ATP
(Arikawa and Suzaki, 2002; Arikawa et al., 2002b).
Similar contractility was found to exist inside iso-
lated nuclei in 4. sol and E. akamae (Arikawa and
Suzaki, 2002; Arikawa et al., 2002a). However,
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Fig. 111.10. Continuous measurement of the projected area of the
adhered precipitate measured on the video image. Cycles of con-
traction and relaxation of the adhered precipitate were repeatedly
induced for 6 times within 40 minutes. Close and open arrows
indicate the moments of additions of Ca?* ([Ca**Jge. = 2 mM) and
EGTA (3 mM), respectively.
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Fig. I1L.11. Relationship between projected area of the adhered

precipitate and free calcium concentration in the surrounding
medium, showing a hysteresis. Open circles represent processes
of relaxation of the precipitate by applying decreasing concentra-
tions of Ca*" (Km = 1.3 x 10°® M), and filled circles show a pro-
gressive change of the projected area of the precipitate induced by
stepwise increase in Ca*’ concentration (Km = 1.3 x 107 M).
The experiment started from [Ca®*]g.. = 10° M, and the precipi-
tate was subjected to a graded decreasing series of Ca®* (the se-
quence of experiment is indicated by a broken arrow), and finally
treated with EGTA. The same precipitate was then subjected to
the increasing concentrations of Ca®* in a sequence shown by a
solid arrow.
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neither formation nor contractility of the Ca®'-
induced precipitate have any relationship to the
nuclear contraction, because nuclei were centri-
fugally removed in advance from the cell homoge-
nate. The threshold level of free Ca®* concentration
for inducing cytoplasmic contraction in model cells
was 2.4 x 10® M in 4. sol (Arikawa et al., 2002b).
Similarly, contraction of the clotted precipitate was
also Ca**-dependent without any requirement of
other energy supply, and its threshold level of free
Ca®* concentration was in the range of 107 - 10" M.
These similarities strongly suggest that in vitro
contraction of the clotted precipitate may reflect
cytoplasmic contraction of the axopodia of 4. sol,
further strengthening the case for the involvement
of Ca**-induced contraction of the CTS in the
axopodial contraction. The CTS has been surmised
to be responsible for the axopodial contraction
(Suzaki et al., 1980a; Ando and Shigenaka, 1989;
Suzaki et al., 1994). The CTS is morphologically
distinct from other contractile organelles in other
organisms, and shows a characteristic transforma-
tion when contraction occurs (Matsuoka et al.,
1985; Kinoshita et al., 2001). SDS-PAGE analysis
showed that a certain Ca*'-sensitive protein exists
in the cell homogenate (Fig. II1.3). This protein has
an apparent molecular weigh of 17 kDa with faster
electrophoretic mobility in the presence of Ca®*.
Molecular weight and the Ca”*-dependent mobility
shift suggest that the protein may be related to Ca**-
binding contractile proteins such as centrin
(caltractin) and spasmin (Yamada and Asai, 1982;
Salisbury et al., 1984; Coling and Salisbury, 1992)
which are included in the calmodulin superfamily.
However, after precipitate formation with Ca®*, the
17 kDa protein was not detected in the precipitate
but in the supernatant, indicating that the protein is
not involved in the Ca®*-induced precipitate.

It has been found that a contraction-



Fig. IIL.12. A schematic drawing illustrating possible involvement of the conformational change of CTS and other proteins in the
process of contractile tubules aggregation. a: In the supernatant of the cell homogenate, individual CTSs are suspended in the me-
dium with cytoplasmic proteins (colored objects). b: When Ca®" is added to the cell homogenate, contraction of the CTS occurs.
During this process, many, but not all, cytoplasmic proteins are incorporated in the contracted CTS, resulting in co-sedimentation of

the proteins with CTS in the Ca**-induced precipitate.

extension cycle of the spasmoneme, a contractile
organelle of the vorticellid ciliate, represented a
kind of hysteresis (Ochiai et al., 1979). In this
study, as shown in Fig. II1.11, Ca’*-dependent re-
activation of the adhered precipitate also showed a
hysteresis loop. Spasmin is a Ca®*-binding protein
with a molecular weight of about 17 kDa, and is a
main component of the spasmoneme. Similarly, a
17 kDa protein was also detected in the cell ho-
mogenate of 4. sol., which showed a mobility shift
on SDS-PADE gel in a Ca’*-dependent manner.
However, the protein remained in the supernatant
after precipitate formation, and no proteins in the
precipitate were affected by Ca’” on SDS-PAGE
mobility (Fig. IIL.3). These results suggest that the
molecular mechanism of contraction and relaxation
of the adhered precipitate may be different from
that of spasmoneme contraction.

An SDS-PAGE gel in Fig. II.5 showed that
a large number of proteins were present in the Ca*-
induced precipitate. The protein profile remained
unchanged even after repeated cycles of precipitate

formation, indicating that the clotted precipitate is
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composed of many proteins. Moreover, when BSA
was added to the supernatant of the cell homoge-
nate, it was recovered in the Ca**-induced precipi-
tate. From these results, it seems plausible that
many of the component proteins of the Ca®'-
induced precipitate may be essential for neither
formation nor contractility of the precipitate.
Transformation of the CTS from tubular to granular
forms occurs when axopodial contraction takes
place (Suzaki et al., 1980a; Matsuoka et al., 1985;
Ando and Shigenaka, 1989; Suzaki et al., 1994;
Kinoshita et al., 2001). Furthermore, similar mor-
phological change of the CTS has been observed in
a cell homogenate of Actinophrys after addition of
Ca™ (Arikawa et al., 2002b). A possible mecha-
nism for the precipitate formation is schematically
shown in Fig. IIL.12. In the Ca**-free cell homoge-
nate, the CTS is present in the elongated state with
many kinds of cytoplasmic proteins (Fig. I11.12a).
By the addition of Ca®*, the CTS transforms into a
compact conglomerate of granular CTS (Fig.
111.12b) as I have previously shown by negative-

staining procedure (Arikawa et al., 2002b). These



reactions may involve some additional proteins,
including even exogenous ones such as BSA, as
well as formation of linkages between adjacent
CTSs, and the precipitate formation may be based
on resulting packing of the CTS and associated
protein molecules. As an attempt to search for es-
sential proteins for Ca’*-sensitivity, further frac-
tionation was carried out by sucrose density gradi-
ent ultracentrifugation (Fig. IIL7). Although ob-
tained fractions (numbers. 2-5 in Fig. II1.7) still
contained many proteins, a couple of proteins
around 50 kDa in molecular weight were particu-
larly enriched in these fractions. Immunoblotting
analysis showed that these proteins were a- and p-
tubulins, although there is no evidence that tubulins
are essentially involved in either formation or con-
traction of the precipitate. Further purification and
characterization of the proteins in the precipitate are
now in progress to understand the molecular

mechanism of this unique Ca?*-dependent motility.
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CHAPTER IV

High-Resolution Scanning Electron Microscopy of Chromatin Bodies

and Replication Bands of Isolated Macronuclei in the Hypotrichous

Ciliate Euplotes aediculatus

INTRODUCTION

Ciliated protozoans possess two different
types of nuclei, micronucleus and macronucleus,
within the cytoplasm (Raikov, 1996). Although the
structure and the manner of nuclear replication are
different from species to species, hypotrichous cili-
ates such as Stylonychia, Oxytricha and Euplotes
possess the most complex macronuclear structures
among the ciliates. During S-phase of the cell cy-
cle, a specialized and light microscopically-visible
structure, called the replication band (RB), appears
in the macronucleus; the RB migrates through the
macronucleus while replicating DNA (Raikov,
1969; Olins and Olins, 1981).

Using transmission electron microscopy, a
large number of ultrastructural studies on chromatin
and the RB have been carried out (Fauré-Fremiet et
al., 1957; Kluss, 1962; Phegan and Moses, 1967;
Ringertz et al., 1967; Evenson and Prescott, 1970).
These studies have shown that chromatin bodies are
composed of densely packed chromatin fibrils
(Kluss, 1962; Ringertz et al., 1967; Olins et al.,
1988), and that the chromatin bodies become disin-
tegrated into their component fibrils in the RB for
DNA replication. After DNA replication, these
fibrils reassemble and organize themselves into
new chromatin bodies (Kluss, 1962; Evenson and
Prescott, 1970; Olins et al., 1988). In contrast to the
abundant knowledge obtained by the transmission

electron microscopy, very little information is
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available on the three-dimensional construction of
the macronucleus and the RB. This might stem
mainly from technical difficulties in demembranat-
ing the macronucleus. In this study, I employed an
improved technique of isolation and demembrana-
tion of the macronucleus of the ciliate Euplotes
aediculatus, and observed for the first time the sur-
face structures of the chromatin bodies in the mac-
ronucleus by scanning electron microscopy. Com-
bining both scanning and transmission electron
microscopy, the three-dimensional construction of
the macronucleus and the RB of Euplotes is dis-

cussed.

MATERIALS AND METHODS
Cell Culture

Euplotes aediculatus were collected from
local drains in Fukuoka Prefecture, Japan, and
maintained in a culture medium (44 pM KCl, 11
uM CaCl,, 29 uM K,;HPO, and 11 uM MgSO,, pH
7.0) at 20°C. The cells were fed 3 times a week
with Chilomonas paramecium or Chlorogonium
elongatum. For enrichment of the proportion of
cells with RB in the macronucleus, cells were first
starved for 3 - 4 days, fed with abundant prey, and
finally harvested at 24 h after feeding (Olins et al.,
1988).

Isolation of Macronuclei

Ciliates were washed with fresh culture me-



dium before they were used for experiments. They
were then placed on a microscope slide with a little
culture medium, and gently mixed with the same
amount of 0.25 M sucrose solution (0.25 M sucrose
and 2 mg/ml methyl green) by a glass needle.
Methy! green dye was added to the sucrose solution
for visualizing the macronuclei, without methyl
green the nuclei became transparent and undetect-
able after isolation. The cells were placed on a
coverslip with a small amount of the sucrose solu-
tion and frozen at -20°C in a conventional freezer.
After thawing at room temperature, cells were gen-
tly disrupted by pipetting with a Pasteur pipette,
whose tip had been pulled and cut into a diameter of
approximately cell size (about 150 pm). Isolated
macronuclei were washed with small air bubbles
that were puffed out from the tip of a Pasteur pipette
with a smaller tip (diameter of about 10 um). This
process was necessary for removing remnants of
the nuclear membrane from the isolated macronu-
cleus. The isolated nuclei were further cleaned with
an excess amount of the sucrose solution, and
drained on a coverslip till the nuclei became stuck
to the glass surface. The coverslip was then im-
mersed in 1% acetic acid solution for 5 min at room
temperature for completely removing the nuclear

membrane.

Scanning Electron Microscopy

Isolated macronuclei on the coverslip were
washed with 10 mM phosphate buffer (pH 6.5) and
fixed with a modified Shampy’s fixative (2.7%
0504, 1% K,Cr,0, and 1% CrOs) for 10 min at
room temperature. The fixed samples were dehy-
drated with a graded ethanol series, and infiltrated
in a mixture of ethanol and benzene (1:1), 100%
benzene, and a mixture of benzene and p-
dichlorobenzene (1:1) at room temperature (10 min

for each step). Then the specimens were immersed
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in 100% p-dichlorobenzene at 60°C for 30 min, and
gently placed on the surface of a SEM specimen
stub that was pre-warmed at 60°C. Drying was
carried out overnight at room temperature by sim-
ply leaving the specimen stub in a Petri dish with its
lid slightly open for ventilation (Araki and Takaha-
shi, 1978).

coated with platinum/palladium (ca. 10 nm in

The dried specimens were sputter

thickness), and observed with a field emission

scanning electron microscope (JEOL JSM-6401F).

Transmission Electron Microscopy

Living cells were prefixed with 2.5% glu-
taraldehyde in 25 mM cacodylate buffer (pH 7.0)
for 3 min at room temperature, rinsed with the same
buffer, and postfixed with buffered 1% OsO, for 30
min at room temperature. Isolated macronuclei
were prepared as described above, washed in 10
mM phosphate buffer (pH 6.5), and fixed with the
modified Shampy’s fixative for 10 min at room
temperature. Following preparations (rinse, dehy-

dration, embedding, sectioning, staining, and ob-

savation) were carried out as described in Chapter I.

RESULTS
In this study, 1 observed the interior surface

structures of isolated and demembranated macro-

nuclei of Euplotes aediculatus at high resolution.

Fig. IV.1. Differential interference micrograph of an isolated
macronucleus. Chromatin bodies and a set of replication bands
(arrows) were well maintained even after isolation. Bar = 10

pm.



Fig. 1V.2. Scanning electron micrograph of the replication band of an isolated and demembranated macronucleus. A large number of
granular chromatin bodies (c) are packed in the macronucleus. The replication band (r) does not possess chromatin bodies, while
consisted of 50 nm granules. In this micrograph, the replication band is migrating from left to right. Bar =1 pm.

Fig. IV.3. Enlarged scanning electron micrograph of a chromatin body. Chromatin bodies varied in diameter, while their surfaces are
consistently covered with 50 am granules. Thin and smooth cross-bridge structures (about 40 nm in diameter) are present between
chromatin bodies (arrows). Bar = 200 nm.

Fig. IV.4. Enlarged scanning electron micrograph showing another type of connecting bridges observed between chromatin bodies.
This type of intra-chromatin bridge is covered by a series of 50 nm granules. Bar = 200 nm.

At the light microscopic level, the isolated macro-
nuclei retained their original shape. As shown in
Fig. IV.1, the characteristic C-shape, a set of RBs
(arrows), and granular appearance of the chromatin
bodies appeared unchanged. The nuclear matrix
and nucleoli disappeared during the process of iso-
lation and demembranation, but I could observe the

surface of the chromatin body and the RB with high
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resolution (Figs. IV.2 - 4). A part of a macronu-
cleus with an RB is shown in Fig. IV.2, in which the
RB is under migration from left to right. The chro-
matin bodies located on the left of the RB (i.e. after
DNA replication) were in the range of 0.3 - 1.0 pym
in diameter, whereas those on the right of the RB (i.
e. before replication) were smaller (0.2 - 0.4 pm in

diameter). The surface of the chromatin body was



Figs. IV.5-7. Transmission electron micrographs of chromatin bodies. Fig. IV.5 is a high magnification of chromatin bodies fixed
without macronuclear isolation. The chromatin bodies show rough contours and appear highly condensed. Filamentous bridges be-
tween chromatin granules are not clearly seen in this preparation, as the bridges might be embedded in the nuclear matrix. Bar =500 nm.
Fig. IV.6 and 7. Chromatin bodies in an isolated macronucleus. Bars =200 nm. In Fig. IV.6, a tangential section of one chromatin body
shows surface knobs of about 50 nm in size (arrowheads). As indicated by arrows, furthermore, chromatin bodies are connected with

thin (Fig. 1V.6) and thick (Fig. I'V.7) bridges.

Fig. IV.8. Scanning electron micrograph of the surface of a replication band. The surface is mostly covered with 50 nm granules, in
which patches of smooth areas (s) paved with 10 nm particles are present. Bar = 200 nm.

Fig. IV.9. High magnification transmission electron micrograph showing the periphery of a replication band. A network of 40 - 50
nm fibrils is continuously connected to the chromatin bodies (c). Upon closer look, the 40 - 50 nm fibrils seem to be composed of

fine particles of ca. 10 nm in size. Bar =200 nm.

found to be composed of small granules of 47 + 12
nm (mean + S.D., n= 135). The surface structure of
the RB (the region marked “r” in Fig. IV.2) was

different from other parts of the macronucleus; the
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region was completely bare of chromatin bodies,
while it was evenly composed of granules. The
diameter of these granules was 48.1 + 11.5 nm (n =

66), which was not significantly different (p <0.01)



from the diameter of the granules located on the
chromatin bodies. Chromatin bodies were con-
nected with each other by cross-bridges of two
types. A thicker one about 100 nm in diameter was
composed of a series of 50 nm granules (Fig. IV 4).
A thinner one (about 30 - 40 nm in diameter) had a
smooth surface (arrows in Fig. IV.3).

A transmission electron micrograph of an
intact macronucleus (Fig. IV.5) shows that chro-
matin bodies have rough contours, and appear to be
extremely condensed. The nuclear matrix is filled
with small particles of various sizes. In contrast,
isolated chromatin bodies showed lesser electron
density, and the nuclear matrix was completely
removed from the macronucleus (Fig. IV.6 and 7).
The granular appearance of the surface of the chro-
matin body was apparent in a tangential grazing
section of an isolated chromatin body (arrowheads
in Fig. IV.6). The two different types of cross-
bridge structures were also observed in thin sec-
tions (these structures are shown by arrows in Fig.
IV.6 and 7). Thus, the characteristic surface ap-
pearances of the chromatin bodies observed by
high-resolution SEM correspond well with those
obtained by TEM observations, indicating that they
are not artefacts produced during the process of
nuclear isolation and preparation for scanning elec-
tron microscopy.

High-magnification SEM observations (Fig.
8) showed that the surface of the RB possesses
patches of smooth regions in which the 50 nm
granules appear to be disintegrated into their com-
ponent sub-structures of fine granules (about 10 nm
in diameter). A corresponding TEM picture is
shown in Fig. 9, where chromatin bodies are con-
tinuously connected to the 50 nm granules at the
edge of the RB. The 50 nm granules are embedded
in fine granules of about 10 nm in diameter, which

correspond well to the fine granules observed by
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SEM.

DISCUSSION

In the hypotrichous ciliates, including
Euplotes, Oxytricha and Stylonychia, DNA repli-
cation in the macronucleus is carried out in the RB
(Raikov, 1996; Olins and Olins, 1981). In Euplotes,
a set of RBs appear at both ends of a C-shaped
macronucleus, both move inward through the
whole macronucleus, and finally disappear after
they are fused (Prescott and Kimball, 1961; Kluss,
1962; Ringertz et al., 1967; Raikov, 1969). The RB
is known to be composed of two morphologically
distinct forward and rear zones (Prescott and Kim-
ball, 1961; Stevens, 1963; Ringertz et al., 1967). In
the forward zone, chromatin bodies become disin-
tegrated into 40 - 50 nm fibrils and a complicated
meshwork structure is formed (Olins and Olins,
1981; Olins et al., 1988). In the rear zone, the fibrils
are further dissociated and thinner filaments of 2 -
10 nm in diameter appear (Olins et al., 1988). DNA
replication is known to take place exclusively in the
rear zone (Gall, 1959; Prescott and Kimball, 1961).
After DNA replication, the filaments are reorgan-
ized into chromatin bodies which are usually bigger
than those located at the pre-replication side of the
RB (Ringertz et al., 1967). Chromatin bodies in the
macronucleus are extremely condensed, without
any indication of obvious substructures inside them
(Olins et al., 1988, and Fig. IV.9 in this study).
However, the chromatin body is considered to be
composed of fine DNA-containing fibrils, since
chromatin bodies are structurally continuous to the
network of fine fibrils in the RB (Kluss, 1962;
Ringertz et al., 1967; Olins et al., 1988).

In this study, I observed 3-dimensional sur-
face structures of the RB in Euplotes. In the close
proximity of the RB, the chromatin bodies were

found to be disintegrated into small granules of
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about 50 nm in diameter. In the SEM observations,
I could not distinguish the forward and rear zones of
the RB. Small granules of ca. 50 nm in diameter
were observed to be spread evenly all over the sur-
face of the RB, in which patches of smooth areas of
10 nm granules were found. Transmission electron
microscopy also failed to distinguish the two zones
of the RB, but a network of 40 nm filaments was
observed inside the RB. Judging from their sizes,
the 50 nm surface granules on the RB might repre-
sent folded ends of the filaments which emerged on
the surface of the RB. It is reported that the rear
zone of the RB is an unstable structure, which easily
disappears by various kinds of treatment (Evenson
and Prescott, 1970; Olins et al., 1988; Allen et al.,
1985). The rear zone was not clearly observed in
the present study, probably because of the time-
consuming isolation procedure applied to the mac-
ronucleus before it was chemically fixed. The
smooth areas observed on the surface of the RB
might be traces of the rear zone which had been
distorted and reconstructed during the process of
nuclear isolation.

Based on the present SEM and TEM obser-
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Fig. 1V.10. Schematic representation of the
surface structure in the macronucleus of
Euplotes aediculatus. CB, chromatin body; S,
smooth surface area; G, 50 nm granules.

vations, the morphological alteration of the chro-
matin structure during macronuclear replication is
1)
The chromatin body is composed of aligned 40 - 50
nm granules, which are constructed with finer fi-

considered as follows (shown in Fig. IV.10):

brils or linearly-connected small particles of about
10 nm in diameter. 2) The chromatin bodies be-
come loosened prior to the DNA replication, and
they become disintegrated into their component
40 - 50 nm granules, forming a meshwork structure
in the RB. 3) The 40 - 50 nm granules become
further disintegrated into 10 nm fine particles for
DNA replication. 4) After the RB passes by, 40 - 50
nm fibrils are assembled again, from which bigger
chromatin granules become reconstructed.

The unit genome of the hypotrichous ciliates
(Oxytricha, Stylonychia and Euplotes) is known to
be divided into 10,000 - 40,000 mini-chromosomes
in the macronucleus (Klobutcher and Prescott,
1986). As the unit genome itself is also multiplied
many times, the total number of mini-chromosomes
within a single macronucleus is estimated at be-
tween 107 and 10° (Raikov, 1996). The volume of a

single macronucleus of Euplotes is estimated to be



about 400 pm’ from the light micrograph shown in
Fig. IV.1. Assuming that about half of the macro-
nuclear mass is occupied by the chromatin bodies as
judged from the transmission electron micrograph
in Fig. IV.5, one can estimate that total volume of
the chromatin bodies in a macronucleus is about
200 um®. If we further assume that the chromatin
bodies are tightly packed with 10 nm particles with
a maximum volume density of 0.75 for solid
spheres, a single 10 nm particle is calculated to be
composed of 0.025 - 2.5 mini-chromosomes.
Likewise, 3.16 - 316 mini-chromosomes corre-

spond to a single 50 nm granule.
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CHAPTERYV

Ca**-dependent Contractility of Isolated and Demembranated

Macronuclei in the Hypotrichous Ciliate Euplotes aediculatus

INTRODUCTION

Berezney and Coffey reported in 1974 that a
stable structural framework in the nucleus, named
“nuclear matrix”, was detected in an isolated rat
liver nucleus after chemical extractions (Berezney
and Coffey, 1974). Many investigators explicitly
speculated that the nuclear matrix may be a critical
and facilitating element in nuclear functions. Al-
though controversies still remain, numerous studies
have led to the conclusion that the nuclear matrix is
involved in gene expression, replication and tran-
scription of DNA, and also processing and trans-
portation of RNA (Pederson, 1998). Electron mi-
croscopic researches have revealed that the interior
architecture of the nucleus is constructed by
branched 10-nm filaments (Nickerson, 2001). In
spite of the progress in characterization of nuclear
proteins and ultrastructural properties of the nuclear
matrix, dynamics and motility of the nucleus have
received less attention.

A nuclear protein matrix was detected also in
the macronucleus of the ciliate Tetrahymena
(Herlan and Wunderlich, 1976). The nucleus of
Tetrahymena has been extensively examined as a
model system for studying basic structure and
function of the eukaryotic nucleus (Gorovsky,
1973). In 1977, a reversibly contractile nuclear
matrix was isolated from Tetrahymena macronu-
clei, and its mechanism of contraction was reported
to be different from that of the actin-myosin inter-
action (Wunderlich and Herlan, 1977). Although
ultrastructure and essential components of the nu-
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cleoskeleton have been well characterized, the bio-
logical significance of nuclear contractility re-
mained unclear. Many protozoans possess nuclei
unique in size and shape, which sometimes undergo
The

vegetative cells of hypotrichous ciliates such as

vigorous shape changes (Raikov, 1996).

Stylonychia, Oxytricha, and Euplotes have two
types of nuclei, the micro- and the macronucleus,
within the cytoplasm. In contrast to the micronu-
cleus, the macronucleus changes both in shape and
size during the cell cycle (Raikov, 1996). In spite of
the large number of ultrastructural studies so far
carried out (Fauré-Fremiet et al., 1957; Kluss, 1962;
Phegan and Moses, 1967; Ringertz et al., 1967,
Evenson and Prescott, 1970; Olins et al., 1988;
Arikawa et al., 2000), there is no certain evidence
that a contractile system exists in the macronucleus.
In this study, I prepared an isolated and demem-
branated macronucleus of a hypotrichous ciliate
Euplotes aediculatus, and found that it shows vig-
orous contraction and relaxation in a Ca®-

dependent manner,

MATERIALS AND METHODS

Euplotes aediculatus cells were purchased
from Carolina Biological Supply Company
(Burlington, USA), and cultured in Volvic mineral
water at 23 + 1 °C. Chlorogonium elongatum was
added twice a week as a food source. Subculturing
was carried out at intervals of about 2 weeks.

Isolation of macronuclei was carried out

according to Arikawa et al. (2000) with slight



Fig. V.1. Sequential light micrographs showing repeated expansion and contraction of an isolated macronucleus of Euplotes aedicu-
latus. a: A macronucleus just after isolation, showing the characteristic slender C-shape. b: The macronucleus expanded remarkably
by the addition of 3 mM EGTA. c¢: After subsequent addition of Ca®* at [Ca®] = 2 x 10~ M, the relaxed macronucleus became con-
tracted. d: After subsequent removal of Ca** by EGTA, the contracted macronucleus again expanded. Bar = 100 um.

modifications. Washed cells were put on a hollow
slide with a small amount of culture medium, and
gently mixed with 250 mM sucrose. A little amount
of methyl green dye was added to the sucrose solu-
tion for visualization of isolated macronuclei. After
freezing at -20 °C and thawing at room temperature,
macronuclei were isolated from the fragile cells by
pipetting with a Pasteur pipette. By this procedure,
remnants of the nuclear membrane became com-
pletely removed from the nuclear surface (Arikawa
et al., 2000). After washing with fresh sucrose so-
lution, isolated macronuclei were put on a glass
slide coated with poly-L-lysine. To stick the iso-
lated macronuclei on the surface of a glass slide,
excess sucrose solution was removed by a thin-
tipped Pasteur pipette. Light microscopic observa-
tion was curried out as described in Chapters I, II,
and III.

RESULTS AND DISCUSSION

I have recently established a procedure for
isolating Euplotes macronuclei and examined the
three-dimensional surface structure of chromatin
bodies and replication bands. By high-resolution
scanning and transmission electron microscopy, I
showed that the isolation procedure had no de-
structive effect on the ultrastructure of macronuclei
(Arikawa et al., 2000). As shown in Fig. V.1a, the

characteristic C-shaped appearance of a macronu-

43

cleus in G1 phase remained unchanged after isola-
tion and demembranation. When “EGTA solution”
consisting of 3 mM EGTA and 5 mM HEPES (pH
7.0) was added, the macronucleus became swollen
(Fig. V.1b). Then, “Ca®* solution” consisting of 3
mM EGTA, 5 mM CaCl, and 5 mM HEPES (pH
7.0) was added, and the expanded macronucleus
rapidly contracted and returned to its original shape
(Fig. V.1c). The macronucleus expanded again on
subsequent addition of EGTA solution (Fig. V.1d).
Neither contraction nor relaxation of isolated mac-
ronuclei required ATP, and nuclear contraction was
not induced by addition of Mg** or other cations
even at concentrations higher than that required for
Ca®* (data not shown). The approximate area of an
isolated macronucleus was continuously measured
and is shown in Fig. V.2. Cycles of contraction and
relaxation of the nucleus could be repeated several
times by alternate addition of Ca** and EGTA (Fig.
V.2a). One of the cycles is shown in detail in Fig.
V.2b, which indicates that both contraction and
relaxation responses took place within a few sec-
onds. Although evidence for the presence of tubu-
lin, actin and myosin in the nucleus of various kinds
of cells has been shown (Douvas et al., 1975; Ber-
rios and Fisher, 1986; Berrios et al., 1991; Nowak et
al., 1997), there is no direct evidence to support
possible involvement of these molecules in nuclear

contractility. In this study, contraction and expan-
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Fig. V.2. Trace of the approximate projected area of an isolated
macronucleus. Open and filled arrowheads indicate the mo-
ments when Ca>* ([Ca®'] = 2 mM) and EGTA (3 mM) were
added, respectively. a: Cycles of contraction and expansion
were observed several times by alternate addition of Ca®* and
EGTA. b: Enlargement of one of the cycles shown in panel a
(marked with an asterisk). Both expansion and contraction oc-
curred within a few seconds after removal and addition of Ca®*,
respectively.

sion of the isolated macromucleus were inhibited by
neither colchicine (10 mM) nor cytochalasin B (1
mM), which suggests that the nuclear contractility
in Euplotes is not mediated by tubulin- or actin-
based machineries. The size of an isolated macro-
nucleus at various concentrations of Ca®* was
measured and shown in Fig. V.3. The relationship
between projected area of an isolated macronucleus
and free Ca®* concentration showed a sigmoidal
dose-response with a threshold [Ca®*] level of 1.1 x
107 M.
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Fig. V.3. Relationship between approximate projected area of
an isolated macronucleus and free Ca®* concentration. The
threshold level of free Ca®* concentration for nuclear contraction
was estimated as 1.1 x 107 M, by fitting a sigmoidal curve to the
data.

Considerable evidence shows that cell nuclei
in general vary in size and shape during the cell
cycle and cell differentiation. In particular, nuclear
enlargement precedes the onset of DNA synthesis
(Arnold et al., 1972), while nuclear contraction
appears to accompany cessation of DNA synthesis
(Guttes and Guttes, 1969). The macronucleus of
Euplotes also changes in size and shape in the cell
cycle. To investigate whether contractility of the
macronucleus persists throughout the cell cycle, I
applied the same procedure at various phases in the
cell cycle. Macronuclei in S phase and G2 or M
phase were isolated and shown in Figs. V.4 and
V.5, respectively. The presence of a set of replica-
tion bands (arrowheads in Fig. V.4) is a character-
istic feature of the nucleus in S phase, where DNA
replication is taking place (Gall, 1959; Prescott and
Kimball, 1961; Raikov, 1969; Olins and Olins,
1981; Olins and Olins, 1987). When EGTA solu-
tion was added to a macronucleus in S phase, the
nucleus became expanded within a few seconds
(Fig. V.4b and ¢). The nuclear expansion was less
evident around the replication bands as compared

with other regions in the nucleus. With the subse-
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Fig. V.4. Sequential light micrographs of an isolated macronucleus in S phase that possessed a pair of replication bands (arrowheads).
The macronucleus adhered on a glass surface (a) became swollen on addition of EGTA (b and ¢). Micrographs in panels b and ¢ were
taken at 5 and 20 s after the addition of EGTA, respectively. The degree of nuclear expansion was restricted around the replication
bands. The expanded macronucleus contracted after the addition of Ca®* (d). Bar= 100 pm.

Fig. V.5. Light micrographs of an isolated macronucleus in G2 or M phase. Presence of a shorter and thicker macronucleus is char-
acteristic of this phase of the cell cycle. The isolated macronucleus (a) became gradually expanded when EGTA solution was added (b
and c), followed by contraction upon subsequent addition of Ca>" solution (d). Micrographs in panels b and ¢ were taken at 5 and 15 s
after the addition of EGTA, respectively. Bar= 100 pm.

quent addition of Ca®* solution, the swollen nucleus
contracted to almost its original size (Fig. V.4d).
Ca’'-dependent contraction of the macronucleus
was also observed in G2 or M phase (Fig. V.5) in
which the macronucleus is shorter and thicker
compared with those in S or G1 phases. An isolated
macronucleus in G2 or M phase (Fig. V.5a) became
expanded with the addition of EGTA solution (Fig.
V.5b and c), then contracted on subsequent addition
of Ca®* solution (Fig. V.5d). These results indicate
that a Ca”*-dependent contractility of the macronu-
cleus exists throughout the cell cycle, except for the
region of the replication bands in S phase where
contraction also took place but to a lesser degree.
Electron microscopic studies on the replication
bands which have been carried out by both trans-
mission (Fauré-Fremiet et al., 1957; Kluss, 1962;
Phegan and Moses, 1967, Ringertz et al., 1967,
Olins and Olins, 1981; Allen et al, 1985; Olins and
Olins, 1987; Olins et al., 1988) and scanning
(Arikawa et al., 2000) electron microscopy, have

shown that chromatin bodies are composed of
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densely-packed chromatin fibrils which become
disintegrated into thin fibrils in the replication band.
Such a morphological feature of the replication
band may be related to its apparently lower Ca**
contractility.

In order to examine if Ca*'-dependent nu-
clear contractility as observed in Euplotes is shared
with other cell types, other protozoan species and a
mammalian culture cell were examined by em-
ploying the same procedure. As shown in Fig. V.6,
contraction of isolated nuclei was observed in pro-
tozoans of different taxa (a heliozoon 4. sol (Fig.
V.6a and b) and a peniculine ciliate P. bursaria
(Fig. V.6¢c and d)), and even in HeLa cells (Fig.
V.6e and f). These results suggest the possibility
that all eukaryotic cells possess a Ca**-dependent
contractile machinery inside their nuclei.

Isolated macronuclei of Tetrahymena pyri-
formis were reported to show contraction by Ca** in
an ATP-independent manner, with contraction of
the nuclear membrane postulated as its mechanism
(Wunderlich and Herlan, 1977; Wunderlich et al.,



Fig. V.6. Light micrographs of isolated nuclei of various cell
types. Nuclear contraction was induced by addition of Ca®"
([Ca®] = 2 mM) in the heliozoon Actinophrys sol (a and b), the
ciliate Paramecium bursaria (¢ and d), and in HeL.a cells (e and
f). Nuclei in expanded and contracted states are shown in left
(a, ¢, and e) and right (b, d, and f) panels, respectively. Bars =
50 pum (b) or 10 pm (d and f).

1978). Atomic force microscopic studies have
shown that the conformational change of nuclear
pore complex components may be responsible for
the contraction of the nucleus (Rakowska et al.,
1998; Oberleithner, 1999). However, in the present
study, nuclear membranes were completely elimi-
nated during preparation (Arikawa et al., 2000),
which indicates that neither the nuclear membrane
nor nuclear pore complexes are involved in the
process of nuclear contraction in Euplotes.
Berezney and Coffey have isolated a nucleoskeletal
framework from rat liver nuclei which consists of a
nuclear protein matrix (Berezney and Coffey, 1974;
1977). The nuclear matrices have also been identi-
fied in Chinese hamster cell nuclei (Hildebrand et
al., 1975) and in nuclear ghosts prepared from HeL.a
cells (Riley et al., 1975), suggesting that these

structures probably contain common components.
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However, less attention has been paid to their mo-
tile properties. In this study, the possibility was
raised for the first time that a contractile system is
present in many eukaryotic cell nuclei, although its
biological significance is presently unclear. The
fact that various kinds of cells including protozoans
and cultured mammalian cells exhibited similar
contraction suggests that this unique property of the
nucleus has been conserved during the process of

eukaryotic evolution.



CHAPTER V1

Ca**-dependent Nuclear Contraction in the Heliozoon Actinophrys sol

INTRODUCTION

A large number of investigations have been
made on characteristic contractile systems in uni-
cellular organisms. The spasmoneme of vorticellid
ciliates (Asai et al., 1978; Ochiai et al., 1979; Yo-
koyama and Asai, 1987; Katoh and Naitoh, 1994;
Katoh and Kikuyama, 1997; Moriyama et al.,
1998), the myoneme of a heterotrichous ciliate
(Ishida and Shigenaka, 1988; Ishida et al., 1996),
and the flagellar root of green algae (Salisbury and
Floyd, 1978; Salisbury et al., 1984; Coling and
Salisbury, 1992; Salisbury, 1998) are well-known
organelles which show Ca’*-dependent contractil-
ity. Contraction of these organelles is considered to
be generated by proteins such as centrin (caltractin)
and spasmin (David and Vigues, 1994; Macie-
jewski et al., 1999), which belong to the calmodulin
superfamily. Although much progress has been
made on characterization of such Ca®'-binding
proteins and cytoplasmic contraction in a molecular
level, less attention has been paid to the dynamics
of the nucleus.

In 1974, a stable framework structure termed
“nuclear matrix” has been found in an isolated rat
liver nucleus by sequential chemical extractions
(Berezney and Coffey, 1974; Berezney and Coffey,
1977). Since then, many investigations have been
made to elucidate ultrastructure and possible func-
tions of the nuclear matrix, and it is now clear that
the nuclear matrix is involved in the processes of
gene expression, replication and transcription of
DNA, and also processing and transportation of
RNA (Pederson, 1998). Ultrastructure of the nu-

clear matrix has also been well studied, and
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branched thin filaments with diameters of about 10
nm have been identified that construct the interior
architecture of the nucleus (Nickerson, 2001). De-
spite considerable advances in physiological and
morphological researches, evidence for the exis-
tence of contractility of the nuclear matrix has never
been reported so far.

Recently, I have reported that Caz*-dependent
contractility exists in an isolated and demembran-
ated macronucleus of the hypotrichous ciliate
Euplotes aediculatus (Arikawa et al., 2002a). Fur-
thermore, similar nuclear contraction has been ob-
served in several species of protozoan cells and
even in cultured mammalian cells (Hela cells).
From these results, 1 have proposed the hypothesis
for the first time that all eukaryotic cells possess a
Ca®*-dependent nuclear contractility which has
been well preserved during the process of eu-
karyotic evolution. As one of the examples, iso-
lated and detergent-extracted nuclei of the helio-
zoon Actinophrys sol have been demonstrated to
express Ca’*-dependent contractility. In the present
study, physiological characterization of the con-
tractility and ultrastructural observation of the iso-
lated nucleus were carried out, and a possible
mechanism of the Ca**-dependent nuclear contrac-

tion is presented.

MATERIALS AND METHODS
Organisms and Culture

Actinophryid heliozoon Actinophrys sol
(protozoa) was axenically cultured in a co-culturing
condition with Chlorogonium elongatum in 10%

artificial sea water as described in Chapters II and



III. Subculturing was curried out at intervals of
about 2 weeks. Centrifugally collected cells were
gently washed with fresh 10% artificial seawater at

room temperature before using for experiments.

Nuclear Isolation Procedures

Nuclei of 4. sol were isolated by using a su-
crose-Percoll separation technique. At first, a so-
lution (solution A) consisting of 2.0 M sucrose,
10% Percoll, 3 mM EGTA and 5 mM HEPES (pH
7.0) was overlaid in a test tube with another solution
(solution B) consisting of 2.0 M sucrose, 3 mM
EGTA and 5 mM HEPES (pH 7.0). Washed cells
were centrifugally collected and suspended in solu-
tion C consisting of 1.0 M sucrose, 3 mM EGTA
and 5 mM HEPES (pH. 7.0), homogenized with a
Teflon homogenizer, and placed on top of the lay-
ered solution in the test tube. After centrifugation at
750 g for 10 min, isolated nuclei were collected
from the boundary between solutions A and B.
Nuclei were again suspended in solution C, and
were centrifuged at 750 g for 5 min. After removal
of the supernatant, crude preparation of the nuclei
was collected from the bottom of the test tube, and
subjected to different concentrations of divalent

cations or a fixative for electron microscopy.

Microscopy

Light and electron microscopy was carried
out according to the procedures applied to the
heliozoons and the ciliate as described in chapters I,
Mand V.

RESULTS

Reduction in Diameter of Isolated Nuclei
Actinophrys sol possesses a single nucleus

within a cytoplasm. As shown in Fig. VI.1a, dif-

ferential interference microscopy showed that a

nucleus (marked “N”) was located at the center of
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the cell body, and cortical nucleolar materials are
present at the periphery of the nucleus. In this
study, Ca®*-dependent contractility was found to
exist in isolated and detergent-extracted nuclei.
Although nucleolar materials could no longer be
observed after isolation, spherical shape of the nu-
cleus was well preserved (Fig. VL.1b). When nu-
clear isolation was performed in the presence of
calcium ions (2 x 10° M free Ca®"), diameter of the
nucleus decreased. The contour of the nucleus be-
came prominent, and the nucleus showed a rigid
appearance (Fig. VI.1¢).

Diameter of isolated nuclei was measured
under various conditions, and compared with that of
the living cells (in Fig. VL.2). Nuclear diameter of
the living cells was in the range of 10.9 - 19.9 um,
with the average value of 15.1 £ 1.7 um (Fig.
V1.2a). In the absence of Ca’", average diameters
of the nucleus isolated without (Fig. VI.2b) and
with detergent treatment (Fig. V1.2d) were slightly
larger (15.9 £ 1.5 pm and 16.5 + 1.7 pm, respec-
tively) than that of the living cells (Fig. VI1.2a). On
the contrary, average diameters of nuclei which
were isolated without (Fig. VI.2¢) and with deter-
gent (Fig. V1.2e) in a Ca®*-containing solution (2 x
10 M free Ca”") were significantly smaller (12.4 +
1.1 pm and 11.0 £ 1.3 pm, respectively). Com-
pared with the nuclei in living cells, as shown in
Fig. VL2f, no diameter reduction was observed
when nuclei were isolated in a solution containing 2
mM free Mg®* (14.8 £ 1.4 pm on average). These
results show that the diameters of isolated nuclei
were decreased in a Ca*’-dependent manner. The
diameter reduction of the isolated nucleus was ob-
served even in the presence of colchicine (10 mM)
and cytochalasin B (1 mM), suggesting that the
mechanism of the nuclear contraction is different
from actin-myosin and tubulin-dynein interactions.

Diameters of isolated nucleus (n = 140) were



measured before and after contraction (Fig. V1.3a).
By nuclear contraction, diameter of relaxed nuclei
that ranged from 13.1 t0 23.7 pm (17.8 £ 2.6 pm on
average) decreased to 12.7 = 1.9 um with the
ranged from 8.9 to 17.3 um. The correlation coef-
ficient between diameters of relaxed and contracted
nucleus was calculated to be 0.74, which indicates
that the degree of contraction is not significantly
correlated with the nuclear size. Degree of nuclear
contraction calculated from the average diameters
measured before and after contraction was 63.7%.
As shown in Fig. VI.3b, degree of contraction was
estimated and plotted against the volume of relaxed
nucleus. More than 80% of the nuclei showed
contraction to the degree of 50 - 80%, although a
few small nuclei (< 4,000 um® in volume) showed

less contractility (20 - 30% degree).

Ca’*-dependency of the Nuclear Contraction
Isolated nuclei were attached to a glass sur-
face and continuously observed under a light mi-
croscope. Contraction and relaxation cycle of an
isolated and adhered nucleus could be repeated
many times by alternate addition of Ca*" and EGTA
(Fig. VI.4), which indicates that such cycles were
mediated by only Ca®* without any other energy

supply. The nuclei isolated in EGTA solution were

in the state of expansion. They were contracted by
addition of Ca®* (2 x 10° M Ca*, white arrow-
heads), followed by re-expansion upon subsequent
addition of EGTA (black arrowheads). Both con-
traction and expansion occurred within a few sec-
onds after addition of Ca** and EGTA, respectively.
Judging from the rapid responses of the nucleus, it
may be difficult to explain the mechanism of the
nuclear contraction and expansion by assembly and
disassembly of certain filamentous structures exist-
ing inside the nucleus. The contraction-expansion
cycle of the isolated nucleus was observed after
treatment with 2 M NaCl for 30 min (data not
shown), which suggests a possible involvement of
the nucleoskeletal components in the Ca®'-
dependent nuclear contraction.

An isolated nucleus was attached to a glass
surface and was treated with various concentrations
of Ca®*. Fractional volume of a responded nucleus
was measured during both contraction and expan-
sion processes and shown in Fig. VL.5. In the con-
traction process (open circles), the nucleus isolated
in an EGTA solution became slightly contracted
when 1 x 107 M Ca’" was added, and it contracted
completely when Ca®* concentration was increased

(> 10° M). Degree of contraction of the contracted

nucleus reached around 60%. During the expansion

__;" ;,'r' D .

Fig. VL1, Light micrographs of Actinophrys sol. a: A living cell showing a spherical nucleus (N) at the center of the cell body. b:
Isolated nuclei in a Ca**-free solution. The spherical shape of the nucleus was well preserved after isolation and detergent-extraction
with 1% Triton X-100. ¢: When nuclei were isolated in a Ca**-containing solution (2 mM free Ca®"), diameters of the nuclei became
reduced and the periphery of the nuclei showed sharp profiles. Bars = 20 pm.
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Fig. VL2. Ca*"-dependent diameter reduction of nuclei. a: nuclei
observed in living cells. d-f: isolated nuclei. Compared with the
living cells (a), no diameter reduction was observed in nuclei
isolated in Ca**-free solutions by either homogenization (b) or
detergent treatment (d). When nuclei were isolated in Ca* con-
taining solutions (2 mM free Ca®") by homogenization (c) or by
detergent treatment (e), diameter reduction was significantly
observed. Mg”" (2 mM) could not induce nuclear reduction in
diameter (f).
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process (filled circles), the contracted nucleus re-
covered almost to its initial shape when Ca** con-
centration became lowered (< 107 M). After full
expansion, although the reason remains unknown,
volume of the nucleus tended to become larger than
that of the nucleus before contraction. Ca®* thresh-
olds, or half-maximum concentrations of Ca®', for
contraction and expansion of the nucleus were esti-
mated by fitting the data with sigmoidal curves to

be 2.9 x 107 M and 1.0 x 107 M, respectively.

Change of the Image Profile at Nuclear Con-
traction

To obtain high-contrasted images, I used a
light microscope (Olympus BX-50) equipped with
Nomarski differential interference contrast (DIC)
optics and a high resolution digital camera
(Olympus DP11). As shown in an inserted light
micrograph in Fig. V1.6a, surface of an isolated
nucleus appeared to be smooth, and no structural
components were observed inside the nucleus. By
the effect of DIC optics, left-side of the nuclear
edge appeared as a bright crescent, while the oppo-
site side appeared as a dark crescent. The DIC ef-
fect on the nucleus was also represented as image
intensity profiles shown in Fig. VI.6a and b, in
which image intensities in rectangles were ana-
lyzed. In an expanded nucleus in EGTA solution, a
peak of brightness (filled arrow) is present that
represents the location of the left-side edge of the
nucleus. The brightness profile has a depression at
the right edge of the nucleus as shown by a filled
arrow. The intensity profile inside the nucleus
shows a smooth curve. These characteristics indi-
cate that the optical density in the nucleus is differ-
ent from the surrounding medium, and that the nu-
cleus is composed of an optically uniform material.
When the isolated nucleus became contracted by

the addition of Ca”*, appearance of the nucleus and
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Fig. V1L3. a: Relationship between diameters of isolated nuclei
(n = 140) measured before and after contraction. Diameters of
relaxed nuclei ranged from 13.1 to 23.7 um, which decreased to
the range between 8.9 and 17.3 pm. The correlation coefficient
between diameters of relaxed and contracted nucleus was calcu-
lated to be 0.74. b: Relationship between the degree of nuclear
contraction and the volume of relaxed nuclei. The degree of
contraction (D) was calculated as: D = 100 - 100 x (Vco / Vre),
where Vre and Vco are the volume of relaxed and contracted
nucleus, respectively. More than 80% of nuclei showed con-
traction of which degree was in the range from 50 to 80%.

its brightness profile changed as shown in Fig.
VL6b. Nuclear diameter reduced from 20 to 13 pm.
Brightness increased at the left edge of the nuclear
edge (white arrow), while it decreased at the right
edge (black arrow). The change was accompanied
by decrease and increase of the brightness at re-

gions just beneath the left and right edges as shown
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by black and white arrowheads, respectively. Fur-
thermore, brightness inside the nucleus became
rough and irregular. Such changes in brightness
pattern suggest that optical density inside the nu-
cleus increased, especially in the periphery of the

nucleus, when contraction occurred.

Ultrastructural Observations

In this study, electron microscopy was carried
out to examine ultrastructural changes inside a nu-
cleus that have happened during nuclear contraction
in responses to addition of Ca**. As shown in Fig.
VI.7a, in a living cell nucleus, a large number of
electron dense nucleolar materials were located just
beneath the inner surface of the nuclear envelope,
and thin filaments were scattered to form a mesh-
work inside the nucleus. Although the nucleolar
materials disappeared during nuclear isolation, the
spread meshwork of thin filaments was well pre-
served (Fig. VI.7b). When Ca’* (2 mM) was added
to the isolated and extracted nucleus, the thin fila-
ments became aggregated and changed their ap-
pearances to a mass of thicker filaments (Fig.
V1.7¢). After the Ca’*-induced aggregation of the
thin filaments occurred, the nucleolplasm other
than the filaments appeared sparse, while the inner
layer of the nuclear membrane became dense in
appearance. By subsequent addition of EGTA to
the nucleus, the thicker filaments became disinte-
grated and loose, resulting in re-distribution of the
thin filament spread around inside of the nucleus
(Fig. V1.7d).

DISCUSSION

In this study, I investigated Ca’*-dependent
contractility of an isolated and detergent-extracted
nucleus of the heliozoon Actinophrys sol. In acti-
nophryid heliozoons such as Actinophrys and Echi-

nosphaerium, cytoplasmic contraction is commonly
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Fig. VL4. Sequential measurement of the nuclear volume during
cyclic contraction and relaxation. An isolated nucleus was con-
tracted by addition of 2 mM Ca®" (open arrowheads), followed by
relaxation upon subsequent addition of EGTA (filled arrow-
heads). Such cycles could be repeated many times by alternate
addition of Ca®* and EGTA.

observed during the process of food uptake.
Heliozoon cells possess a large number of needle-
like axopodia that radiate from their spherical cell
bodies. When a small organism becomes a close
contact with the surface of an axopodium, rapid
shortening of the axopodium occurs, and an at-
tached prey organism is conveyed toward the cell
body (Ockleford and Tucker, 1973; Suzaki et al.,
1980a; Sakaguchi et al, 1998). Inside the
axopodium, a bundle of microtubules was located
throughout the length of an axopodium as cy-
toskeletal elements (Tilney and Porter, 1965; Til-
ney et al., 1966; Ockleford, 1974, Shigenaka and
Kaneda, 1979). A bundle of contractile filamentous
structures termed “contractile tubules structure
(CTS)” also runs parallel with the axopodial
microtubules (Suzaki et al., 1980a; Shigenaka et al.,
1982). Electron microscopy has shown that the
CTS changes its appearance from tubular to granu-
lar forms inside a contracted cytoplasm when the
axopodial contraction occurs (Matsuoka et al.,
1985; Ando and Shigenaka, 1989; Sugiyama et al.,
1992; Suzaki et al., 1994; Kinoshita et al., 2001).

By using permeabilized cell models, it has been
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Fig. V1.5. Ca”"-dependent contraction and expansion of isolated
nuclei. When Ca*" concentration was raised stepwise, isolated
nucleus contracted with the threshold Ca®* level of 2.9 x 107 M,
and reached up to around 60% degree of contraction. The con-
tracted nucleus expanded gradually when Ca” concentration
became lowered, and the threshold level of Ca®* for the nuclear
expansion was 1.0 x 10”7 M. Open and filled circles represent the
processes of contraction and expansion, respectively.

found that the driving force for the axopodial con-
traction is not generated by disassembly of the
axonemal microtubules but Ca**-dependent trans-
formation of the CTS is responsible to the motile
for it (Suzaki et al. 1992; Arikawa and Suzaki,
2002; Arikawa et al., 2002b), In this study, an iso-
lated and detergent-extracted nucleus showed Ca**-
dependent contractility which is similar to that of
the cytoplasm of permeabilized cell models. When
cytoplasmic contraction of the permeabilized cell
model was induced by an addition of Ca**, simul-
taneous contraction of the nuclei was also observed
(Arikawa and Suzaki, 2002). Detailed ultrastruc-
tural observations of the nucleus throughout the
stages of the vegetative life cycle A. sol have shown
that CTS is not present in the nucleus (Mignot,
1980; Mignot, 1984). Therefore, it may not be
possible to explain the mechanism of the nuclear
contraction by the transformation of the CTS. Al-
though the CTS is present near the periphery of the

nucleus where axonemal microtubules are termi-
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Fig. VL.6. Changes in brightness profiles of an isolated nucleus
during contraction. Vertical and lateral axes of the graphs repre-
sent averaged brightness in delimited area (rectangles with broken
lines) shown in arbitrary unit and distance from the center of an
isolated nucleus, respectively. Compared with a relaxed nucleus
(a), brightness at both sides of the contracted nucleus (b) show
sharper profiles (white and black arrows). Furthermore, dark and
bright areas appeared just inside both edges (black and white
arrowheads), and brightness inside the nucleus showed a rough and
disordered profile. Bar =10 pm.

nated (Suzaki et al., 1980a), it seems unlikely to
speculate that CTS is also associated with the outer
surface of the nucleus and regulates nuclear con-
traction.

Isolated Tetrahymena macronuclei have been

reported in 1977 to show Ca”*-dependent reversible
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contraction of which mechanism may be different
from the
(Wunderlich and Herlan, 1977). By counting the

actin-myosin  contraction system
frequency of nuclear pore complexes per unit area
in both contracted and expanded macronuclei, the
macronuclear contraction has been attributed to
contraction of the nuclear membrane (Wunderlich
et al., 1978). Moreover, atomic force microscopy
has revealed that the nuclear contraction can be
explained by a calcium-sensitive shape change of
individual nuclear pore complexes (Rakowska et
al., 1998; Oberleithner et al., 1999; Danker and
Oberleithner, 2000). However, in this study, iso-
lated nuclei of 4. so/ did not preserve their nuclear
membranes and nuclear pore complexes any longer.
In the isolated macronucleus of Euplotes, Ca®'-
dependent contraction was also observed even after
the nucleus had been completely demembranated
(Arikawa et al., 2000; Arikawa et al., 2002a).
These facts indicate that neither nuclear membranes
nor nuclear pore complexes may be involved in the
nuclear contraction.

As shown in Fig. V1.4, contraction and ex-
pansion of an adhered nucleus were completed
within a few seconds. Thus, it may be difficult to
explain the dynamics of isolated nucleus by the
mechanism of de- and re-polymerization of certain
filamentous structures such as F-actin and micro-
tubules.  Although actin, myosin, and tubulin
molecules have been detected in various kinds of
cell nuclei (Douvas et al., 1975; Berrios and Fisher,
1986; Berrios et al., 1991; Nowak et al., 1997), no
direct evidence has been reported so far that these
molecules are involved in nuclear contraction. In
this study, contraction and expansion of the adhered
nuclei were observed even in the presence of col-
chicine (10 mM) and cytochalasin B (1 mM), indi-
cating that the mechanism of the nuclear contrac-

tion in 4. so/ may be different from microtubules-



Fig. VL.7. Electron micrographs showing ultrastructural changes of isolated nuclei during contraction and relaxation. a: Electron dense
nucleolar materials were located just beneath the nuclear membrane. A meshwork of thin filaments was evenly distributed inside the
nucleus of a living cell. b: Isolated and detergent-extracted nucleus. The nucleolar materials disappeared during isolation procedures,
but the meshwork structure was well preserved even after isolation. e¢: By addition of Ca®* (2 mM free Ca®"), thin filaments became
aggregated to form thicker filaments. d: The thicker filaments were disintegrated and became loose by subsequent addition of EGTA (3
mM). Bars =2 pm.

or actomyosin-based machineries.

The nuclear matrix is defined as a residual
nuclear framework after sequential extraction pro-
cedures, and consists of two components: the nu-
clear lamina and an internal nuclear network
(Nickerson, 2001; Martelli et al., 2002). The inner
nuclear architecture is connected to the nuclear
lamina and built on an underlying network of
branched 10 nm filaments (He et al., 1990; Nicker-
son et al., 1997). It is widely understood that the
nuclear lamins are major components of the nuclear
lamina which construct a mesh-like network of
intermediate filaments underlying the inner periph-
ery of the nuclear membrane (Aebi et al., 1986;
Nigg, 1992; Moir and Goldman, 1993). Recent
studies have revealed that lamins are present not
only at the periphery of the nucleus but also within
the nucleoplasm, and form an internal nucleoskele-
ton as well as a peripheral lamina (Belmont et al.,
1993; Bridger et al., 1993; Moir et al., 1994; Hozak
et al., 1995; Neri et al., 1999). It may be natural to
consider that the network structure inside the nu-
cleus in 4. sol may also be constructed by 10 nm
intermediate filaments or lamina. Furthermore, it is
widely regarded that the nuclear matrix is a ubiqui-

tous nuclear structure in all eukaryotic cells. Al-
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though, unfortunately, I could not detect nuclear
lamin proteins by using a commercially-available
anti-lamin antibody. However, the fact that the
nuclear matrix has been detected in nuclei of vari-
ous unicellular organisms such as Tetrahymena
(Herlan and Wunderlich, 1976; Wunderlich and
Herlan, 1977), Amphidinium (Minguez et al., 1994)
and Euglena (Wen, 2000) strongly suggests that the
meshwork structure observed inside the isolated
and detergent-extracted nucleus of 4. sol is a nu-
clear matrix that is constructed by the nuclear lam-
ina. Thus, my observations also support an idea
that the nuclear matrix structure has been highly
conserved during the eukaryotic evolution. How-
ever, there are no molecular clues to explain the
Ca®*-dependent contractility of the nuclear matrix
at all. My findings in this study only suggest a
possibility for the first time that the nucleus pos-
sesses contractility which is regulated by Ca®'-
dependent dis- and re-aggregation of the nuclear
lamina filaments.

An alternative possibility for the nuclear con-
traction arises that the nuclear contraction is di-
rectly or indirectly mediated by a certain Ca®*'-

binding protein. A large number of studies have

revealed that Ca’*-binding proteins exist within



various kinds of nucleus, and play important roles
in many nuclear events (Gilchrist and Pierce, 1993;
Gilchrist et al., 1994; Czubryt et al., 1996; Bad-
minton et al., 1998; Gilchrist et al., 2002). How-
ever, Ca*'-dependent functions of these proteins
have not entirely been made clear. In spite of an
attempt to detect Ca®*-binding proteins in this study
by using “Stains-all” and “ruthenium red” staining
method or a Ca®*-dependent mobility shift assay on
separated nuclear proteins by SDS-PAGE, I could
not obtain any positive results. Further studies are
required to elucidate the molecular mechanism of

the Ca**-dependent nuclear contraction.
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GENERAL DISCUSSION

Axopodial Contraction

In this study, I attempted to elucidate the
mechanism of axopodial contraction of the helio-
zoons Echinosphaerium akamae and Actinophrys
sol by using permeabilized cell models, and showed
a direct evidence that the CTS is a contractile
structure which responds to Ca®. A Ca®-
dependent transformation of the CTS from tubular
to granular forms was observed to occur in the
axopodial cytoplasm without accompanying disas-
sembly of the microtubules. This result indicates
that the CTS is responsible for contraction of the
axopodial cytoplasm in a Ca**-dependent manner,
resulting in rapid shortening of the axopodium
(Chapters I and II). To further identify the mo-
lecular basis for CTS contractility, possible in-
volvement of a Ca**-sensitive protein was exam-
ined. As described in Chapters Il and III, a Ca®-
induced precipitate was obtained from the cell ho-
mogenate of Actinophrys sol. Although no Ca**-
sensitive protein was detected in the precipitate, a
precipitate adhered to the glass surface showed
Ca’*-dependent contractility which was similar to
that of the cell models. These results indicate that
the CTS must have been successfully isolated, in
which Ca”*-dependent contractility was main-
tained. The crucial problem to be solved in the
future is how the CTS contracts. By electron mi-
croscopy, the CTS has been observed to have an
appearance of a small tubule, but it sometimes show
lamellar or granular appearances, and frequently
surrounded by membrane-like structures. Judging
from these ultrastructural observations, the process
of transformation of the CTS has been speculated to

involve not only granulation but also twisting and/

b6

or coiling of the tubules (Shigenaka et al., 1982;
Matsuoka et al., 1985; Kinoshita et al., 2001). In
this study, the isolated CTS in vitro was observed to
change its appearance from tubules to granules by
addition of Ca®* (Fig. 6 in Chapter II). If the proc-
ess of Ca’*-induced transformation of the CTS
could be examined in details by modulating Ca®*
concentration at around the threshold level, one
might be able to find out by electron microscopy
intermediate structures of the CTS between tubular
and granular stages, which may allow us to under-
stand the precise mechanism of transformation of
the CTS.

In this study, when Ca®* was added at micro-
molar level to the membrane-permeabilized cell
models of E. akamae and A. sol, granulation of the
CTS was induced without affecting to the axonemal
microtubules, resulted in formation of many cyo-
plasmic swellings along the length of an axopodium
(Fig. 1 in Chapter I and Fig. 1 in Chapter II). This
phenomenon is similar to the “beading phenome-
non” that is frequently observed in living cells
(Suzaki et al., 1980a). These results suggest that the
threshold level of Ca®* for contraction of the CTS is
lower than that for disassembly of microtubules,
and that the contraction of the CTS does not always
accompany breakdown of the axonemal micro-
tubules. To induce axopodial shortening, contrac-
tion of the CTS and disassembly of the axonemal
microtubules must occur simultaneously. Although
the CTS is located in the vicinity of the micro-
tubules throughout the length of axopodia
(Shigenaka and Kaneda, 1979, Suzaki et al., 1980a;
Shigenaka et al., 1982), no structural connection
between the CTS and the axonemal microtubules



has been observed so far. If the CTS is closely
associated with the axonemal microtubules and
contraction of the CTS generates mechanical force
which is sufficient to disintegrate microtubules, it is
difficult to explain the phenomenon of cytoplasmic
beading, because it is formed by contraction of the
CTS inside the axopodial cytoplasm without disas-
sembly of the microtubules. Consequently, in the
case of axopodial contraction, concentration of
cytoplasmic Ca’" is supposed to be high enough to
induce not only granulation of the CTS but also
disassembly of axonemal microtubules. In contrast,
when cytoplasmic beadings appear, cytoplasmic
Ca®* concentration may not be sufficient for induc-
ing microtubule disassembly. Further cytochemical
investigations are required to elucidate difference in
Ca’*-sensitibity between the CTS and the axonemal
microtubules. Moreover, for complete contraction
of an axopodium, the distal end of a bundle of CTS
must be connected to the inner surface of the
axopodial membrane, and the proximal end must be
anchored deep inside the cell body. So far, no
structural relationship between the CTS and the
plasma membrane has been described. Further-
more, even length of a unit structure of the CTS
remains to be examined. Further electron micro-
scopic observation is required to determine the ul-
trastructure of the intact CTS in the axopodium.

As described in INTRODUCTORY RE-
VIEW, Ca’" has been regarded to play an important
role in the axopodial contraction. From the resuits
obtained in this study, in conjunction with former
experimental conclusions, a possible process of
axopodial contraction may be summarized as fol-
lows. Although the mechanism of signal transduc-
tion on the axopodial surface is unclear, attachment
of a prey to the surface of an axopodium is per-
ceived by the axopodial membrane as a signal for

triggering influx of extracellular Ca®* into the
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axopodial cytoplasm and/or release of Ca®* from
Ca’*-sequestering vesicles located beneath the
axopodial membrane. The increase of Ca** con-
centration inside the axopodium may induce trans-
formation of the CTS and degradation of the
axonemal microtubules, resulting in contraction of
the axopodium. After contraction, Ca®* concentra-
tion recovers to its resting level, probably by using
Ca® Re-
elongation of the contracted CTS and polymeriza-

pumps in the plasma membrane.

tion of microtubules then occur, and finally a fully
extended axopodium is reconstructed. The mecha-
nism of Ca**-induced transformation of the CTS is
still unknown. Purification of the CTS and identi-
fication of Ca**-sensitive proteins are to be carried
out to further understanding the mechanism of mo-
lecular interaction between the CTS and Ca®.
Furthermore, existence of Ca’* pump on the
axopodial membrane or surrounding vesicles is still
uncertain. Cytochemical localization and bio-
chemical characterization of Ca**-ATPase are re-

quired to investigate the possible involvement of

Ca®" ions in axopodial contraction.

Nuclear Contraction

In 1974, Berezney and Coffey have intro-
duced the term “nuclear matrix™ for the first time to
indicate the nuclear framework which resists
against removal from the nucleus by a series of
chemical extractions (Berezney and Coffey, 1974).
Although some controversy remains, nuclear ma-
trix is currently regarded as a nucleoskeletal struc-
ture facilitating various nuclear activities (Martelli
et al., 1996; Pederson, 1998; Hancock, 2000; Pe-
derson, 2000; Martelli et al., 2002). However con-
tractile properties of the nuclear matrix have never
been reported so far. Evidences obtained in this
study suggest for the first time that the nuclear ma-

trix possesses a Ca**-dependent contractility which



might have been retained by all the eukaryotic or-
ganisms as a common property, and is conserved in
spite of a long history of eukaryotic evolution.
However, the biological significance of the nuclear
contraction remained unclear. Judging from the
evidence that Ca’* concentration in a nucleus may
be regulated independently from cytosolic Ca®*
(Badminton et al., 1998), the nuclear contraction
may be closely related to some original functions of
the nucleus. For example, particularly in ciliates,
transformation of the nucleus is sometimes ob-
served during the process of nuclear division in
mitosis, and characteristic elongation and contrac-
tion of the micronucleus are frequently observed in
meiosis. It is worthwhile monitoring Ca®* concen-

tration inside a nucleus during such nuclear events.
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