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SUMMARY

The cAMP-dependent phosphorylation of the
29-kDa and 65-kDa axonemal proteins is closely
correlated with the control mechanism of ciliary
beat direction. Localization of the 65-kDa protein
is still unknown whereas the 29-kDa protein has
been identified as a light chain of the outer-arm 22S
dynein. The localization of the 65-kDa phospho-
protein was determined by two-dimensional elec-
trophoresis using a native gel in the first run. In the
native gel, the 65-kDa phosphoprotein co-migrated
with dynein heavy chains. This suggests that the
65-kDa phosphoprotein plays an important role in
cAMP-dependent ciliary control as an intermediate
chain of a dynein complex.

INTRODUCTION

The locomotor behavior of Paramecium de-
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pends on the ciliary beat direction and beat fre-
quency. The beat direction is controlled by intra-
cellular Ca®>" concentration (Naitoh and Kaneko,
1972, 1973; Naitoh and Sugino, 1984) and pre-
sumably by cyclic nucleotide concentration
(Nakaoka and Ooi, 1985; Majima et al., 1986;
Bonini and Nelson, 1988). Hamasaki et al. (1991)
reported that cAMP-stimulated phosphorylation of
the 29-kDa axonemal protein regulated the veloc-
ity of microtubule translocation and the swimming
speed in Paramecium. Barkalow et al. (1994)
reported that the 29-kDa protein functioned as a
228 dynein regulatory light chain. They showed a
228 dynein that was reconstituted with the phos-
phorylated 29-kDa protein translocated micro-
tubules significantly faster than controls. We have
reported that the cAMP-dependent phosphoryla-
tion of the 29-kDa and 65-kDa axonemal proteins
was closely correlated with the control mechanism
of ciliary beat direction (Noguchi et al., 2000).
Cilia on the cortical sheets from Triton-
glycerol-extracted Paramecium lose their ability to
change their orientation in response to cAMP and
to removing Ca”" by tryptic digestion within 1 min
(Noguchi et al., 2000).
moves axonemal cAMP-dependent protein kinase

The brief digestion re-

activity within 10 sec. Following the digestion,
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not only the phosphorylated 29-kDa but also the
65-kDa axonemal proteins disappeared in 1 min
(Noguchi et al., 2000). The disappearance of the
kinase activity and phosphorylated proteins ac-
companied the disability of ciliary responses. The
29-kDa phosphoprotein has been thought to be
involved in the ciliary response through control-
ling the sliding velocity of outer doublet micro-
The 29-kDa phosphoprotein has been
shown to co-purified with 22S dynein in a sucrose

tubules.

density gradient centrifugation and to be a light
chain of the outer-arm 22S dynein (Bonini and
Nelson, 1990; Hamasaki et al., 1991). On the
other hand, the 65-kDa phosphoprotein is a strong
candidate that sets the direction of ciliary beat
antagonizing the effect of Ca”* (Noguchi et al.,
2000; 2003). However, the 65-kDa phosphopro-
tein has not been shown to co-purified with dynein
heavy chains in a sucrose density gradient centrifu-
gation and the localization of the 65-kDa phospho-
protein is still unknown (Bonini and Nelson, 1990;
Hamasaki et al., 1991).

In this study, we tried to clarify the localiza-
tion of the 65-kDa phosphoprotein in the ciliary
axonemes from Paramecium caudatum. Two-
dimensional electrophoresis using a native gel
electrophoresis as a first run revealed that the 65-
kDa phosphoprotein was presumably associated
with a dynein complex.

MATERIALS AND METHODS

Isolation of axonemes

Paramecium caudatum (stock G3) was cultured
in a hay infusion. Cells were grown to the late-
logarithmic phase at 25°C. Collected cells were
washed three times with a washing solution (2 mM
KCl, 2 mM CaCl,, 0.3 mM phenylmethylsulfonyl
fluoride (PMSF), 10 mM Tris-maleate, pH 7.0).
Cells were deciliated by the dibucaine treatment
following the method of Mogami and Takahashi
(1983) with slight modifications. Cilia were iso-
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lated from cell bodies by centrifugation repeated
twice at 600 g for 5 min. The pellets were discarded.
The supernatant was centrifuged at 7,700 g for 10
min to pellet the cilia. The pellet was resuspended
in TMKE solution (10 mM Tris-maleate, pH 7.0, 5
mM MgCl,, 20 mM potassium acetate, | mM
EGTA) containing 0.3 mM PMSF and centrifuged.
The pellet was rewashed with the TMKE solution.
The isolation of cilia was monitored by dark-field
microscopy. These cilia were then treated with a
demembranation solution containing 0.1% Triton
X-100 in TMKE solution for 10 min at 0°C. The
Triton was removed by washing twice with
HKMED solution (30 mM HEPES, pH 7.3, 20 mM
potassium acetate, 5 mM MgSO,, | mM EGTA, 1
mM dithiothreitol (DTT), 0.3 mM PMSF, 10 pg/ml
leupeptin).

Phosphorylation of the axonemes

In vitro phosphorylation of the axonemes was
performed following the procedure described in
The
reaction mixture contained 0.15 mg axonemes in
80 ul of TMKE solution as well as 10 uM cAMP.
Phosphorylation by endogenous protein kinases
was started by addition of 20 pl of y-[**PJATP to
achieve a final concentration of 1 uM ATP. The
ATP concentration of the y-[**P]JATP was 5 pM,
and radioactivity was adjusted to 10 or 20 pCi with

our previous paper (Noguchi et al., 2000).

adenosine 5'-y-[**P]triphosphate (specific activity
6000 Ci/mmol from Du Pont-New England Nu-
clear). Immediately after 10 min incubation at
0°C, the reaction mixture was centrifuged at
10,000g for 10 min. The pellet of the axonemes

was used for the extraction of crude dynein.

Extraction of crude dynein

Extraction of dynein was carried out by the
method of Larsen et al. (1991) with slight modifi-
cations. The pellet of axonemes was resuspended
in HKMED solution containing 0.6 M KCI. The
suspension was kept on ice for 30 min to extract
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the dyneins. Axonemes were separated from
extracted dynein by centrifugation. The high-salt
extract (crude dynein) was divided into two parts.
One part was immediately diluted with a buffer
solution (HEPES, pH 7.3) to achieve a KCI con-
centration of 20 mM and concentrated using Cen-
tricon-10 (low-salt sample). Another part was
concentrated without diluting the KCI concentra-

tion using Centricon-10 (high-salt sample).

Two-dimensional electrophoresis using native
gel and SDS-PAGE

Two-dimensional electrophoresis was per-
formed using agarose polyacrylamide slab gel
electrophoresis (AG-PAGE) as a first run (Takaya
et al.,, 1995). The concentrated crude dynein was
mixed with 1/2 volume of 20% glycerol containing
1% bromophenol blue. The sample was then
applied on the gel. The first run of a native gel
electrophoresis was performed using the AG-
PAGE (gel size, 16 x 16 x 0.1 cm). Electrophore-
sis was run at 5 mA and terminated when bromo-
phenol blue ran to the end of the gel. A gel stripe
was cut out of the gel, incubated in an SDS sample
buffer (2% SDS, 5% 2-mercaptoethanol, 12%
glycerol, 62.5 mM Tris-HCL, pH 6.8) for 7 min x
2, and then placed on a stacking gel of SDS-
PAGE. The second run using SDS-PAGE was
carried out in 3-15% linear gradient acrylamide gel
containing a 0-19% glycerol gradient following a
modification of the procedure of Laemmli (1970).
Molecular-weight standards were obtained from
The gels
were stained with silver (Blum et al., 1987). To

Boehringer-Mannheim and Bio-Rad.

produce the autoradiograms, Fuji medical X-ray
film RX (Fuji, Kanagawa) with intensifying screen
(Kasei Optonix, Tokyo) was placed over the dried
gels for 1 to a few days and developed.

RESULTS AND DISCUSSION

The localization of the 65-kDa phosphoprotein

Stain.

= \‘29 K

Fig. 1. Two-dimensional electrophoresis of phos-
phorylated crude dynein (low-salt sample). Extracted
crude dynein from phosphorylated axonemes was
diluted with a buffer solution (HEPES, pH 7.3) to
achieve a KCl concentration of 20 mM and concen-
trated using Centricon-10 (low-salt sample). Stain.:
Silver stained gel. Autorad.: Corresponding autora-
diogram. HC and T indicate the position of heavy
chains and tubulin in the second run. Markers at left
indicate (from top) 200, 116, 97, 66, 45, 31, and 21.5
kDa. Both 29- and 65-kDa protein were electropho-
resed in conjunction with heavy chains in the first run.

has not been clarified. The 65-kDa protein is
together with the 29-kDa protein
(Hamasaki et al., 1989), dyneins, and A-kinases.

extracted

However, the 65-kDa protein is not co-purified
with dynein heavy chains (HCs) in sucrose density
gradient centrifugation.

We tried to clarify the localization of 65-kDa
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Fig. 2. Two-dimensional electrophoresis of phos-
phorylated crude dynein (high-salt sample). In this
case, the high-salt extract was concentrated without
diluting the KCl concentration. Stain.: Silver stained
gel. Autorad.: Corresponding autoradiogram. HC
and T indicate the position of heavy chains and tubulin
in the second run. Markers at left indicate (from top)
200, 116, 97, 66, 45, 31, and 21.5 kDa. Both 29- and
65-kDa protein were not electrophoresed in conjunc-
tion with heavy chains in the first run in the high-salt
condition.

phosphoprotein by another method. We analyzed
In this
study, the first run of the two-dimensional electro-

using two-dimensional electrophoresis.

phoresis was performed with native AG-PAGE gel
electrophoresis (Takaya et al.,1995). Using a
native gel in the first run, the conformation of
dynein complexes were expected to keep their
conformation intact. The native gel electrophore-

ses were performed using both high-salt and low-
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salt samples. The high-salt extract from axonemes
that had previously been phosphorylated with y-
[**P]ATP in the presence of CAMP was immedi-
ately diluted to achieve a KCI concentration of 20
mM and concentrated (low-salt sample). In an-
other case, the high-salt extract was concentrated
without diluting the KCI concentration (high-salt
sample).

Dynein HCs migrated as relatively compact
bands when the low-salt sample was electrophore-
sed in a native gel (Fig. 1, STAIN). On the other
hand, the dynein HCs of the high-salt sample
migrated as wider bands (Fig. 2, STAIN). In the
autoradiograms from each two-dimensional elec-
trophoresis, the mobility of the labeled phospho-
proteins in the first run was different.

Identified phosphorylated bands corresponded
to 29-kDa, 65-kDa, and about 42-kDa proteins in
the SDS-PAGE (indicated by arrows in Fig. 1 and
2, AUTORAD).
migrated with dynein HCs in the native gel of the

These phosphorylated bands

low-salt sample (Fig. 1). This indicates that 65-
kDa phosphoprotein co-migrates with dynein
heavy chains as 29-kDa phosphoprotein in the
low-salt condition (Fig. 1). On the other hand, the
phosphorylated bands migrated far from dynein
HCs in the case of the high-salt sample (Fig. 2).
These results suggest that the 65-kDa phosphopro-
tein was released from the dynein complex with a
long-time exposure to 0.6 M KCI (at least 2 h
during the concentrating procedure). The 65-kDa
phosphoprotein did not co-sedimented with dynein
HCs in sucrose density gradient centrifugation
(Bonini and Nelson, 1990; Hamasaki et al., 1991).
This also may be due to a long time exposure to
0.6 M KCI before loaded on a sucrose density
gradient and following overnight centrifugation.
The 65-kDa phosphoprotein presumably at-
tach to some dynein complex in vivo and may play
a significant role in cAMP-dependent regulation
cooperating with 29-kDa light chain. In addition,
42-kDa phosphoprotein comigrated with dynein
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heavy chains. The 42-kDa protein might be in-
volved in the regulation of ciliary movement.

ACKNOWLEDGMENTS

We thank Professor K. Nakamura of Hi-
roshima Women's University for providing a pro-
tocol of the agarose polyacrylamide gel electro-
phoresis. We also thank Professor M. Takahashi
of the University of Tsukuba for providing P.
caudatum (G3).

REFERENCES

Barkalow, K., Hamasaki, T. and Satir, P. (1994)
Regulation of 22§ dynein by a 29-kD light
chain. J. Cell Biol., 126, 727-735.

Blum, H., Beier, H. and Gross, H.J. (1987) Im-
proved silver staining of plant proteins,
RNA and DNA in polyacrylamide gels.
Electrophoresis, 8, 93-99.

Bonini, N.M. and Nelson, D.L. (1988) Differential
regulation of Paramecium ciliary motility
by cAMP and cGMP. J. Cell Biol., 106,
1615-1623.

Bonini, N.M. and Nelson, D.L. (1990) Phospho-
proteins associated with cyclic nucleotide
stimulation of ciliary motility in Parame-
cium. J. Cell Sci., 95, 219-230.

Hamasaki, T., Murtaugh, T.J., Satir, B.H. and
Satir, P. (1989)
of Paramecium axonemes and permeabi-
lized cells. Cell Motil. Cytoskeleton, 12, 1-
11.

Hamasaki, T., Barkalow, K. and Satir, P. (1991)
cAMP stimulated phosphorylation of an

In vitro Phosphorylation

axonemal polypeptide that copurifies with
the 22S dynein arm regulates microtubule
translocation velocity and swimming speed
in Paramecium. Proc. Natl. Acad. Sci.
USA, 88, 7918-7922.

Laemmli, U.K. (1970) Cleavage of structural
proteins during the assembly of the head of
bacteriophage T4. Nature, 227, 680-685.

127

Larsen, J., Barkalow, K., Hamasaki, T. and Satir,
P. (1991) Structural and functional charac-
terization of Paramecium dynein: Initial
studies. J. Protozool., 38, 55-61.

Majima, T., Hamasaki, T. and Arai, T. (1986)
Increase in cellular cyclic GMP level by
potassium stimulation and its relation to
ciliary orientation in Paramecium. Experi-
entia, 42, 62-64.

Mogami, Y. and Takahashi, K. (1983) Calcium
and microtubule sliding in ciliary axonemes
isolated from Paramecium caudatum. J.
Cell Sci., 61, 107-121.

Naitoh, Y. and Kaneko, H. (1972) Reactivated
Triton-extracted models of Paramecium:
modification of ciliary movement by cal-
cium ions. Science, 176, 523-524.

Naitoh, Y. and Kaneko, H. (1973) Control of
ciliary activities by adenosinetriphosphate
and divalent cations in Triton-extracted
models of Paramecium caudatum. J. Exp.
Biol., 58, 657-676.

Naitoh, Y. and Sugino, K. (1984) Ciliary move-
ment and its control in Paramecium. J.
Protozool., 31, 31-40.

Nakaoka, Y. and Ooi, H. (1985) Regulation of
ciliary reversal in Triton-extracted Parame-
cium by calcium and cyclic adenosine
monophosphate. J. Cell Sci., 77, 185-195.

Noguchi, M., Ogawa, T. and Taneyama, T. (2000)
Control of ciliary orientation through
cAMP-dependent
axonemal proteins in Paramecium cauda-
tum. Cell Motil. Cytoskel., 45, 263-271.

Noguchi, M., Sasaki, J., Kamachi, H. and Inoue,
H. (2003) Protein phosphatase 2C is in-
volved in the cAMP-dependent ciliary

phosphorylation  of

control in Paramecium caudatum. Cell
Motil. Cytoskel., 54, 95-104.

Takaya, C., Kosaka, A., Kohno, K., Kusano, T.
and Nakamura, K.-I. (1995) Comparison of
axonemal proteins from two kinds of Tetra-



128 Axonemal 65-kDa Phosphoprotein

hymena. 1. Different characteristics of
dyneins in heat stability. Comp. Biochem.
Physiol., 112B, 727-732.



