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Phylogeny of outer arm dynein in flagella and
cilia

Hideo Mohri

Dynein is a motor protein essential for microtubule-
dependent cell motility.  In axonemes of flagella and
cilia, outer arm and inner arm dyneins attach to outer
doublet microtubules.  The isolated outer arm dynein
molecule is a three-headed bouquet in protists (e.g.
Chlamydomonas and Tetrahymena), whereas the mo-
lecule is two-headed in multicellular animals (e.g.
Deuterostomia and Protostomia).  The number of
heads corresponds to the number of heavy chain sub-
units.  Alpha,βandγheavy chains compose the outer
arm in protists andαandβheavy chains are present in
the outer arm of multicellular animals.  We examined
the outer arm dynein isolated from sperm flagella of a

sea anemone, a species located just prior to the diver-
gence of the two main branches in the animal kingdom
phylogenic tree.  The outer arm was the two-headed
molecule typical of multicellular animals.  Fig.1 shows
schematic drawings of both animal (metazoan) and
protist (and some lower plant) flagella and cilia with
special reference to the outer arms.  Since molecular
phylogenetic analyses of dynein heavy chains indicate
that animal αandβheavy chains are related to protist
γandβheavy chains, respectively, topographic rela-
tionship among these heavy chains in the cross-sections
are also indicated in the figure.  Based on the phyloge-
netic tree of dynein genes, Chlamydomonas αandβ
appear to be produced by gene duplication.  Combined
with other phylogenetic analyses, it is plausible that
there was (or is) the organism more ancient than Chla-
mydomonas and Tetrahymena, which has two-headed
outer arm dynein and consequently, the third heavy
chain acquired in protists may have been lost during the
evolution of animals from their ancestral unicellular
organisms.

Fig.1.  Schematic cross-sections of flagella or cilia in protists and lower plants (left) and in animals (right). Positions of each heavy chain sub-
unit (head) are also shown.
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Molecular evolution of photosynthesis.

Shigeru Itoh
We study the molecular evolution of photosynthesis

through physicochemical research of various types of
photosynthetic organisms.　Oxygen-evolving photosyn-
thesis of cyanobacteria seems to be evolved from the
anoxygenic bacterial photosynthesis at 2.7-3.5 billion
years ago just after the evolution of life. Symbiosis of
cyanobateria  inside the eukariotic cells, then, pro-
duced the first plant 2 billion years ago. The process of
evolution from anoxygenic to oxygenic photosynthesis
has been our main target of research.

(1)Discovery of anomalous photosynthesis.
 Acaryochloris marina, a newly discovered oxygen-

evolving cyanobacteria-like unicellular organism, was
found to use a far-red absorbing new pigment chloro-
phyll d in its photosystem I reaction center pigment-
protein complex in collaboration with Marine Biotech-
nology Institute Kamaishi (Fig.2). Although chlorophyll
a that absorbs visible red light has been known to be
indispensable for the oxygenic photosynthesis of all the
plants and cyanobacteria, A. marina efficiently under-
goes oxygenic photosynthesis even with far-red light of
lower quantum energy compared to the red light ab-
sorbed by chlorophyll a. We named the special pair
chlorophyll d of the newly identified photosystem I
reaction center P740.  The organism can be a missing
link between the anoxygenic photosynthesis that uses
800-860 nm far-red light and the oxygenic photosynthe-
sis that uses 650-700 nm red light.

Photosynthesis in a newly discovered bacterium
Acidiphilium rubrum isolated from acidic mine drain-
age, was also shown to be quite different from the pho-
tosynthesis in all the ever-known oxygenic and anoxy-
genic photosynthesis.  A. rubrum uses Zn-containing
bacteriochlorophyll in its anoxygenic photosynthesis.
This was the first case of photosynthesis based on pig-
ments other than chlorophylls that are Mg-containing
pigments. These new organisms show the wide vari-
ability of photosynthesis.

(2) Evolution of optimization mechanism of photo-
synthesis.

Structure-function relationships of the photosynthetic
light reaction in the newly found organisms as well as
plants and in anaerobic green sulfur bacteria Chlorobi-
um and Heliobacteria, are studied by modern physico-
chemical techniques.  We modified the reaction center
complexes of these organisms by replacing quinone
(vitamin K1) or chlorophyll cofactors by the artificial
compounds or by site-directed mutagenesis, and studied
the ultra-fast reaction kinetics by picosecond laser fluo-
rometry, spectroscopy and spin-echo pulse ESR spec-
troscopy at 4 -280 K. Molecular architectures of plant
and bacterial photosynthetic reaction center proteins are
shown to be highly optimized in utilization of solar
energy, however, in somewhat different direction in
each case.  The design of ancestral photosynthetic
apparatus that is now lost, is to be traced based on new
findings.

Fig.2.  Absorption spectrum (A) and light-induced difference absorption spectrum of reaction center chlorophyll P740(B) of newly identified
photosystem I (PS I) reaction center complex of Acaryochloris marina that has far-red absorbing chlorophyll d.  Broken lines in (A) and (B)
represent absorption and difference spectra (P700) in plant (spinach) PS I reaction center containing chlorophyll a, respectively. Molecular
structures of chlorophylls a and d are also shown.



6 NATIONAL INSTITUTE

Mechanisms determining the outline shape of the
adult lepidopteran wings

Ryuji Kodama
Wings of the lepidopteran insects (butterflies and

moths) develop from the wing imaginal disc, which is a
hollow sac made of simple epithelium.  When the
pupariation is completed, the wing, which was hidden
inside the body wall of the larvae, is exposed on the
surface of the pupa, which gradually turns into the adult
wing.  The outline shape of the adult wing is often
different from that of the pupal wing.  This difference
is brought about by the programmed cell death of the
marginal area of the pupal wing, while the internal area
develops as adult wing blade.  The marginal dying
area is called the degeneration region and the internal
area is called the differentiation region, hereafter.

The cell deaths in the degeneration region proceeds
very rapidly and completes in a half to one day period
in Pieris rapae or several other species examined.  It
was shown that the dying cells in the regeneration re-
gion have two characteristics common with the apop-
totic cell death in mammalian cells.  These are i) the
presence of apoptotic bodies, which are heavily con-
densed cells or their fragments engulfed by other cells
or macrophages, shown by transmission electron micro-
scopy and ii) the presence of conspicuous accumulation
of fragmented DNA evidenced by the TUNEL his-
tological staining (Kodama, R. et al., Roux's Arch. Dev.
Biol. 204, 418-426, 1995).

The cells in the degeneration region are actively en-
gulfed by the macrophages in the cavity beneath the
wing epithelium.  Moreover, the macrophages seem to
be concentrated beneath the degeneration region by the
strong adhesion between basal surfaces of the dorsal
and ventral epithelium in the differentiation region.
By injecting the india ink or ferritin solution to the body
cavity of the pupa, we have confirmed that this adhe-
sion is tight enough to exclude the macrophages from
the differentiation region, because the injected probes
was found mostly concentrated in the degeneration
region when observed several minutes later (Yoshida, A.
(Biohistory Research Hall) and Kodama, R., unpub-
lished).

Studies using another lepidopteren species, Orgyia
recens approximans, provided by Drs. Y. Arita and K.
Yamada (Meijo University) is underway .  In this spe-
cies, the wing is normally formed until the beginning of

the pupal period, but becomes conspicuously degener-
ated only in the female adult.  In our preliminary study,
it was shown that the pupal wing is normally formed
both in male and female pupa, but after about two days,
female pupal wing starts degeneration on its margin, as
if the degeneration region is continuously formed deep
into the center of the wing (Kodama, R. et al., unpub-
lished).  It is thus suggested that the control mecha-
nism which demarcates the region to be degenerated is
defective in the female in this species.  Further inves-
tigation using this species might give important insight
into such mechanisms.

Another collaborative work with the laboratory of Dr.
K. Watanabe (Hiroshima University) concerns mostly
on the development of trachea and tracheole pattern in
the swallow tail butterflies.  Trachea and trcheoles are
both important in delivering air into the wing and their
pattern coincide with that of the boundary of degenera-
tion and differentiation zones at the distal end of the
wing.  According to the observations, the pattern for-
mation of wing epithelium is often dependent on tra-
cheal and tracheole patterns.  Basic research on the
development of tracheal pattern formation is being done
through the scanning electron microscopy and the
bright field light microscopy of the fixed or fresh spe-
cimens to describe the exact pathway and the time cour-
se of the formation of elaborate pattern of trachea and
tracheoles and to establish the cytological and devel-
opmental relationship between the formation of tracheal
pattern and epithelial cell pattern, such as scale cell
pattern. The Fig.3 depicts how the tracheoles protrude
from the primary trachea at the pre-pupa stage.  These
fine threads are arranged with even spaces and may
closely related with the scale cell pattern formation.

Fig.3.  The tracheoles (fine threads) and the primary trachea
(thick tube in the center) at the late stage of the pre-pupa.
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Protein palmitoylation and developmental
mechanism at embryogenesis in invertebrate and
vertebrate

Kohji Ueno
We have studied the molecular mechanisms of the

development of cells and organs in the silkworm Bom-
byx mori and have elucidated that the abdominal leg
development was regulated by a homeotic gene which
specifies the identities of abdominal segments. We have
found that a high molecular weight protein (p260/270)
was expressed in abdominal leg cells during early em-
bryonic stages. p260/270 was identified to be a protein
palmitoylase which transfers palmitate to cysteine resi-
dues of proteins. Almost of small GTP-binding, hetero-
trimeric G, and G-protein-linked receptor proteins are
known to be modified with palmitate through thioester
linkages. These dynamic modifications thought to be
important in regulation of signal transduction. There-
fore we speculated that p260/270 may be involved in
regulation of signal transduction and may function in
abdominal leg development.

To better understand the molecular mechanism how
the modification of protein palmitoylation regulates the
development of cells and organs, a search for a ho-
molog of p260/270 in vertebrate was undertaken. Ho-
mology search of an ESTdb (Expressed Sequence Tags
data base) with the amino acid sequences of p260 and
p270 identified mouse embryonic cDNA clones which
were highly homologous to the amino acid sequences of
p260 and p270. This result suggested that a homolog of
p260/270 was expressed in mouse embryos. In situ
hybridization of mouse embryos revealed that the tran-
scripts are detected mainly in the central and peripheral
nervous system in mouse embryos from embryonic day
11.5. The transcripts were detected in the regions of
forebrain, midbrain, hindbrain and spinal cord in the
central nervous system and also detected in the cranial
ganglia and dorsal root ganglia in the peripheral nerv-
ous systems. Immunocytochemical analyses of cultured
mouse primary embryonic brain cells were performed

to identify which cells express mouse p260/270 ho-
molog. This analysis revealed that mouse homolog was
expressed specifically in neural cells, but not in neuro-
epithelial and glial cells. Fig.4 showed a result of im-
munocytochemical analysis of primary cultured cells.
From these results, we speculate that a protein palmi-
toylase may function in the development of neural cells
in the central and peripheral nervous system during
mouse embryogenesis.

We found that protein palmitoylase were expressed
specifically in a few types of cells during early embryo-
genesis in invertebrate and vertebrate. Further study is
necessary to elucidate the common mechanism how the
modification of protein palmitoylation regulates the
development of the cells in invertebrate and vertebrate.

Fig.4.  Immunocytochemical analysis of cultured primary cells.
Cells were double labeled with an antibody against mouse p260/270
homolog and anti-nestin antibody. Mouse homolog (green) was
detected in neurons whereas nestin (red) was detected in neuroepi-
thelial cells. Bar represents 25µm.
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