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formation during cycling of the spliceosome
(21, 23). Our finding that Lsm proteins be-
came loosely associated with the active spli-
ceosome further demonstrated a dynamic as-
sociation of Lsm proteins with U6 and a
direct role for Lsm in spliceosome activation.
Thus, despite structural similarity, Lsm pro-
teins may play distinct roles from Sm pro-
teins in the splicing reaction, not only being
involved in the assembly of U6 or U4/U6
snRNP but also actively participating in the
conformational rearrangement of the spliceo-
some during its activation.

In this report, we show that NTC was not
required for dissociation of U4 but was re-
quired for subsequent stabilization of U5 and
U6 on the spliceosome. Stabilization of U6
involved remodeling of interactions between
U6 and the pre-mRNA, including a switch of
base pairings between U6 and the 5� splice
site and the formation of new interactions
between the 3� terminal U-tract of U6 and the
intron sequence near the 5� splice site. The
latter interaction might require destabilization
of Lsm proteins from U6 to expose its 3�
terminal sequence. In this view, NTC may be
involved in multiple steps of structural re-
arrangement of the spliceosome. At least
eight proteins have been identified as com-
ponents of NTC (8–11), and several others
are possible candidates for NTC components
from recent proteomic analyses of the spli-
ceosome and NTC-related complexes (24–
28). Whether different NTC components
function in mediating different aspects of
structural change or the entire complex func-
tions as a whole to catalyze all the structural
rearrangements remains to be studied.
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Control of Crystal Size and
Lattice Formation by Starmaker
in Otolith Biomineralization

Christian Söllner,1 Manfred Burghammer,3

Elisabeth Busch-Nentwich,1 Jürgen Berger,2 Heinz Schwarz,2

Christian Riekel,3 Teresa Nicolson1*†

The stone-like otoliths from the ears of teleost fishes are involved in balance and
hearing and consist of calcium carbonate crystallites embedded in a protein frame-
work. We report that a previously unknown gene, starmaker, is required in zebrafish
for otolith morphogenesis. Reduction of starmaker activity by injection of modified
antisense oligonucleotides causes a change in the crystal lattice structure and thus
a change in otolith morphology. The expression pattern of starmaker, along with
the presence of the protein on the growing otolith, suggest that the expression
levels of starmaker control the shape of the otoliths.

Biologically formed crystals differ from their
inorganic counterparts by protein-mediated
control of their shape, size, and crystallo-
graphic axes orientation (1, 2). Fish otoliths
are such calcified biominerals, composed of
the calcium carbonate polymorph aragonite
and a small fraction of organic molecules,
including proteoglycans and glycoproteins
(3, 4 ). Otoliths are present in the inner ear,
where they act as an inertial mass on the
otolithic membrane, thereby enhancing the
sensitivity of the underlying sensory epithe-
lium to gravitational and linear acceleration
forces. In addition to the perception of bal-
ance, otoliths are involved in the reception of
sound (5, 6 ).

Higher vertebrates have biomineralized
structures in their inner ears called otoconia.
Several genes involved in their biogenesis
have been identified. Among them are the
acidic glycoproteins, Otoconins, which share
homology with secretory phospholipase A2
(7–9); Pendrin, an anion transporter (10); and

Otopetrin 1, a protein with 10 transmembrane
domains (11). Disruption of their function
leads to a complete loss of otoconia or, in rare
cases, to the formation of giant otoconia.

Mutations in the human dentin sialophos-
phoprotein gene (DSPP) are responsible for
dentinogenesis imperfecta and can be associat-
ed with hearing loss (12, 13). Because DSPP is
required for mineralization of the teeth and is
expressed in the ear (14), we postulated that
homologous genes in zebrafish might mediate
otolith formation. By searching zebrafish
cDNA libraries for dspp-like or related genes
from ear tissues, we identified the zebrafish
gene starmaker. It is similar to DSPP in that it
encodes a protein with many acidic residues;
however, the overall structure of the gene is
different, including sequences encoding addi-
tional N-terminal repeats. starmaker encodes
a 613–amino acid protein with a predicted
signal peptide at the N terminus and four
highly conserved internal repeats, each en-
coded by a single exon (Fig. 1, A and B). The
function of the internal repeats is not known.
With the exception of the signal peptide, the
Starmaker protein is extremely hydrophilic.
The program NetPhos (15) predicts that 20%
of the residues could be phosphorylated (112
serines and 16 tyrosines). One large exon
(623 base pairs) encodes mainly alternating
serines and aspartic acids for a stretch of 60
residues. In total, 35% of Starmaker is com-
posed of acidic residues.
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Whole-mount in situ hybridizations con-
firmed that starmaker is expressed in the
developing ear (Fig. 1, C to F). At very
early stages, starmaker appears to be ex-
pressed by the entire epithelium of the otic
placode (Fig. 1, C and D). starmaker
mRNA is also expressed in the pineal
gland, and very weak expression was ob-
served in the tail region (Fig. 1C). During
embryonic development, expression of
starmaker is increasingly restricted to dis-
tinct patches of cells representing the sen-
sory epithelium (Fig. 1, E and F). In day 3
larvae, the neuromasts or superficial senso-
ry hair neuroepithelia of the lateral line
organ are also labeled (Fig. 1, E and F). In
addition, we observed transient and low
levels of expression in the eye and nose.

To gain insight into the function of star-
maker, we injected modified antisense oli-
gonucleotides or “morpholinos” (MOs) into
one-cell-stage embryos (16 ). MOs act by
interfering with splicing or translation of
the message (17, 18). Reduction of star-

maker activity using a splice site MO (GT-
MO) resulted in a severe alteration in oto-
lith morphology (Fig. 2, A to G). With
increasing doses of the GT-MO, we ob-
served a change from nearly wild-type oto-
liths with slightly irregular shapes to star-
shaped otoliths and finally to otoliths re-
sembling chunks of pure crystalline calci-
um carbonate (Fig. 2, D and H). Reverse
transcription polymerase chain reaction
(RT-PCR) analysis of RNA extracts from
injected animals and subsequent sequence
analysis of the PCR products showed that
the GT-MO caused the removal of exon 16
or retention of intron 16 (Fig. 2I) (19). This
gave rise to two versions of mutated pro-
tein: one lacking the 25 amino acids encod-
ed by exon 16, and the other having a
truncation after exon 16 due to a premature
stop codon in the intron. Despite the chang-
es in morphology induced by the GT-MO,
it was still possible that the otolith pheno-
types we saw represented only a hypomor-
phic situation. To mimic a starmaker loss-

of-function situation, we used a second MO
directed against the translation initiation
site (ATG-MO). Injections of low amounts
(2 ng) of the ATG-MO led to otoliths re-
sembling clumps of crystals otherwise only
obtained with very high doses of GT-MO.
In rare cases we also observed star-shaped
otoliths. Simultaneous injection of both
MOs did not further alter the phenotype.
Both MOs appeared to be specific because
we did not observe any other obvious mor-
phological defects. Background effects
such as small heads or heart edemas were
seen only at high doses (40 ng) of MOs
(about 15% of all injected animals). Thick
sections (10 �m) of neuromasts and the
pineal gland did not reveal any gross ab-
normalities in these organs (19). It is nota-
ble that starmaker is expressed in the neu-
roepithelia of the semicircular canals and
neuromasts, and yet these organs do not
contain biomineralized structures. star-
maker may serve a different function in
these tissues.

Fig. 1. The starmaker genomic structure, predicted amino acid sequence, and
mRNA expression pattern during development of zebrafish. (A) The star-
maker gene contains 28 exons. The sizes of the introns are not depicted to
scale. (B) Structural features of the Starmaker protein. The signal peptide
(SP) consists of 20 amino acids. The predicted cleavage site between position
20 and 21 is indicated by an arrowhead. Four highly conserved internal
repeats (R1 to R4) depicted in dark blue to violet are present. Each repeat is
encoded by a single exon, indicated with an identical color code in (A). The
protein part shaded in yellow is deleted via aberrant splicing caused by the
GT-MO. Exon 19 (indicated in green) encodes a stretch of mainly serine and
aspartic acid residues. A peptide stretch near the C-terminus of the protein

(indicated with a black line) was used to generate an antibody. (C to F)
Whole-mount mRNA in situ hybridization of starmaker mRNA in zebrafish
embryos and larvae. (C) Lateral view of a 24-hpf embryo. There is strong
expression in the developing ear or otic placode and the pineal gland above
the eyes. (D) Dorsal view of the otic placode at 20 hpf. (E) Lateral view of a
72-hpf larva. Expression in clusters of sensory hair cell epithelium (lateral line
organ) can be seen along the entire length of the animal. (F) Dorsal view of
the expression in the larval ear (72 hpf ). Expression is mainly restricted to
the neuroepithelial patches within the ear. am, anterior macula, op, otic
placode, pg, pineal gland, pm, posterior macula. Scale bar in (C) indicates 35
�m in (C), 14 �m in (D), 250 �m in (E) and 125 �m in (F).
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The misshapen otoliths caused a behav-
ioral phenotype. The majority of 5-day-old
fish injected with either MO had difficulty
in orienting themselves quickly in fast
moving water in comparison to uninjected
larvae. A fraction of these injected or “mor-
phant” larvae (up to 20% with 40 ng MO)
also displayed circling behavior typical for
fish with vestibular defects. After 10 days,
many GT-MO–injected animals swam nor-
mally, presumably because the MOs were
no longer effective at this late stage. How-
ever, none of the ATG-MO–injected ani-
mals survived.

The process of otolith formation can be
separated into two stages. During the first
stage between 18 hours postfertilization (hpf )
and 24 hpf, seeding particles attach to the
kinocilia of the tether cells, which are located
at the anterior and posterior part of the otic
placode (20, 21). These seeding particles are
composed of glycogen and form the nucleus
or the core of the otolith (22). After 24 hours,
the speed of otolith formation slows down
and otoliths start to display a daily growth
pattern (23). In transmission electron micro-
scope cross sections of wild-type and mor-
phant otoliths, we observed that the core of
the otoliths, represented by darkly stained
spheres, was always present in the mor-
phants, indicating that the initial step of oto-
lith seeding and anchoring was normal (Fig.
2, E to G). In wild-type otoliths, successive
rings of matrix proteins enclose the core (24,
25 ), and the central part of the surface facing
the neuroepithelium is very electron-dense
(Fig. 2E). Successive rings are no longer
present in the star-shaped otoliths, although it
was still possible to detect an electron-dense
surface facing the neuroepithelium (Fig.
2F). In the most severely affected otoliths,
we observed a dramatic change of the pro-
tein skeleton surrounding the otolithic core
(Fig. 2G). The fibrous matrix was disorga-
nized and did not run in a radial direction as
seen in the less-affected or wild-type oto-
liths. In addition, the organic matrix was
not intercalated within the crystals. Instead,
organic matrix was sandwiched between
and excluded from single, large, presum-
ably inorganic crystals (Fig. 2G).

The appearance of the most severe form
of morphant otolith was fundamentally dif-
ferent from those of the other morphant
otoliths. The complexity and cubic faces of
the crystals suggested that the polymorph
of calcium carbonate was calcite rather
than aragonite. To determine which crystal
polymorph was present in each type of
otolith, we performed x-ray microdiffrac-
tion experiments at the ID13 beamline of
the European Synchtron Radiation Facili-
ty–Grenoble (16, 26). The diffraction pat-
terns obtained from wild-type otoliths con-
firmed that they were composites of small

crystallites with the crystal lattice of arago-
nite (Fig. 3, A to C). The same result was
obtained with the intermediate type of oto-
liths (19). The polymorph present in the
star-shaped otoliths was also aragonite
(Fig. 3, D and F). In contrast, the x-ray
diffraction pattern of the most severely af-
fected otoliths showed a switch in their
crystal habit or polymorph from aragonite
to calcite (Fig. 3, G and I). In addition, the
averaged diffraction patterns showed a
change in texture. In wild-type and star-
shaped otoliths, the diffraction patterns
showed Debye rings, indicating the pres-
ence of many crystallites with dimensions
smaller than the beam size (Fig. 3, B and
E). However, the grainy pattern in Fig. 3E
suggests that the crystallites in the star-
shaped otoliths are bigger than normal. In
contrast to the above patterns, the Debye
rings of the calcitic otoliths diffraction patterns
were spotty, indicating that they are composed
of a small number of grains with dimensions
larger than the beam size (Fig. 3H). In the
absence of Starmaker, the formation of the
large calcite crystals may represent a “default”
situation in which the more stable of the two
polymorphs, calcite, is favored.

To determine whether Starmaker was
physically located at the site of crystal
formation, we generated a C-terminal anti-
body for immunolocalization. With the use
of Western blot analysis, we detected a
single band that was reduced in morphants
(fig. S1). In 24-hpf larvae, antibody (Ab)
against Starmaker labeled both anterior and
posterior otoliths and the apical surface of
the epithelial cells of the otic placode (Fig.
4A). At this early stage, many small parti-
cles floating in the lumen of the ear were
labeled (Fig. 4B). These particles most
likely represent otolith seeding particles. At
later stages (day 5), the surface of both
anterior and posterior otoliths was still la-
beled (Fig. 4E). In addition, we detected
labeling in neuromasts (fig. S1). In ultra-
thin cross sections stained with Starmaker
Ab, we saw labeling of the apical surfaces
of the neuroepithelium [counterstained
with the nuclear marker 4�,6�-diamidino-2-
phenylindol (DAPI)] and both external and
internal labeling of otoliths (Fig. 4, C and
D). Labeling was particularly strong along
the flat surface of the otolith (Fig. 4C). In
larvae injected with the GT-MO, the stain-
ing was reduced but still present at the

Fig. 2. Reduction of
starmaker activity al-
ters otolith morpholo-
gy in zebrafish. (A to
D) Isolated single oto-
liths from uninjected
and GT-MO–injected
fish (day 7). Bright-
field images of (A)
wild-type, (B) inter-
mediate (2 ng), (C)
star-shaped (20 ng),
and (D) calcite-like
(40 ng) otoliths. (E to
G) Transmission elec-
tron microscope cross
sections of otoliths
from 5-day-old fish.
(E) Wild-type otolith.
The center consists of
darkly stained spheres
and is surrounded by
successive rings of fi-
brous matrix materi-
al. The characteristic
shape is oval with a
flat surface (arrow-
heads) facing the neu-
roepithelium. (F) Star-
shaped otolith. The
successive rings of fi-
brous matrix are absent. (G) The most severe form (calcite-like). The fibrous matrix is reduced and
excluded from regions that appear to be pure crystal. Scale bar in (G) indicates 13 �m in (A) to (D)
and 10 �m in (E) to (G). (H) Dose response curve for the GT-MO. For each concentration, a total
of 140 otoliths have been examined in three separate experiments (day 4, n � 35 larvae). (I) The
GT-MO directed against a donor splice site causes removal of exon 16 or retention of intron 16.
The efficiency of the reduction in 3-day-old fish is still quite high. In day 7 fish, there is a strong
correlation between the increase of the severity of the phenotype and reduction of the starmaker
wild-type message. The RT-PCR experiments were carried out with the use of pools of five larvae.
The upper gel shows PCR products obtained with the use of a shorter extension time than the lower
gel. As a control, we used zebrafish elongation factor 1� primers.
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outer edges of the otoliths (Fig. 4F). In
contrast, Starmaker Ab did not label the
otoliths in ATG morphants (Fig. 4, G and
H). This result indicates that the ATG-MO
was very effective in limiting expression of
starmaker, and the reduction of staining in

both GT and ATG morphants demonstrates
the specificity of the C-terminal antibody.
Our immunolocalization results indicate
that the protein is secreted into the lumen of
the ear and is an organic component of
the otolith.

In vitro studies with mollusk shells have
suggested that acidic proteins extracts have
the ability to control nucleation and growth of
calcium carbonate crystals on an appropriate
framework of matrix macromolecules. More-
over, the control of crystal habit formation is
dependent upon the presence of these poly-
anionic protein extracts (27–29). In our study,
we observed a similar effect: a switch in
calcium carbonate polymorph in the absence
of Starmaker. Regularly spaced acidic groups
in peptides forming � sheets can serve as a
template for the binding of divalent ions,
leading to the formation of crystals (30).
The repeating series of alternating serines
and aspartic acids in Starmaker is predicted
to form � sheets and may thus serve as a
template for nucleation, selecting aragonite
over calcite.

The acidic nature and localization of
Starmaker, along with its spatial and tem-
poral expression patterns, point at a possi-
ble mechanism for otolith biomineraliza-
tion. Restricted localization of Starmaker at
later stages of development demonstrates
that it is more concentrated at the surface of
the otolith facing the sensory epithelium
than at the opposite surface. Bound Star-
maker may act by inhibiting or regulating
crystal growth mainly at this surface, giv-
ing rise to the flat-bottom shape of the
otolith (Fig. 2E). In support of this notion,
we observe a greater density of fibrous
organic material at this surface at the elec-
tron-microscope level. In morphant calcitic
otoliths, this electron-dense material is ab-
sent, and it is no longer possible to distin-
guish whether a surface was facing the

Fig. 3. Determination
of the crystal habit
and properties in wild-
type and morphant
otoliths (day 7) using
x-ray diffraction anal-
ysis. (A) Scanning
electron micrograph
of a wild-type otolith
with an averaged
x-ray diffraction pat-
tern (B) obtained with
a 5-�m beam (wave-
length of � � 0.09745
nm). The otolith was
rotated 180° to sam-
ple all crystalline ori-
entations. The Debye
rings do not show a
preferred orientation.
(C) One-dimensional
intensity distribution
as a function of Q
(Q � 2p/d where d is
the lattice spacing)
obtained by azimuth-
ally averaging the
wild-type otolith pat-
tern shown in (B). The
strongest peaks identify the calcium carbonate polymorph as aragonite (marked with “A”). a.u.,
arbitrary units. (D to F) Micrograph of a star-shaped otolith and the corresponding diffraction
pattern and Q-dependent intensity distribution. The rings (E) are slightly grainier than those in
wild-type otoliths, but aragonite is still present (F). (G to I) Most severe form resembling pure
crystals. (G) The morphology of the crystals is characteristic of calcite. (H) The averaged diffraction
pattern shows spotty Debye rings, indicative of large grains of calcite. (I) Transition from aragonite
to calcite (strongest calcite peaks marked with “C”). Scale bars in (A), (D), and (G), 20 �m.

Fig. 4. Starmaker localizes to otoliths. Whole mounts [(A), (B), and (E)
to (H)] or ultrathin sections (70 nm) [(C) and (D)] were labeled with
a C-terminal antibody against Starmaker. (A) Lateral view of an
embryonic ear at 24 hpf. (B) Higher magnification of the floating
seeding particles in the lumen. (C and D) Ultrathin sections labeled
with anti-Starmaker antibody and counterstained with DAPI (day 5).
(C) Surface and internal labeling of the otolith. Note the stronger
signal along the flat surface facing the epithelium. (D) Labeling at the

apical surface of the neuroepithelium is also detectable. (E to H)
Confocal images (multiple optical sections) of otoliths in uninjected
and injected fish (day 5). (E) Strong labeling of both otoliths in an
uninjected wild-type larva. (F) Reduction of labeling in a larva injected
with GT-MO (20 ng). (G) Absence of labeling in a larva injected with
ATG-MO (20 ng). (H) Bright-field image of the otoliths in (G). Scale
bar in (H) indicates 5 �m in (A) and (C), 2 �m in (B) and (D), and 30
�m in (E) to (H).
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neuroepithelium on the basis of its shape.
The role of Starmaker in otolith mor-

phogenesis presents an interesting example
of a biological influence on the process of
crystallization. In particular, Starmaker is
crucial for crystal polymorph selection and
thus provides a molecular handle for ex-
ploring this intriguing interface between
biology and mineral formation.
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A Functional Link Between
RuBisCO-like Protein of Bacillus
and Photosynthetic RuBisCO

Hiroki Ashida,1 Yohtaro Saito,1 Chojiro Kojima,1

Kazuo Kobayashi,1 Naotake Ogasawara,1 Akiho Yokota1,2*

The genomes of several nonphotosynthetic bacteria, such as Bacillus subtilis,
and some Archaea include genes for proteins with sequence homology to the
large subunit of ribulose bisphosphate carboxylase/oxygenase (RuBisCO). We
found that such a RuBisCO-like protein (RLP) from B. subtilis catalyzed the
2,3-diketo-5-methylthiopentyl-1-phosphate enolase reaction in the methio-
nine salvage pathway. A growth-defective mutant, in which the gene for this
RLP had been disrupted, was rescued by the gene for RuBisCO from the pho-
tosynthetic bacterium Rhodospirillum rubrum. Thus, the photosynthetic
RuBisCO from R. rubrum retains the ability to function in the methionine
salvage pathway in B. subtilis.

Ribulose 1,5-bisphosphate carboxylase/oxy-
genase (RuBisCO), the most abundant natu-
rally occurring protein (1), functions in the
Calvin cycle during photosynthesis to convert
atmospheric CO2 into organic carbon.
RuBisCO has several disadvantages as a
biological catalyst. Besides having a low
affinity for the substrate CO2 and a low
turnover rate, its CO2-fixation activity is
competitively inhibited by O2 (2, 3). To
overcome these disadvantages, plants are
obliged to invest a large amount of nitrogen
to synthesize adequate levels of RuBisCO.

The disadvantages may reflect the molecu-
lar evolution of RuBisCO when the Calvin
cycle appeared; however, the ancestral
gene remains to be identified.

RuBisCOs and proteins with sequence
similarity are classified into four forms
(Fig. 1A): The enzyme that is most strongly
adapted to present-day atmospheric condi-
tions represents form I, which consists of
eight large and eight small subunits. It is
found in photosynthetic organisms such as
higher plants, algae, and autotrophic pro-
teobacteria. Form II, with the simplest
structure, is found in some photosynthetic
bacteria, such as Rhodospirillum rubrum
(4 ). Form III consists of the large subunits
only, and it is found in some Archaea (5,
6 ). Forms I through III include the amino
acid residues that are required for catalytic
activity of RuBisCO, and each is capable of
catalyzing both the carboxylation and the

oxygenation of ribulose-1,5-bisphosphate
(RuBP). Form IV has been found in Bacil-
lus subtilis (7 ), Chlorobium tepidum (8, 9),
and Archaeoglobus fulgidus (10). It lacks
several of the amino acid residues involved
in catalysis (8) (Fig. 1B). Forms III and IV
are referred to as RuBisCO-like proteins
(RLPs). Their functional and evolutionary
relation to photosynthetic RuBisCO are un-
known. We describe the functional relation
between a RuBisCO-like protein of B. sub-
tilis and photosynthetic RuBisCO.

The ykrW gene for the RLP of B. subtilis is
the first gene in the ykrWXYZ operon, which is
close to the ykrTS operon (7, 11–13). These
operons have S-box presequences that regulate
the expression of the genes involved in sulfur
metabolism in B. subtilis (11, 12), and it has
been predicted that the genes in these operons
are involved in the methionine salvage pathway
(11, 13). In this pathway, organic sulfur is
salvaged from methylthioribose (MTR), which
is derived from the methylthioadenosine
(MTA) that is a by-product of the synthesis of
spermidine. In the pathway that has been pro-
posed in Klebsiella pneumoniae (14–18) (fig.
S1), MTR is phosphorylated to MTR-1-phos-
phate (MTR-1-P) by a kinase, and then MTR-
1-P is isomerized by an aldose-ketose isomer-
ase to methylthioribulose-1-phosphate (MTRu-
1-P). MTRu-1-P then undergoes a dehydration
reaction that is catalyzed by a dehydratase and
yields 2,3-diketo-5-methylthiopentyl-1-phos-
phate (DK-MTP-1-P). DK-MTP-1-P is con-
verted to 1,2-dihydroxy-3-keto-5-methylthio-
pentene (DHK-MTPene) via the intermediate,
2-hydroxy-3-keto-5-methylthiopentenyl-1-
phosphate (HK-MTPenyl-1-P), by an enolase/
phosphatase. Finally, DHK-MTPene is convert-
ed to formate and 2-keto-4-methylthiobutyrate
(KMTB) by a dioxygenase, and KMTB is
transaminated to methionine.
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