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Fig. 4. (A to D) Uptake of
[35S]DMSP (top, circles) and
[14C]GBT (bottom, circles) by
axenic cultures of T. pseudonana (left) and T. oceanica
(right). Solid and open symbols correspond to dark and
light incubations, respectively.
Time series of isotope uptake
in the presence of potential
competitive inhibitors, 10 mM
of non–radio-labeled DMSP
(squares), and 10 mM GBT (triangles) are also shown. Error
bars correspond to standard deviation from triplicate measurements.

taxa (19, 30), further reveals how metabolically
versatile phytoplankton are as a fundamental
ecological player in the ocean and how challenging it becomes to implement their dynamics
in oceanic biogeochemical models.
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A Centrosome-Independent Role for
g-TuRC Proteins in the Spindle
Assembly Checkpoint
Hannah Müller, Marie-Laure Fogeron, Verena Lehmann, Hans Lehrach, Bodo M. H. Lange*
The spindle assembly checkpoint guards the fidelity of chromosome segregation. It requires the
close cooperation of cell cycle regulatory proteins and cytoskeletal elements to sense spindle
integrity. The role of the centrosome, the organizing center of the microtubule cytoskeleton, in the
spindle checkpoint is unclear. We found that the molecular requirements for a functional spindle
checkpoint included components of the large g-tubulin ring complex (g-TuRC). However, their
localization at the centrosome and centrosome integrity were not essential for this function. Thus,
the spindle checkpoint can be activated at the level of microtubule nucleation.
he classical function of the centrosome is
the organization of microtubules in higher
eukaryotic cells. Its duplication and
function are tightly integrated into cell cycle
regulatory processes (1, 2). A role for the
centrosome in the spindle assembly checkpoint,
as an essential guardian of cell cycle progression,
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has been suggested but not established on the
molecular level (3). g-tubulin is a highly conserved component of the microtubule-organizing
center (MTOC) in most animal cells and is
involved in the initiation of microtubule nucleation (4, 5). g-tubulin is mainly found in two
complexes: the large g-tubulin ring complex
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(g-TuRC) (comprising Grip71, Grip75, Grip84,
Grip91, Grip128, Grip163, and g-tubulin in Drosophila) and its subunit, called the g-tubulin
small complex (g-TuSC) (comprising Grip84,
Grip91, and g-tubulin) (6, 7). g-TuRC promotes
the nucleation of a microtubule filament (4, 6, 8).
In addition, g-tubulin is thought to be required for a
G1-related checkpoint pathway and spindle formation (9–12). Finally, the centrosome-associated
fraction of g-tubulin ring proteins is essential for
coordinating mitotic events (13–15).
We investigated the role of core centrosomal
proteins such as g-TuRC proteins and centrosomin (cnn) (16) in spindle checkpoint activation in
Drosophila cells (supporting online material text)
by depleting target proteins using RNA interference (RNAi) (17) (Fig. 1). We focused on the
analysis of the g-TuSC components g-tubulin and
Grip84, the g-TuRC component Grip71, and the
Department of Vertebrate Genomics, Max-Planck Institute
for Molecular Genetics, Ihnestrasse 73, D-14195 Berlin,
Germany.
*To whom correspondence should be addressed. E-mail:
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centrosomal core protein cnn, which is not part
of the g-TuRC. Cells were transfected with
double-stranded RNA (dsRNA) for these
components and for enhanced green fluorescent protein (EGFP) as a negative control and
were harvested for immunofluorescence microscopy and immunoblotting experiments.
The RNAi experiments reduced the levels of
target proteins (Grip71, g-tubulin, and cnn) by
>90% (Fig. 1A). The cells treated with dsRNA
for Grip84, Grip71, and g-tubulin showed a
clear increase in the number of mitotic cells as
opposed to the control cells (Fig. 1B). In
contrast, the mitotic index of cells depleted of

A

Grip71RNAi control

B

cnn did not significantly differ from that of the
control cells (Fig. 1B).
To elucidate possible mechanisms of mitotic
arrest, we defined defects in spindle morphology
and microtubule organization. Normal bipolar
biastral microtubule organization was observed
in control cells (Fig. 1, C and D). The cells treated
with dsRNA for g-tubulin and Grip84 exhibited
bipolar monastral (Fig. 1, E and F) and monopolar anastral (Fig. 1G) spindle organization with
metaphase-like chromosome arrangements. Cells
in the g-TuRC knockdown experiments predominately formed spindles with one centrosome
(Fig. 1, E to G). In contrast, cnn depletion led to

anastral bipolar spindle arrangements, with
anastral poles that were frequently barrel-shaped
and unfocused (Fig. 1, H and I). This observation
indicated the absence of intact mitotic centrosomes, as verified by immunofluorescence microscopy (Fig. 1, H and I). In spite of these
abnormalities, anaphase progressed normally in
cnn-depleted cells (Fig. 1H) without an increase
of abnormal chromosome arrangement when
compared to control cells. This finding is
consistent with the fact that the removal of
centrosomes does not prevent cells from building
a functional spindle and progressing to anaphase
(18–20). Thus, the depletion of g-TuRC compo-
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Fig. 1. Depletion of g-TuRC proteins by means of RNAi leads to abnormal
spindle organization, aberrant centrosome number, and increased mitotic
index in SL2 cells. (A) Depletion of Grip71, g-tubulin (g-tub), and cnn was
confirmed by immunoblotting. a-tubulin (a-tub) was used as a loading control.
(B) The mitotic index was quantified by immunofluorescence microscopy with
the use of an antibody to phosphorylated histone 3. The mitotic index was
elevated after the knockdown of g-TuRC components and the simultaneous
knockdown of cnn and Grip71, when compared to EGFP negative control
experiments. Depletion of cnn alone did not affect the mitotic index. Error bars
indicate SD. (C to J) Immunofluorescence microscopy of dsRNA-transfected SL2
cells, labeled with an antibody to a-tubulin (green), antibody to CP190 (red)
[(C), (D), and (J)], antibody to cnn (red) [(E) to (G)], and antibody to g-tubulin
(red) [(H) and (I)]. DNA was labeled with 4′,6′-diamidino-2-phenylindole (DAPI)
dihydrochloride (blue) [(C) to (J)]. Normal bipolar spindle formation and
centrosome number in EGFP control cells are shown in (C) and (D). Reduction of
levels of g-TuRC proteins (Grip84 and g-tubulin) resulted in bipolar monoastral
[(E) and (F)] and anastral monopolar (G) spindles with one centrosome per cell
and an amphitelic-like chromosome arrangement. Cells transfected with cnndsRNA [(H) and (I)] and cnn-dsRNA in combination with Grip71-dsRNA (J) were
lacking centrosomes at the spindle poles. Scale bar in (J), 5 mm, for (C) to (J).
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Fig. 3. RNAi of CID, an inner kinetochore protein, causes mitotic arrest and aberrant spindle formation
and chromosome arrangements in Drosophila SL2 cells. (A and B) Labeling of control cells with
antibodies to CID and a-tubulin detected a distinct kinetochore structure and normal microtubule
organization during different mitotic stages. Arrowheads indicate CID labeling (red/yellow). DNA was
labeled with DAPI (blue) (C) In comparison to control cells, depletion of CID by means of RNAi triggered a
mitotic arrest that was increased further through double knockdown with g-tubulin. Error bars indicate SD.
(D to F) In immunofluorescence microscopy, CID was not detected after RNAi, demonstrating its efficient
depletion from the kinetochore. The frequent metaphase arrest and displaced chromosomes indicated the
microtubule-kinetochore attachment defect. Scale bar in (F), 5 mm, for (A), (B), and (D) to (F).
nents triggers mitotic arrest and impedes centrosome separation or duplication, whereas the
removal of the centrosomal core protein cnn
does not.
This discovery raised the questions of (i) how
the depletion of g-tubulin could activate arrest
and whether this specific trigger (ii) requires an
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intact centrosome or (iii) is independent of
centrosome localization. To address these questions, we depleted g-TuRC proteins in the absence of an intact MTOC structure.
The simultaneous knockdown of cnn and
Grip71 triggered mitotic arrest in the absence of a
detectable centrosome (Fig. 1J). Thus, an intact
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Fig. 2. (A) Coimmunoprecipi- A
B
Mitotic Index
tation experiments show that
%
g-tubulin, Cdc20, and BubR1
12
were in a complex. ImmunoBubR1
blotting analyses of immuno10
purified (IP) g-tubulin from
Drosophila (DM) embryonic ex8
cdc20
tract (left panel) and tandem
6
affinity purified (TAP) g-tubulin
from human (HS) cell extract
cbs-γ-tub 4
(right panel) are shown. g-tubulin
γ-tub
2
was purified as detected with
the antibody to g-tubulin in
DM γ-tub-IP
HS γ-tub-TAP
0
both experiments. In the TAP
experiments, the endogenous
g-tubulin as well as the larger
simultaneous knockdown with γ-tub
g-tubulin fusion protein with
the calmodulin-binding site (cbs-g-tub) were detected. BubR1 and Cdc20 was determined by immunofluorescence microcopy after single (left) or
were copurified with g-tubulin. The mock purifications (mock) with the use simultaneous (right) depletion experiments. Depletion of g-tubulin and
of either nonimmune rabbit immunoglobins (left panel) or human Cdc20 led to an increased mitotic index when compared to negative control
immunoglobins and calmodulin beads (right panel) were negative. cells. The simultaneous knockdown of Cdc20 with g-tubulin resulted in an
Drosophila embryonic or human cell extracts (Extr.) were used as positive accumulative increase of mitotic cells. In contrast, the simultaneous
controls for antibody labeling. (B) Depletion of g-tubulin activates the depletion of checkpoint kinases (except Bub1) with g-tubulin resulted in a
spindle checkpoint, whereas the double knockdown confirms that g-tubulin reduced mitotic index in comparison to the EGFP/g-tubulin control. Error
and Cdc20 functionally interact. The mitotic index of Drosophila SL2 cells bars indicate SD.
centrosome is not a prerequisite for the g-TuRC–
mediated mitotic arrest. This result suggested at
least two explanations: The depletion of microtubule nucleation factors will probably lead to a
reduced number of microtubules. As a consequence, microtubule-kinetochore attachment is
more likely to be absent and thus trigger the
spindle checkpoint (21). Furthermore, g-tubulin
might be part of a signaling complex that actually
activates the checkpoint when depleted.
Our hypothesis is that the reduction of
microtubule density is not the sole trigger for
mitotic arrest, because overall microtubule density was reduced in only a fraction of the arrested
cells (Fig. 1G); most mitotically arrested cells in
the g-TuRC RNAi experiment showed abundant
microtubule arrays with amphitelic-like chromosome microtubule attachment (Fig. 1, E and F).
Thus, we tested whether the g-TuRC components
might be part of a signaling complex, triggering
the spindle checkpoint when g-TuRC proteins
were abrogated. Checkpoint components are
Cdc20, as part of the anaphase-promoting complex, regulating sister chromatid separation; and
the kinases BubR1, Bub1, Mad2, and Mps1,
which have been proposed to sense the occupancy or lack of tension at the microtubule plus
ends (22).
We investigated the possible interaction of
spindle assembly checkpoint components with
g-TuRC both on a functional and on a biochemical level, using RNAi, immunoprecipitation
(IP), and tandem affinity purification (TAP)
approaches (17). We purified g-tubulin complexes by IP from Drosophila preblastoderm
extracts and by TAP from mitotically synchronized human cells (fig. S1). Biochemical analysis
of the complexes revealed that g-tubulin was in a
complex with BubR1 and Cdc20 in Drosophila
and human cells (Fig. 2A), demonstrating an evo-
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lutionarily conserved association of Cdc20 and
BubR1 with g-TuRC components. The molecular
interaction data, from both Drosophila and human cells, suggested a mechanism coupling the
spindle assembly checkpoint to g-TuRC.
Because BubR1 and Cdc20 were in a complex with g-tubulin, we investigated the functional importance of this interaction for the activation
of the spindle checkpoint. A true spindle
checkpoint protein is described as a component
required for the activation of the checkpoint (22).
In its absence, cells do not arrest in metaphase but
separate sister chromatids and then exit mitosis
(23, 24). We used this property of the spindle
checkpoint kinases to test whether depletion of
g-tubulin actually triggers a true spindle checkpoint or leads to an increase of the mitotic index
through another pathway. The simultaneous
knockdown of g-tubulin and either of the
checkpoint kinases described above had (apart
from Bub1) a much-reduced mitotic index when
compared to the EGFP/g-tubulin control knockdown (Fig. 2B). This means that these checkpoint proteins were necessary for the g-tubulin
depletion–mediated mitotic arrest, confirming
that g-tubulin triggered a proper spindle assembly checkpoint response. As expected, Bub1 did
not show any significant difference in the mitotic
rate when compared to the negative control
EGFP/g-tubulin knockdown (Fig. 2B) (25). In
addition, the simultaneous knockdown between
Cdc20 and g-tubulin increased the percentage of
mitotic cells when compared to the Cdc20 single
knockdown (Fig. 2B). Thus, the effects of
g-tubulin and Cdc20 depletion are cumulative,
and g-tubulin and Cdc20 interact functionally,
which agrees with our biochemical data that
g-tubulin and Cdc20 are in a complex.
The kinetochore is composed of transiently
associated proteins such as the checkpoint proteins, as well as more structural proteins [for
example, CENP-B, CENP-C, and the histone
H3–related protein CENP-A (CID in Drosophila)] (26). To test the respective contribution of
signaling to the checkpoint from g-TuRC and
from the kinetochore, we removed a structural
component of the kinetochore in SL2 cells. We
achieved this step by using RNAi of the
Drosophila CENP-A homolog CID (Fig. 3), a
protein that is localized in or close to the inner
plate of the Drosophila kinetochore and is
required for kinetochore assembly (27). The
efficient depletion of CID (Fig. 3, D to F) as
compared to control cells (Fig. 3, A and B)
caused mitotic arrest (Fig. 3C) and displaced the
chromosomes from the metaphase plate (Fig. 3,
D to F), suggesting microtubule-kinetochore
attachment defects. Knockdown of g-tubulin
together with CID caused a further increase in
the mitotic index when compared to single CID
knockdown (Fig. 3C). This supports our hypothesis that g-TuRC depletion is likely to activate an
additional spindle checkpoint signal.
It has been suggested that the centrosome
serves as a complex platform for multiple cellular

signaling pathways (2, 3, 28). For example,
cyclin B degradation, catalyzed through Cdc20,
starts on the centrosome, thus functioning as a
molecular hub integrating the interaction of proteins that regulate mitotic progression (28–30).
Here we provide evidence that g-TuRC proteins,
rather than the centrosome per se, play a molecular role in the activation of the spindle
checkpoint. We propose that g-TuRC proteins
are integrated in a signaling mechanism at the
microtubule minus ends, and they are interacting
with spindle checkpoint components independently of centrosome integrity.
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Odorant Receptor–Derived cAMP
Signals Direct Axonal Targeting
Takeshi Imai,1,2 Misao Suzuki,3 Hitoshi Sakano1,2*
In mammals, odorant receptors (ORs) direct the axons of olfactory sensory neurons (OSNs) toward
targets in the olfactory bulb. We show that cyclic adenosine monophosphate (cAMP) signals that
regulate the expression of axon guidance molecules are essential for the OR-instructed axonal
projection. Genetic manipulations of ORs, stimulatory G protein, cAMP-dependent protein kinase,
and cAMP response element–binding protein shifted the axonal projection sites along the anteriorposterior axis in the olfactory bulb. Thus, it is the OR-derived cAMP signals, rather than direct
action of OR molecules, that determine the target destinations of OSNs.
ach olfactory sensory neuron (OSN) in
the mouse expresses only one functional odorant receptor (OR) gene out of
~1000 members (1–3). Axons from OSNs expressing a given OR converge onto a specific
site, the glomerulus, in the olfactory bulb (4–6).
It has been proposed that OR molecules at axon
termini may directly recognize guidance cues on
the olfactory bulb and mediate homophilic interactions of like axons (6–10). OR molecules
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are heterotrimeric guanine nucleotide–binding
protein (G protein)–coupled receptors (GPCRs)
that transduce the odorant-binding signals by
activating the olfactory-specific G protein (Golf)
expressed in mature OSNs. The activation of
Golf stimulates adenylyl cyclase type III, generating cAMP, which opens cyclic nucleotide–
gated (CNG) channels. Mice deficient for Golf
and CNGA2 are anosmic but form a normal
glomerular map (11–13), which suggests that a
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