eration in UAS-shi”’ photoreceptors. Rhab-
domeres were largely intact, vacuolated cells
were fewer, and trapezoidal arrangement of
rhabdomeres was retained (Fig. 2B). As in
other degenerating mutants, rhodopsin lev-
els were low in s/ mutants compared with
those of the wild type but were restored upon
ceramidase expression (Fig. 2C).

We then investigated whether SPT, the rate-
limiting enzyme of the de novo sphingolipid
biosynthetic pathway, could affect the degener-
ation observed in these mutants. In Droso-
phila, the Lace gene encodes the LCB2 sub-
unit of SPT. The P-lacW-inserted lace allele
1(2)k05305 is an insertion of a P-element § to
9 base pairs upstream of the transcription start
site of lace and is homozygous lethal (/6).
We crossed arr2® and UAS-shi*’ mutants into
the lace heterozygous background and exam-
ined photoreceptors by transmission electron
microscopy. lace heterozygotes had intact
photoreceptors (Fig. 3A). lace partially sup-
pressed retinal degeneration in arr2® mutants
(compare Fig. 3, B and C) and in UAS-shi*’
mutants (compare Fig. 3, D and E).

Finally, we examined whether ceramidase
and Jace suppressed degeneration in a phos-
pholipase C mutant, where endocytosis has
been implicated in the degenerative process
(11, 21). Norp A encodes an eye-specific
phospholipase C that activates GPCR signal-
ing by generating inositol trisphosphate and
diacylglycerol. norp A mutant flies do not
show light-induced receptor potential and are
blind (22). Although norp A mutants degen-
erated slowly, these changes were obvious
even in 3-day-old flies (Fig. 3F). Expression
of ceramidase in a norp A mutant suppressed
retinal degeneration (Fig. 3G). Lace het-
erozygotes also suppressed norp A degener-
ation (Fig. 3H). arr2° mutants undergo ne-
crotic cell death, whereas norp 4 mutants
accumulate rhodopsin-arrestin - complexes
and undergo apoptotic cell death (10, 11).
Thus, regardless of the mode of cell death
ceramidase expression and /ace mutant res-
cued degeneration. Because they also sup-
pressed degeneration in a dynamin mutant,
we infer that the sphingolipid pathway exerts
its beneficial effect by altering the dynamics
of the endocytic process. This is supported by
observations that a sphingoid base is required
for yeast endocytosis and that in mammalian
cells ceramide analogs modulate fluid-phase
and receptor-mediated endocytosis (4). The
molecular details of suppression of retinal
degeneration by ceramidase overexpression
and /ace mutant remain to be elucidated. A
common denominator in both situations is the
likely decrease in concentrations of ceramide,
which could be responsible for activating a
cascade that suppresses degeneration.

A large volume of work suggests that recep-
tor desensitization, endocytosis, and recycling
play a crucial role in GPCR signaling in higher
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organisms (23). In light of our finding, it will be
interesting to study sphingolipid metabolism in
GPCR-mediated processes. Several inherited
forms of human retinal degenerations result
from mutations in rhodopsin, arrestin, and
phosphodiesterase, among others. Individuals
with Oguchi disease have mutations in visual
arrestin and a form of degenerative night blind-
ness (24). Rescue of degeneration in Drosoph-
ila visual mutants provides a strong basis for
exploring strategies that manipulate sphingolip-
id enzymes for therapeutic management of ret-
inal degeneration in higher organisms.
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Dissecting Temporal and Spatial
Control of Cytokinesis with a
Myosin Il Inhibitor
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Completion of cell division during cytokinesis requires temporally and spatially
regulated communication from the microtubule cytoskeleton to the actin cy-
toskeleton and the cell membrane. We identified a specific inhibitor of nonmuscle
myosin |l, blebbistatin, that inhibited contraction of the cleavage furrow without
disrupting mitosis or contractile ring assembly. Using blebbistatin and other drugs,
we showed that exit from the cytokinetic phase of the cell cycle depends on
ubiquitin-mediated proteolysis. Continuous signals from microtubules are required
to maintain the position of the cleavage furrow, and these signals control the
localization of myosin Il independently of other furrow components.

Cytokinesis is the process by which daughter
cells are separated from one another at the
end of cell division. During cytokinesis, the
cell cycle, cytoskeleton, and membrane sys-
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tems of the cell undergo a linked, closely
coordinated series of changes on a time scale
of minutes (I, 2). Two outstanding questions
dominate the field of cytokinesis: What tim-
ing mechanisms control progress through cy-
tokinesis, and how is the cleavage furrow
positioned to divide the cell into two equal
parts? The cleavage furrow is positioned on a
plane that bisects the axis of chromosome
segregation by microtubules associated with
the mitotic apparatus (3), but the signals used
to communicate between the microtubules
and the furrow are largely unknown. Path-
ways that control the timing of progression
through cytokinesis to the G, phase of the
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cell cycle have been identified with genetic
studies in yeast (4, 5). Components of these
pathways are conserved, but their relevance
to mammalian cytokinesis is unclear.

We took a small molecule—based approach
to dissect the logic of cytokinesis in mammalian
cells. Previous small-molecule work using mi-
crotubule or actin depolymerizers (colchicine,
nocodazole, or cytochalasin) has demonstrated
the importance of microtubules for both posi-
tioning (3) and ingression (6) of the cytokinesis
furrow, and of actin for the structure of the
furrow (7). Actin and microtubule inhibition
have also revealed the existence of an ~1-hour
window after anaphase during which the cell is
competent to undergo cytokinesis, called C
phase (8, 9). To investigate further, we wanted a
small molecule that would arrest furrow ingres-
sion, but not perturb furrow assembly. We there-
fore targeted nonmuscle myosin II, which pro-
vides the force for furrow ingression (10, 11),
using a high-throughput screening assay (72,
13). Blebbistatin (Fig. 1A, fig. S1) inhibited
both the adenosine triphosphatase (ATPase) and
gliding motility activities of human platelet non-
muscle myosin II without inhibiting myosin
light chain kinase (fig. S2). We separated the
enantiomers (/3) and found that (-)-blebbistatin
is the active species, with an inhibitory concen-
tration for 50% inhibition (ICsy) of ~2 uM,
whereas (+)-blebbistatin was inactive (Fig. 1A).
Rabbit skeletal and human nonmuscle myosin 11
were inhibited by blebbistatin, but human myo-
sins Ib, Va, and X were not (Fig. 1B).

Blebbistatin blocked myosin II-dependent
cell processes. The compound’s name is de-
rived from its ability to block cell blebbing
rapidly (within ~2 min) and reversibly (fig. S3,
movie S1). It also rapidly disrupted directed cell
migration (fig. S3, movie S2) and cytokinesis in
vertebrate cells (Fig. 1C). Blebbistatin did not
affect Drosophila melanogaster cells. Inhibi-
tion was specific for the (—) isomer, consistent
with myosin II being the relevant drug target
(Fig. 1D). Addition of blebbistatin to dividing
cells blocked furrow ingression within 5 min
and was reversible (movies S3 and S4). Bleb-
bistatin did not block assembly of either the
furrow or the microtubules that position it. In
arrested cells, two major furrow components,
myosin II and anillin (14, 15), were localized to
an equatorial ring, and microtubules were orga-
nized into two prominent cytokinesis-associat-
ed arrays: a bipolar midzone complex between
the separated chromosomes and asters radiating
from the centrosomes to the furrow (Fig. 1E).
This organization resembled that seen in control
cells, except for the lack of furrow contraction
(Fig. 1E). Thus, blebbistatin can be used to
probe the spatial organization of the cytokinesis
machinery in the absence of furrow contraction.

We examined the timing of mitotic exit in
blebbistatin. Staining for DNA and nuclear
lamins showed that chromosome deconden-
sation and nuclear envelope reformation oc-

curred in the presence of blebbistatin (Fig.
2A), and time-lapse microscopy demonstrat-
ed that the timing of these events was unaf-
fected by the drug (fig. S4) (13). Blebbistatin-
treated HeLa cells initiated DNA replication
~12 hours after release from mitosis, like
untreated cells; HeLa cells lack the check-
point that prevents entry into S phase if mi-
tosis fails (76, 17). Thus, blocking furrow
contraction does not in itself prevent exit
from mitosis, although clearly these events
must be coordinated in normal cells.

We next investigated the timing of C
phase. C-phase initiation is triggered by an-
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furrowing. Unsynchronized cells remained
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window of cortical contractility after an-
aphase onset (9), suggesting that an uniden-
tified cell-cycle signal terminates C phase. In
synchronized cells, C phase was scored by
the presence of the microtubule midzone and
of an equatorial ring of myosin II and anillin.
Synchronized cells acquired these markers
beginning ~60 min after release from a mi-
totic block into blebbistatin (/3) and lost
them over the next 60 to 90 min.

In yeast, APC-dependent proteolysis is re-
quired to exit mitosis (79, 20). We therefore

tested whether the proteasome inhibitor MG132
(21) affected C-phase duration in synchronized
HelLa cells released from mitosis into blebbista-
tin. MG132 was added after >75% of the cells
had initiated anaphase, and samples were fixed
at different time points. The percentage of binu-
cleate cells that retain a myosin Il ring after 135
min is significantly increased by MG132 (Fig.
2B). Because cells that had not initiated an-
aphase before MG132 addition remained arrest-
ed in metaphase by the drug, our data underes-
timate the effect of MG132. We estimate that
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Fig. 2. (A) Mitotically synchronized HelLa cells released into medium without
(Control) or with (Blebbistatin) 100 uM (*)-blebbistatin. Cells in different
stages after anaphase were stained for DNA, a-tubulin, lamins, and non-

muscle myosin Il. (B) Quantitation of the presence of localized myosin in
binucleate cells treated without (circles) or with (squares) MG132 in the presence of blebbistatin (n = 3 independent experiments; bars represent standard
error). Mitotically synchronized Hela cells were released into blebbistatin for 80 min then treated without or with 100 uM MG132. Cells were fixed at 15
min intervals after release from mitosis and stained for DNA, a-tubulin, nonmuscle myosin II, and anillin. (C) Cells treated as described in (B) and fixed at 170

min after release from metaphase.
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MG132 more than doubles the duration of C
phase. Cells fixed at 170 min after treatment
with both blebbistatin and MG132 mostly re-
tained a midzone complex, although it was
often pushed to one side of the cell by the
decondensed nuclei (Fig. 2C), and myosin II
and anillin remained localized to regions of the
cortex closest to the displaced midzone. In con-
trast, cells treated with blebbistatin alone
showed interphase microtubule organization
and delocalized myosin II and anillin (Fig. 2C).
These data reveal a role for ubiquitin-dependent

Blebbistatin

Blebbistatin + MG132
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proteolysis in C-phase exit in mammalian cells.

To examine how cytokinesis is spatially
controlled, we used blebbistatin to probe mi-
crotubule-to-cortex communication. Cells ar-
rested in mitosis with the Eg5 kinesin inhib-
itor monastrol were released into blebbistatin
for ~1 hour to allow the initiation of an-
aphase and furrow assembly. In the continued
presence of blebbistatin, we then added other
drugs (Fig. 3). Spindle assembly was com-
plete before the new drug was added, and
thus we could probe the roles of components
required for spindle assembly, such as micro-
tubules. Depolymerizing microtubules by
adding nocodazole caused delocalization of

both myosin II and anillin. Thus, microtu-
bule-to-cortex communication was required
continuously to maintain the localization of
furrow components. This is consistent with
the observation that microtubules are re-
quired for furrow ingression as well as furrow
establishment (6). Nocodazole treatment also
caused the separated nuclei to collapse back
together (Fig. 3), suggesting that the midzone
is required to keep the nuclei apart until
cytokinesis is finished. Actin depolymeriza-
tion with latrunculin delocalized myosin II
and anillin, as expected, and had little effect
on the organization of cytokinesis-associat-
ed microtubules. In other systems, pertur-

Table 1. Effects of drug treatments on nonmuscle myosin II, anillin, and the microtubule midzone in the
presence of (=*)-blebbistatin as described for Fig. 3. ER, endoplasmic reticulum.

Target Drug Mechanism Myosin Anillin Midzone
Tubulin Nocodazole Depolymerization Delocalized Delocalized Absent
Taxol Stabilization No effect No effect Robust
Actin Latrunculin Depolymerization Delocalized Delocalized Disorganized
Kinases Staurosporine General inhibition Delocalized No effect Disrupted
Aurora-| Aurora kinase Delocalized No effect Disrupted
Y27632 Rho-kinase Delocalized No effect No effect
Olomoucine CDK No effect No effect No effect
Alsterpaullone CDK No effect No effect No effect
Roscovitine CDK No effect No effect No effect
Proteolysis MG132 Proteasome Prolonged Prolonged Prolonged
Kinesins Monastrol Eg5 inhibition No effect No effect No effect
Secretion Brefeldin ER-Golgi transport No effect No effect No effect
Fig. 3. Effect of inhibi- Control Nocodazole  Latrunculin

tors on the microtubule
spindle and the contrac-
tile ring in blebbistatin-
treated cells. Mitotically
synchronized Hela cells
were released into the
presence of 100 pM
(*)-blebbistatin, then
blebbistatin alone (con-
trol), nocodazole, la-
trunculin, staurosporine,
or Y27632 was added.
Cells were stained for
DNA, «-tubulin, non-
muscle myosin I, and
anillin.

Staurosporine

bation of the actin cytoskeleton was report-
ed to cause loss of midzone microtubules
(22, 23). We did observe subtle disorgani-
zation of microtubules in latrunculin, but
overall our data suggest that, in HeLa cells,
communication from microtubules to the
cortex is primarily unidirectional.

We next investigated the nature of the
signals involved. The broad-spectrum kinase
inhibitor staurosporine (24) caused extensive
disorganization, although not complete re-
moval, of midzone microtubules, indicating a
role for kinases in midzone organization.
Polo and aurora B are candidates for the
kinase involved (25-27), but staurosporine
does not substantially inhibit polo kinase at
the concentration used in the experiment
(28). The effect of staurosporine on aurora B
has not yet been determined, so we tested two
known ATP competitive inhibitors of aurora
B [Compound 1, table 1, of (29) and Com-
pound 1, table 1, of (30)]. These inhibitors
gave results similar to those obtained with
staurosporine treatment, causing disruption
of the microtubule midzone (fig. S5).

Staurosporine also caused delocalization
of myosin II but not of anillin. This provides
evidence that localization of anillin and my-
osin II, which are normally colocalized in the
furrow (31), are independently controlled.
Aurora kinase inhibitors also caused delocal-
ization of myosin II but not of anillin. The

Y27632

DNA

Tubulin

Myosin I

Anillin
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Rho-kinase inhibitor Y27632 (32) had no
detectable effect on microtubule organiza-
tion, delocalized myosin II, and again did not
perturb anillin. Thus, Rho-kinase is required
to localize myosin II to furrows in blebbista-
tin-arrested cells, which is broadly consistent
with previous data (33), and other kinases,
probably including aurora B, are required for
midzone organization.

Cyclin-dependent kinase (CDK) inhibitors
and monastrol do not perturb the cytology of
blebbistatin-arrested cells (Table 1). Thus,
CDKs do not appear to be directly involved in
maintaining the contractile ring after an-
aphase, although it is possible that they might
influence C-phase timing. The target of mo-
nastrol, the mitotic kinesin Eg5, is thought to
have a central role in the establishment of
spindle bipolarity, but our data suggest that it
is not responsible for bipolar organization of
the midzone during cytokinesis.

Our experiments emphasize the useful-
ness of fast-acting and reversible drugs in a
dynamic cellular pathway such as cytokine-
sis. It is impossible to determine whether
Eg5, for example, is required in cytokinesis
with simple ablation experiments, because
the ablation of Eg5 disrupts mitosis. New
drugs that target guanosine triphosphatases,
membrane dynamics, and mitotic motors will
be useful in further dissecting the logic of
cytokinesis. These proteins and processes are
all required for cytokinesis (/, 2), but their
precise roles in timing and spatial organiza-
tion have yet to be defined.
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The mitochondrial inner membrane imports numerous proteins that span it
multiple times using the membrane potential Ays as the only external energy
source. We purified the protein insertion complex (TIM22 complex), a twin-pore
translocase that mediated the insertion of precursor proteins in a three-step
process. After the precursor is tethered to the translocase without losing energy
from the Ays, two energy-requiring steps were needed. First, A{s acted on the
precursor protein and promoted its docking in the translocase complex. Then,
Ay and an internal signal peptide together induced rapid gating transitions in
one pore and closing of the other pore and drove membrane insertion to
completion. Thus, protein insertion was driven by the coordinated action of a
twin-pore complex in two voltage-dependent steps.

The mitochondrial inner membrane contains
two translocases that are responsible for the
specific import of hundreds of different pro-
teins (/—4). The presequence translocase
(TIM23 complex) typically transports hydro-
philic preproteins with amino-terminal prese-
quences by using the inner membrane poten-
tial Ay for initiation of translocation and the
ATP-driven Hsp70 motor for completion of
transport. The protein insertion complex
(TIM22 complex, carrier translocase) carries
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out the insertion of numerous abundant mul-
tispanning inner membrane proteins, e.g.,
metabolite carriers, that contain internal tar-
geting signals. The TIM22 complex of ~300
kD contains six subunits, the integral mem-
brane proteins Tim54, Tim22, and Tim18 and
the peripheral proteins Tim12, Tim10, and
Tim9 (/—4). Its function depends on only one
external energy source, the membrane poten-
tial Ays. Purified Tim22 forms a single pore
that is voltage-activated and responds to a
synthetic signal peptide (5). How the TIM22
complex inserts membrane proteins that
contain multiple transmembrane segments
is unclear, because the entire complex has
never been purified in a functional form.
Also, how Ay alone can drive the import
and insertion of multispanning inner mem-
brane proteins remains unclear.

We developed a strategy to isolate the
yeast mitochondrial TIM22 complex. When
we tagged Tim18 with ProtA, which contains
two immunoglobulin G (IgG)-binding do-
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